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1 Introduction

1 Introduction

1.1 Medicinal organometallic chemistry

The term "Bioorganometallic chemistry" was first introduced by G. Jaouen in 1993 who
defined it as the "... study of organometallic complexes with bioligands..., and the use of
these derived complexes in a variety of applications and basic research studies...". [1]

This research area touches the fields of organometallic chemistry, medicine, biology
and biochemistry. Whereas bioorganometallic chemistry in general also covers natu-
rally occuring organometallic motives in enzymes and proteins such as cobalamines
and hydrogenases, [2] medicinal organometallic chemistry focuses on the therapeutical
and diagnostic applications of organometallic compounds. In addition to coordination
compounds such as cisplatin and its derivatives which have been applied with great
success as metal based anti-tumor therapeutics for over 30 years, also organometallic
compounds, that contain at least one carbon atom directly bound to a metal or met-
aloid, have turned out to be promising candidates for use in anti-cancer therapy. [3]
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Fig. 1.1: Ruthenium-based organometallic and coordination compounds used as anticancer drugs.

The application of ruthenium arene half-sandwich complexes as potential anti-cancer
therapeutics has been investigated in depth by the groups of Dyson and Sadler. "Pi-
ano stool" type complexes of the general stucture [(η6-arene)Ru(en)Cl]+ as shown in
Fig. 1.1 were found to exhibit similarities to cisplatin in their activation pathways such
as chloride ligand hydrolysis to give an aquo species which then binds to nucleobases
of the DNA with a high preference for the N(7) of guanidine. As known for cisplatin, the
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1.1 Medicinal organometallic chemistry

hydrolysis does not take place at chloride concentrations present in the blood plasma,
but only inside the cell where the chloride concentration is about 25 times lower com-
pared to the blood plasma. [4,5] Moreover, [(η6-arene)Ru(en)Cl]+ complexes show activ-
ity towards cisplatin resistant cell lines, which limits the comparability to cisplatin with
regard to the mode of action. [6] Derivatives of ruthenium η6-arene complexes bearing
the RAPTA ligand and two hydrolyzeable chlorides were first thought to act in analogy
to [(η6-arene)Ru(en)Cl]+ and cisplatin type complexes. Therefore, derivatives of the
parent compound RAPTA-C were prepared by Dyson et al. (oxalo-RAPTA-C, carbo-
RAPTA-C, Fig. 1.1) in which the dicarboxylate ligand dissociates in a more controlled
way compared to the chloride ligands. [7] In fact, introducing the carboxylate ligand did
not lead to an increased in vitro cytotoxicity compared to the parent compound RAPTA-
C and in addition most RAPTA type complexes were found to be significantly less cyto-
toxic than cisplatin. Despite thier low cytotoxicity, however, RAPTA-C was highly active
against lung metastases in mice suffering from the MCa mammary carcinoma while
the effect on the primary tumor was rather low. A similar effect has only been observed
for NAMI-A until now which also shows a good antimetastatic activity but low activity
on primary tumors (Fig. 1.1). [8] Moreover, NAMI-A was the first ruthenium compound
that was investigated on human beings and recently entered phase I/II clinical trials for
the treatment of patients suffering from non-small cell lung carcinoma.

Ti
Cl

Cl
Ti

Cl

Cl

MeO

MeO

Ti
Cl
Cl

N

N

titanocene dichloride                       titanocene Y                                    titanocene X

Fig. 1.2: Titanocene dichloride and its derivatives titanocene X and Y.

Another class of compounds that follows a structural cisplatin analogy, showing a cis-
dihalide motif, is represented by the metallocene dichlorides which have been investi-
gated by H. Köpf and M. Tacke (Fig. 1.2). Although metallocene dichlorides of titanium,
zirconium, vanadium, niobium, and molybdenum have been investigated in a medici-
nal context, [9,10] only titanocene dichloride entered clinical trials. [11]. Nevertheless, ti-
tanocene dichloride showed some major drawbacks such as low solubility in aqueous
medium and hydrolytic instability of the Cp rings, all together making a pharmaco-
logical formulation difficult, which finally led to its rejection from clinical trials. Thus,
the solubility was increased by introducing amino groups to the organic ligand system
and the hydrolytic stability was improved by preparing ansa-titanocenes (titanocene X,

2



1.1 Medicinal organometallic chemistry

Fig. 1.2). [12,13] But despite the efforts that were taken to make titanocene dichloride
derivatives more suitable for medicinal application, none of them has re-entered clin-
ical trials so far. Regarding the mode of action, DNA binding of the [Cp2Ti]2+ moiety
via the phosphate backbone (titanocene Y, Fig. 1.2), apoptosis induction as well as
topoisomerase inhibition have been suggested, but the exact mode of action is still un-
clear. [14–16]

O(CH2)2N(CH2)2 O(CH2)2N(CH2)2

Fe

tamoxifen                                                       ferrocifen

Fig. 1.3: The selective estrogen modulators (SERMs) tamoxifen and ferrocifen.

Beside anticancer drugs like ruthenium arene or cisplatin derivatives which interact
with their expected target mostly via covalent binding, there are also some bioactive
organometallic compounds known which exhibit redox-activity or non-covalent recep-
tor binding as their specific mode of action. In this context, ferrocene derivatives of the
organic anticancer drug tamoxifen, the so-called ferrocifenes, have been prepared by
Jaouen et al. (Fig. 1.3). [17–19] Tamoxifen it self belongs to the class of selective estro-
gen modulators (SERMs) that are used in the treatment of hormon-dependent human
breast cancer. Whereas estrogen receptor-expressing breast tumors ER(+) are sen-
sitive towards treatment with SERMs, the estrogen receptor non-expressing breast tu-
mors ER(-) are not. Interestingly, it was found that when one of the phenyl rings in the
tamoxifens was exchanged for a ferrocene moiety, the ferrocifen derivatives obtained
were also found to be active against the ER(-) type tumors which are not susceptible
to treatment with tamoxifens. The common antiproliferative action of tamoxifens and
ferrocifens origins from a competitive binding to the estrogen receptor, which leads to
a down-regulation of the DNA transcription in the tumor cell. In contrast, the activity
of ferrocifens on tumors that do not express the estrogen receptor is proposed to ori-
gin from the redox properties of the ferrocene moiety as a second mode of action. In
the proposed mechanism, ferrocene acts as a "redox antenna" which promotes oxida-
tion of the metabolite hydroxyferrocifen and finally activates the oxidized intermediate
species for the attack by nucleophiles. For a detailed mechanism see: Gasser et al. [20]

Another class of compounds where the metal center is not directly involved in the
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1.1 Medicinal organometallic chemistry

mode of action but provides its ligand sphere as a shape mimic for an organic moiety,
is represented by the ruthenium and iridium organometallic derivatives of the protein
kinase inhibitor staurosporine which have been prepared by the group of E. Meggers
(Fig. 1.4). [21,22]

N

N O
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H
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O
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O

NN

NO O

H

Ir ClCl

staurosporine                     Ru-staurosporine derivative        Ir-staurosporine derivative

Fig. 1.4: Protein kinase inhibitors staurosporine and its ruthenium and iridium-based analogues.

Kinases are one of the largest enzyme family and therefore play an important role in
various aspects of cell physiology such as angiogenesis, [23] making them an impor-
tant therapeutic target. [24] The introduction of a six-coordinate metal center allows the
versatile spatial arrangement of ligands to create various three-dimensional structures,
thus providing the opportunity for a fine-tuning of the kinase binding properties. The so
prepared ATP-competetive ruthenium-based kinase inhibitors show inhibition values in
the nano- to piocomolar range and the interaction with their expected target has been
confirmed by co-crystallization of the ruthenium complexes with protein kinases and
subsequent characterization by X-ray analysis.
Since auranofin, as one of the first gold coordination compounds, has found wide ap-
plication in the treatment of rheumatoid arthritis, also organometallic gold compounds
have attracted considerable interest as therapeutic agents. Organometallic gold com-
pound that are currently investigated for their potential therapeutic application can be
devided in two classes: gold(I) or gold(III) complexes with N-heterocyclic carbene lig-
ands (NHC) and cyclometalated gold(III) complexes. [25]
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1.1 Medicinal organometallic chemistry
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Fig. 1.5: Organometallic gold compounds with cytotoxic activity.

A representative for a NHC complex is [(i-Pr2Im)2Au]PF6 (Fig. 1.5, left) which accumu-
lates in mitochondria of cancer cells, induces apoptosis via caspase-3 and caspase-9
activation and moreover, selectively inhibits mitochondrial thioredoxin reductase (TrxR)
which plays a key role in several chronic diseases such as rheumatoid arthritis. [26,27]

Furthermore, in a larger series of [(R2Im)2Au]+ complexes, the lipophilicity was tuned
by introducing various alkyl residues to the NHC ligand to modulate the bioavailability
of these complexes. The activation mechanism of gold(I) NHC complexes in vivo is
supposed to occur via sequential displacement of the NHC ligands by selenocystein
and cystein residues of thioredoxin reductase. [26] Since gold(III) complexes are rather
unstable under physiological conditions, the preparation of cyclometalated complexes
has been used as a strategy to stabilize the high +III oxidation state. Complexes like
[Au(bpydmb-H)(OH)]PF6 (Fig. 1.5, right) were found to have IC50 values in the low micro-
molar range on HT-29 human colon cancer cells and MCF-7 human breast cancer cells.
Morover, their activation mechanism proceedes via hydrolysis of the labile ligand. [25,28]

Although many gold(III) complexes show in vitro cytotoxcity on human cancer cells,
only a few are also found to be active in vivo.
Whereas all organometallic compounds mentioned so far, were investigated for their
therapeutic application, organometallic complexes of technetium are used for diagnos-
tic purposes. Compounds containing the 99mTc isotope, which is a γ-emitter, have
been established as radiopharmaceuticals for the use in single photon emission com-
puted tomography (SPECT). The clinical application of the 99mTc isotope for imaging
purposes benefits from its moderate half-life time of 6.02 h as well as its continous
availability from a generator in hospital at reasonable cost. [29]
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1.1 Medicinal organometallic chemistry
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Fig. 1.6: Organometallic 99mTcI complexes for biological applications.

One of the metal-essential first-generation radiopharmaceticals of technetium used in
medicinal diagnostics is the isonitrile complex shown in Fig. 1.6 on the left, known un-
der its trade name Cardiolite® which is used for myocardial perfusion imaging. The
second generation of technetium radiopharmaceuticals, which can be termed metal-
labeled rather than metal-essential, the Tc(CO)3 moiety plays a crucial role. The com-
mon precursor of the technetium techentium tricarbonyl moiety is the facially coordi-
nated aquo complex [99mTc(CO)3(H2O)3]+ (Fig. 1.6, middle) which is air- and water-
stable as well as easy to prepare from pertechnetate obtained from a common tech-
netium generator. [30,31] The so obtained technetium aquo complex found wide appli-
cation in the radiolabeling of biomolecules such as amino acids (Fig. 1.6, right) and
peptides [32,33] as well as carbohydrates for in vivo imaging purposes. [34]
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1.2 Carbon monoxide as a gasotransmitter

1.2 Carbon monoxide as a gasotransmitter

Since the toxic physiological effect of carbon monoxide through binding to hemoglobin
and thus blocking of the oxygen transport, was first described by J.B. Haldane in the
beginning of the twentieth century, CO always has kept its bad reputation in the pub-
lic as a silent killer. Nevertheless it is endogenously produced in the human body
and possesses a crucial physiological role as a molecular messenger. Endogenously
produced CO results from the oxidative degradation of hemoglobin through heme oxy-
genase (HO) which exists in two isoforms, the inducible HO-1 and the constitutively
expressed HO-2. The induction of HO-1 is stimulated in tissues by various forms of
cellular stress associated with an imbalanced redox state of the cell, thus allowing the
generation of high local concentrations of CO to take cytoprotective or homeostatic ac-
tions. [35] This corresponds with the observation that patients suffering from a number
of diseases such as cystic fibrosis, arthritis or diabetes show elevated levels of HO-1
and moreover exhale significantly more CO than healthy humans. In the degradation
process of hemoglobin, heme is converted to biliverdin-IXα by oxidation in the α-meso
position accompanied by the release of CO and Fe2+. Biliverdin-IX α is then con-
verted to bilirubine-IX α by reduction of the D-pyrrole ring through biliverdin reductase
(Fig. 1.7). [36]

Fig. 1.7: Degradation process of hemoglobin and endogenous production of carbon monoxide by hemeoxygenase (HO).

Since endogenously generated CO has beneficial physiological effects due to a high
local concentration on the cellular level, and exogenous CO causes severe toxic sys-
temic effects when applied in high concentration, these two conditions should guide
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1.2 Carbon monoxide as a gasotransmitter

the development of therapeutic applications for carbon monoxide. The administration
of CO gas by inhalation has beneficial effects in the animal model as well as in first clin-
ical trials in the treatment of various proliferative disorders, suppression of transplant
rejection, ischemia-reperfusion injury and acute liver failure in mice and rats, thus re-
flecting the previous defined guideline by proving that also low systemic concentrations
of CO represent favourable conditions. [37,38] On the cellular level, heme-containing en-
zymes and proteins are considered to be the most likely targets for CO, since there is
no evidence for an interaction with non-heme containing targets, as it was postulated
for the p38 protein kinase. [38] The most-well identified target for CO, in analogy to NO,
is the soluble guanylyl cyclase (sGC), which converts guanylyl triphosphate (GTP) to
cyclic guanylyl mono-phosphate (cGMP) which amongst others triggers vasodilatory
effects (Fig. 1.8). [39]
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Fig. 1.8: Conversion of guanylyl triphosphate (GTP) to cyclic guanylyl mono-phosphate (cGMP) by soluble guanylyl cyclase
(sGC).

Another relationship between the physiological effect of NO and CO is found in the NO
synthase pathway. Here, binding of CO to the heme moiety in NO synthase (NOS)
increases the production of NO, which in turn increases the level of HO-1 which has
several cytoprotective effects as described before. Also, the mitochondrial cytochrome
c oxidases were found to be a target of CO where it inhibits the electron transport and
triggers the generation of reactive oxygen species which in turn are important cellular
messengers in the induction of apoptosis. [35,38] Furthermore, an direkt or indirect trig-
gering of large-conductance calcium-dependent potassium channels (BKCa) by carbon
monoxide was suggested. BKCa channels are present in almost every kind of tissue
and play an important role in the regulation of the vascular tone and the cell membrane
potential as well as the release of neurotransmitters. [40] Although the exact molecular
mechanisms by which CO influences cellular proceses are not well understood, the
assumption of an interaction with metal-proteins as a general mode of action is quite
obvious. [35]
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1.3 CO releasing molecules (CORMs)

As outlined in Chapter 1.2 for therapeutic applications of carbon monoxide it is desir-
able to generate elevated local conentrations in the targeted tissue, which corresponds
to the naturally occuring process when increased levels of CO are generated by ele-
vated expression of heme oxygenase 1 (HO-1) as a response to cellular stress. To
achieve this, there is a need for a carrier system that allows a controlled delivery of
defined doses of CO. Beside metal carbonyl complexes, where the CO is bound as a
ligand to a metal center, three other classes of compounds have also been found to
be suitable carriers that release carbon monoxide under mild physiological conditions:
oxalates, dialkylaldehydes and boroncarboxylates. Whereas the first two, oxalates and
dialkylaldehydes, were found to release CO much too slowly to be suitable for biological
application, one representative of the latter class, disodium boranocarbonate (CORM-
A1), finds wide application in preclinical testing. [41] Although efforts were made to tune
the CO release properties of boroncarboxylates through derivatization of disodium bo-
ranocarbonate, these attempts did not lead to significant changes in the CO release
profile. [42,43] After the initial exploration of non-metal based CORMs, metal carbonyl
complexes have found considerable interest within the last decade and turned out to
be the most favourable class of CORMs. [44] One of the first representatives reported
is the ruthenium carbonyl dimer [Ru(CO)3Cl2]2 (Fig. 1.9, CORM-2) which is also com-
mercially available and has been extensively studied in vitro and in preclinical animal
disease models. [39,45] Whereas CORM-2 is rather insoluble in aqueous media, fac-
[Ru(CO)3Cl(κ2-glycinate)] (CORM-3) represents the first water-soluble CORM that was
studied in depth both in vitro and in vivo with a special focus on its vasodilatory and
anti-inflammatory effects. [46,47]
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Fig. 1.9: First CO releasing molecules (CORMs) and their half-life times of CO release: Na2[H3BCOO] (CORM-A1),
[Ru(CO)3Cl2]2 (CORM-2) and fac-[Ru(CO)3Cl(κ2-glycinate)] (CORM-3).

Moreover, the incorporation of CORM-3 into micells was studied for a targeted de-
livery [48] as well as its interaction with proteins such as lysozyme and human serum
albumin in order to evaluate their role in transportation and activation of CORM-3 in
vivo. [49]

Since the first CORMs, based on ruthenium, were reported in 2001, many other classes
of metal carbonyl complexes have been explored, mostly covering the groups IV to VIII
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1.3 CO releasing molecules (CORMs)

of the d-block elements. Among them are complexes of vanadium, chromium, molyb-
denum and tungsten, [50,51] manganese [52] and rhenium, [53–55] iron [51,56–58] and cobalt [59]

as well as iridium. [60] A selection of CORMs based on group VI metals is depicted in
Fig. 1.10.
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Fig. 1.10: Selected group VI metal-based CORM structures: [MX(CO)5]Et4N, [M{=C(OMe)Me}(CO)5], [50] CORM-F4 [51] and
ALF186 [61].

A common feature of all CORMs listed above is the ablility to release CO spontaneously
upon dissolution in an appropriate solvent, mostly aqueous media. This process oc-
curs via ligand displacement of one or more carbonyl ligands by a solvent molecule
either in a dissociative or associative pathway, often followed by oxidation of the metal
which leads to further release of CO. As the stability of the M-CO bond is not only
determined by the nature and oxidation state of the metal center, but also by the trans-
effect, the choice of the ancilliary ligands is a crucial point in the conceptual design of a
CORM and allows tuning of the CO release profile. [36] Nevertheless, the spontaneous
release of CO from a metal carbonyl complex in solution makes a biological application
challenging if a targeted delivery is desired. In order to gain control over the temporal
and spatial release of CO, a stable metal carbonyl complexes and a certain trigger are
needed that will allow accumulation of the CORM in the targeted tissue and activation
of CO release only when the target is reached. A strategy that uses enzymatic cleav-
age of an ester as a trigger has recently been reported. [62] The CO release from an
acyloxybutadiene iron tricarbonyl complex is induced by the cleavage of the dienylester
through pig liver esterase which gives an instable hydroxybutadiene and finally leads
to a loss of the iron tricarbonyl unit (Fig. 1.11). These componds have been termed
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1.3 CO releasing molecules (CORMs)

enzyme-triggered CORMs (ET-CORMs).
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(OC)3Fe
oxidation

esterase

Fig. 1.11: Proposed mechanism for the esterase-triggered CO release from an acyloxybutadiene iron tricarbonyl complex.

Since metal carbonyl complexes are well-known to exhibit a rich photochemistry in-
volving the displacement of carbonyl ligands from an excited state, the idea to estab-
lish photoactivation as a trigger for CO release is also promising. The application of
such PhotoCORMs has recently been reviewed in detail. [63] After the photoactivated
release of CO from dimanganese decacarbonyl (Mn2(CO)10, CORM-1) as one of the
first PhotoCORMs and its application in preclinical animal desease models was re-
ported in 2002, [45] the first water-soluble PhotoCORM [Mn(CO)3(tpm)]PF6 (CORM-L1)
(Fig. 1.12, Mn1) was described in 2008. [64]
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It was found that CORM-L1 is stable in the dark but releases two equivalents of CO
upon irradiation at 365 nm and has a significant light-induced cyotoxicity on HT-29
human colon cancer cells. Moreover, the cellular distribution of the corresponding
chloride salt in HT-29 cells was imaged by Raman microspectroscopy using the sig-
nal of the carbonyl vibration a an internal probe. [65] In order to develope a strategy
for a targeted delivery of PhotoCORMs in biological systems, the [Mn(CO)3(tpm)]+

complex was linked to a carrier peptide [66] as well as to silica nanoparticles which
may allow tumor targeting taking advantage of the enhanced permeability and reten-
tion effect. [67] Studies on the photolysis of CORM-L1 by UV/Vis, IR as well as EPR
spectroscopy showed that a dinuclear µ-O-Mn2

III species is the final decomposition
product. [68] In manganese tricarbonyl complexes with imidazolylphosphane ligands, the
substitution pattern of the tridentate ligand was found to influence the CO release prop-
erties. Whereas imidazol-2-ylphosphane (Mn2) complexes release two equivalents
of CO upon irradiation at 365 nm, the corresponding imidazol-4-ylphosphane (Mn3)
complexes release just one equivalent. [69] The neutral [Mn(CO)3(histidinate)] complex
(Mn4) releases only one equivalent of CO under irradiation at 365 nm with a half-life
time of about 90 min which is rather slow compared to [Mn(CO)3(tpm)]PF6 (CORM-L1)
which has a half-life time of 10 min. [70] A similar behavior was observed for the neutral
bispyrazolyl complex (Mn5). The polypyridyl complex Mn6 was also found to relase
CO upon irradition with light in the spectral range above 350 nm and moreover causes
light-induced vasorelaxation of mouse aorta. [71]

The water-soluble tungsten(0) pentacarbonyl complex Na3[W(CO)5(tppts)] (with tppts
= tris(sulphonatophenyl)phosphine, Fig. 1.13, W1) is stable in solution under aerobic
conditions in the dark and releases CO upon irradiation at 300 - 370 nm. Studies on
the mechanism of CO release in aqueous solution revealed the presence of an inter-
mediate aquo species ([W(CO)4H2O(tppts)]3-) that is oxidized under aerobic conditions,
thus leading to further release of CO. [72] The iron cysteamine dicarbonyl complex Fe1
as well as its derivative Fe2 represent the first examples of PhotoCORMs that release
CO upon irradiation with visible light using a LED lamp with λex = 470 nm or an common
halogen lamp which is more favorable for biological applications than irradiation at 365
nm as it was used for the CO release from all other PhotoCORMs presented so far.
The use of visible light instead of irradiating at 365 nm is supposed to reduce the cell
damage caused by UV light. Both complexes release two equivalents of CO and more-
over, Fe1 was tested in the light-induced activation of CO-sensitive ion channels. [73,74]

The iron monocarbonyl complex Fe3 shows very good stability in aqueous solution
in the dark but efficiently releases CO when irradiated with UV light and moreover, a
photoinduced cytotoxicity against PC-3 prostate cancer cells. [75]
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1.4 Photochemistry and photophysics of [M(CO)4(α-diimine)]
complexes of group VI transition metals

Since the synthetic approach to [M(CO)4(α-diimine)] complexes with group VI transi-
tion metals was investigated in detail for the first time in the early 1960’s by Stiddard
and Hull, [76,77] a lot of research has been carried out on the rich photophysics and
photochemistry of these compounds over the last fifty years. [M(CO)4(α-diimine)] com-
plexes carry four carbonyl ligands which stabilize the low-valent d6 metal center by
their strong σ-donor/π-acceptor properties but also bear electron-accepting α-diimine
ligands ranging from polypyridines such as 1,10-phenanthroline oder 2,2’-bipyridine
to 1,4-diaza-1,3-butadiene ligands. [78] This gives rise to strong electronic absorption
bands in the visible as well as in the near-UV region which are crucial for the access
to the photochemical and photopysical properties of those complexes. The absorption
band in the visible region is usually located in the range of 450 to 600 nm, depend-
ing on the nature and the substitution pattern of the α-diimine ligand, and is assigned
to a metal-to-diimine MLCT transition. [79] This is supported by the fact that these ab-
sorptions are not present in [M(CO)4(diamine)] complexes with pure σ-donor ligands
such as ethylenediamine or N,N,N’N’-tetramethylethylenediamine having no electron-
accepting properties. At lower energies, a second band is found at around 400 nm
which is assigned to a metal-to-CO MLCT transition. Moreover, [M(CO)4(α-diimine)]
complexes exhibit a negative solvatochromic behavior, resulting in a hypsochromic shift
of the metal-to-diimine MLCT band with increasing solvent polarity. [78]

The photochemical reactivity of these complexes exclusively results in substitution re-
actions of an axial CO ligand. In general, there are two different mechanisms by which
ligand displacement can occur in octahedral or pseudo-octrahedral complexes. [78] The
first one is the dissociative photosubstitution shown in Fig. 1.14. In this pathway,
dissociation of the metal-CO bond takes place upon excitation, generating a square-
pyramidal fragment with one free coordination site. In a later stage of the reaction, this
site then becomes occupied by a solvent molecule, which in turn can be replaced by
other more nucleophilic ligands such as phosphines or imines. The independence of
the photochemical quantum yield from the chemical nature, sterical demand and con-
centration of the entering ligand indicates that the dissociation is the rate-determining
step in this reaction which follows a zero-order rate law. [80]
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Fig. 1.14: Dissociative photosubstitution mechanism of the axial CO ligand in [M(CO)4(α-diimine)] complexes.
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The second mechanism is the associative photosubstitution shown in Fig. 1.15. Here,
the ligand L enters the coordination sphere of the excited state complex whereupon
the carbonyl ligand dissociates simultaneously via a seven-coordinate intermediate.
In contrast to the dissociative mechanism, the photochemical quantum yield strongly
depends on the concentration as well as the chemical nature of the entering ligand, as
indicated by a first order, second order, or pseudo-first order rate law (in the presens of
an excess of ligand L).

M

CO

CO
OC

OC N

N

hν
M

CO

CO
OC

OC N

N

*

M

OC

CO
OC

OC N

N

*L

+ L - CO
M

L

CO
OC

OC N

N

Fig. 1.15: Associative photosubstitution mechanism of the axial CO ligand in [M(CO)4(α-diimine)] complexes.

Within the group VI metals, several trends in the photochemical reactivity are observed.
The photochemical quantum yield for CO substitution decreases in the order Cr » Mo
> W. Also, the mechanism of substitution varies within the triad. Whereas molybde-
num and tungsten diimine complexes follow parallel dissociative and associative path-
ways, the contribution of an associative mechanism is negligible or even absent for
chromium. [78,80,81] For molybdenum and tungsten, the contribution of the associative
and dissociative pathways also depends on the irradiation wavelength used. In gen-
eral, near-UV irradiation predominantly leads to a dissociative substitution involving
metal-to-CO MLCT excited states while visible irradiation results in an associative sub-
stitution involving metal-to-imine MLCT excited states. Moreover, the observed over-
all quantum yield for the CO photosubstitution decreases dramatically when changing
from near-UV to visible irradiation. [78,81]
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1.5 Click reactions in bioconjugation strategies

The term "click" reaction was first used by Sharpless in 2001 [82] to classify a variety
of reactions that match criteria such as high efficiency, chemo- and stereoselectivity,
modularity as well as fast reaction kinetics. [83] A subclass of click reactions that tolerate
functional groups present in bio(macro)molecules has been termed "bioorthogonal". [84]

These have a wide scope in the labeling of biomolecules with markers such as dyes [85]

or metal complexes [66] as well as in linking together large peptides or proteins. [86]

1.5.1 α-Effect amines in bioconjugation reactions

Since aldehydes and ketones can easily be incorporated into biomolecules such as
peptides, the use of imine-based chemistry in bioconjugation reactions has found wide
application due to its high chemoselectivity. A major drawback of the reversible reaction
of primary amines with carbonyl compounds is the fact that under acidic conditions, the
equilibrium favours the free carbonyl, causing an inherently low efficiency. [87] A solu-
tion to this issue is the use of amines which have an electronegative atom containing
one or more lone pairs adjacent to the nucleophilic nitrogen atom and thus possess a
higher nucleophilicity than other amines. The enhanced nucleophilicity of such amines
leads to the formation thermodynamically stabilized imines that are favoured by the
equilibrium shown in Fig. 1.16. The enhanced nucleophilicity triggered by adjacent
heteroatoms was first reported in 1960 [88] for a series of diverse nucleophiles and later
named the "α-effect" by Edwards and Pearson. [89] Detailed investigations, especially
on the reactivity of α-effect amines, were carried out by Jencks and Carriuolo a few
years later. [90]
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Bioconjugation strategies take advantage of the formation of hydrolytically stable Schiff
bases. Examples usually involve α-effect amines such as aminooxy or hydrazide
groups that react with either aromatic aldehydes or glyoxylates in oxime and hydra-
zone ligations, respectively. [87] These reactions proceed in aqueous solution with a pH
optimum of 5-6 and are therefore highly useful for labeling of biomacromolecules. How-
ever, they are limited to in vitro applications since the pH optimum cannot be achieved
in most tissues in vivo. [86] The equilibrium constants are typically in the range of 104 -
106 l·mol-1 for hydrazone ligations and > 108 l·mol-1 for oxime ligations. This is important
when reactions are carried out with reactants at low micromolar concentration. In the
case of small equilibrium constants, the system re-equilibrates at low concentrations
accompanied by partial dissociation of the product, leading to incomplete reactions. [91]

An advanced method to enhance the reaction rates of α-effect amine ligations without
applying one reactant in large excess is the use of aniline as a nucleophilic catalyst. In
this strategy, the carbonyl component reacts with aniline in a pre-equilibrium to give a
protonated aniline Schiff base that efficiently reacts with the α-effect amine in a trans-
imination reaction. Dirksen et al. showed that imine ligation reactions in aqueous solu-
tion could be accelerated up to 400-fold at pH 4.5 and still up to 40-fold at unfavourable
pH values (pH 7) by nucleophilic catalysis as shown in Fig. 1.17. [87]
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Fig. 1.17: Aniline-catalyzed oxime ligation. A) imine formation, and B) transimination.
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1.5.2 Azide-alkyne click reactions

Among the click reactions, the most widely used is probably the copper(I)-catalyzed
1,3-dipolar cycloaddition of azides and terminal alkynes (CuAAC) which gives 1,2,3-
triazoles. Compared to the thermal 1,3-dipolar Huisgen cycloaddition, [92] which shows
no regioselectivity and gives a 1:1 mixture of 1,4- and 1,5-substituted triazols, [93] the
copper-catalyzed version selectively gives the 1,4-substituted isomer only (Fig. 1.18). [94]
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Fig. 1.18: Thermal 1,3-dipolar cycloadditions (top) and copper(I)-catalyzed (bottom) of azides and alkynes.

The stepwise mechanism of the catalyzed variant is assumed to start with the forma-
tion of a Cu(I) acetylide complex via side-on coordination of the alkyne followed by
deprotonation and change to a terminal binding mode. [95] The next step involves a
copper-azide coordination followed by formation of an allene-metallacycle to give the
1,2,3-triazole with C(5)-coordinated copper and subsequent reductive elimination of
the copper species (Fig. 1.19).
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Suitable copper(I) catalysts can either be generated from copper(II) salts by reduction
using sodium ascorbate or direct use of copper(I) salts. A minor side reaction is the
oxidative dimerization of the alkyne in a Glasser-type reaction. [96] Nevertheless, all re-
action conditions are fully compatible with the Fmoc and Boc coupling strategy used in
solid phase peptide synthesis (SPPS). [97,98]

Since exogenous metals like copper can potentially have toxic effects in biological sys-
tems, the interest in copper-free 1,3-dipolar cycloaddition has significantly increased
in the past few years. [99] Therefore, alternative ways have been developed that al-
low one to perform click reactions under mild conditions without using any metal cat-
alyst. Most approches involve modifications on the alkyne component and include
either strain-promoted or electron-deficient systems, or a combination of both. The
first-generation systems for strain-promoted azide-alkyne cycloadditions (SPAAC) were
mainly based on cyclooctynes without electon-withdrawing groups. The deviation from
the ideal sp-hybridization bond angle of 180° leads to an increased reactivity towards
organic azides. Assuming that the lowest unoccupied molecular orbital (LUMO) of the
alkyne and the highest occupied molecular orbital (HOMO) of the azide participate in
the cycloaddition reaction, one or two fluorine atoms were introduced in the second-
and third-generation cyclooctynes to lower the LUMO of the alkyne by reducing the
electron density. Reaction rates of third-generation difluorinated cyclooctynes (DIFOs)
were more than one order of magnititude higher compared to the non-fluorinated cy-
clooctynes. Reaction rates could also be enhanced by increasing the strain energy in
functionalized dibenzocyclooctynes (Fig. 1.20). [83,84]
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Fig. 1.20: Different generations of cyclooctynes used in strain promoted alkyne azide cycloadditions (SPAAC): non-fluorinated
(A), monofluorinated (B), difluorinated (C), and dibenzocyclooctynes (D).

Other systems, also involving ring-strain as well as electron-deficiency, are represented
by activated oxanorbornadienes. These compounds react with azides in a tandem
[3+2] cycloaddition-retro-Diels-Alder (crDA) reaction to give 1,2,3-triazoles. In the case
of asymmetrically substituted oxanorbornadienes (R1 6= R2), two regioisomers are ob-
tained (Fig. 1.21). [100]
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Fig. 1.21: Cycloaddition reaction of activated oxanorbornadienes with azides to give substituted 1,2,3-triazoles.

It was found that the cycloaddition of azide and oxanorbornadiene preferential pro-
ceeds via a pathway involving the most electron-deficient substituted double bond to
give a triazoline intermediate and finally, after elemination of furan, two regioisomeric
1,4,5-trisubstituted triazoles (Fig. 1.22, path A). As a side reaction, the cycloaddition
can also occur at the unsubstituted double bond. In this case a monosubstituted 1,2,3-
triazole and a 3,4-substituted furan derivative are obtained as side products also via
a triazoline intermediate (Fig. 1.22, path B). The latter case occurs especially when
the substituents R1 od R2 are changed from ester to amide groups, but only to minor
extent. Another way to avoid this side reaction is the use of oxanorbornadienes with
methyl group in the 2- and 5- or 3-position. [100–102] Click reactions using trifluoromethyl-
substituted oxanorbornadienes have already found application in bioconjugation reac-
tions for linking radiolabels such as 111In-DTPA complexes to carrier peptides. [101]
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2 Motivation

Molybdenum carbonyl compounds are known to exhibit promising biological proper-
ties. For example, Mo(CO)3 and Mo(CO)5 complexes were found to act as CO re-
leasing molecules (CORMs) for the cellular delivery of this small-molecule messenger
and a series of neutral Mo(allyl)(CO)2 complexes was shown to have cytotoxic activity
against a human colon cancer cell line. In contrast, the biological activity of Mo(CO)4

and cationic Mo(allyl)(CO)2 complexes has not been investigated in this context so far.

Since molybdenum tetracarbonyl complexes show a well developed photochemistry,
photoactivation is expected to be a good trigger for a possible biological activity, in-
cluding their CO release properties and moreover, may allow its temporal and spatial
control. In particular, photoactivation using visible instead of UV light is more suitable
for biological applications since visible light is known not to cause any cell damage.
The metal-to-ligand charge transfer transition (MLCT) in molybdenum tetracarbonyl
complexes with bidentate N-N ligands appears at around 450 nm and thus allows trig-
gering of the biological activity using visible light. Since Mo(CO)4(N-N) complexes are
neutral and thus have a low bioavailability, they must be functionalized, for example
by conjugation to carrier peptides to facilitate solubility in physiological medium and
uptake by cellular target structures. Mild bioorthogonal coupling methods that do not
interfere with the reactivity of functional groups present in peptides and proteins and
moreover avoid the use of transition metal catalysts, which can cause toxic effects in
biological systems, represent suitable conjugation strategies. Thus, the first part of
the present work will focus on the synthesis of molybdenum tetracarbonyl complexes
with aldehyde-functionalized bidentate polypyridyl N-N ligands, which then will then be
use to attach the complexes to peptides using a mild bioconjugation procedure like the
oxime ligation reaction, which uses an aminooxy functionality on the peptide. Then,
photochemical studies based on UV/Vis and IR spectroscopy will be used for visible
light triggering of the CO release of these complexes and peptide conjugates.
In a second section, the modulation of the biological activity of [Mo(allyl)(CO)2(N-
N)X]+/0 complexes (with X = Hal or py) by variation of the bidentate polypyridyl N-N
ligand will be studied on human cancer cells using biochemical methods such as cyto-
toxicity and apoptosis induction assays. Here it is expected that the biological activity
is correlated with the size of the bidentate polypyridyl N-N ligand.
Finally, a particularly promising strategy to prepare bioconjugates of the abovemen-
tioned compounds is the replacement of the halide by a coordinated azide ligand,
which might then be reacted with electron-deficient alkynes to form metal-coordinated
triazoles as a catalyst-free alternative to the copper-catalyzed azide-alkyne (CuAAC)
click reaction, thus avoiding the use of copper which has potential adverse effects in
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biological systems, such as cytotoxicity on cell cultures. Moreover, after preparation of
azid containing neutral molybdenum allyl dicarbonyl complexes, peptide conjugates of
these complexes will be synthesized by employing electron-deficent alkynes as linkers
in a catalyst-free azide-alkyne click reaction.
Thus, the general aim of this work is to synthesize novel molybdenum tetracarbonyl
and molybdenum allyl dicarbonyl complexes and study the modulation of their biolog-
ical activity by variation of the coligands and conjugation to carrier peptides. For the
latter reactions, catalyst-free bioorthogonal coupling methods such as the oxime liga-
tion and copper-free azide-alkyne click reactions will be evaluated to open the way to
specific cellular uptake and delivery.
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3 Results and discussion

3.1 Molybdenum tetracarbonyl complexes as CORMs

3.1.1 Synthesis of [Mo(CO)4(N-N)] complexes and their peptide conjugates

As [Mo(CO)4(α-diimine)] complexes with aromatic bidentate N-N donor ligands ex-
hibit an well-developed photochemistry and are known to have MLCT absorptions in
the visible range, they represent promising candidates as photoCORMs. Since the
first synthesis of [Mo(CO)4(phen)] was reported in 1935 by Hieber et al., [103] such
complexes traditionally have been synthesized by heating molybdenum hexacarbonyl
and a N-N-chelating ligand in an appropriate solvent to reflux under an inert atmo-
sphere. [76,77,104,105] Since these reactions usually take an extended time under normal
conditions and yields are rather low, a microwave-assisted synthesis protocol was ex-
plored as an alternative in the present work. [106–108] To test conditions using an in-
expensive ligand, molybenum hexacarbonyl was reacted in a model procedure with
1,10-phenanthroline in a toluene/diglyme mixture in a CEM microwave reactor under
aerobic conditions in a sealed vial. [Mo(CO)4(phen)] (3) was obtained in greater than
60% yield after just 5 min of irradiation at 180 °C. Since a considerable amount of insol-
uble byproducts formed due to thermal decomposition of molybdenum hexacarbonyl at
temperatures above 156 °C, the reaction conditions were further optimized. Thus, in
the synthesis of [Mo(CO)4(bpy)] (4), the temperature was reduced to 130 °C and the
reaction time was extended to 15 min to give the desired product in greater than 80%
yield. The same conditions were employed in the synthesis of [Mo(CO)4(bpyCH3,CHO)]
(5) which was isolated in 62% yield and pure form after column chromatography on sil-
ica using dichloromethane as the eluent. The functionalized bidentate aromatic ligand
4’-methyl-2,2’-bipyridine-4-carboxaldehyde (2) to be used for bioconjugation is easily
accessible in two steps. First, 4-picoline was dimerized using Raney nickel to give
4,4’-dimethyl-2,2’-bipyridine (1). Then, one of the methyl groups was selectively ox-
idized with 1.1 equivalents of selenium dioxide to give the monoaldehyde (Fig. 3.1),
which in turn is a suitable coupling partner for use in the oxime or hydrazone ligation
reactions. [91,109]

N

Raney-Ni

N N

SeO2

1,4-dioxane

41%

N N

O
H

(1)                                                             (2)
50%

Fig. 3.1: Two-step synthesis of 4’-methyl-2,2’-bipyridine-4-carboxaldehyde (2).
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Fig. 3.2: Microwave-assisted synthesis of [Mo(CO)4(α-diimine)] complexes: (3) toluene/diglyme, 180°C, 5 min, 62%; (4) THF,
130°C, 15 min, 88%; (5) THF, 130°C, 15 min, 62%.

The IR spectrum of the aldehyde-functionalized complex (5) shows three strong vibra-
tional bands for the CO ligands at 2011, 1868 and 1804 cm-1, confirming the expected
Cs symmetry. The vibrational band at 2011 cm-1 can be assigned to the axial carbonyl
ligands due to the strong trans-effect by the π-acceptor ability of the ligands opposite
to each other, whereas the bands at 1868 and 1804 cm-1 are due to the symmetric and
antisymmetric vibrations of the equatorial carbonyl ligands, respectively. [110] A fourth
band for a second antisymmetric vibration of the equatorial CO ligands is only visible
as a shoulder at 1880 cm-1. The C=O vibrational band of the aldehyde group is found
at 1709 cm-1 (Fig. 3.3).
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Fig. 3.3: ATR-IR spectrum of [Mo(CO)4(bpyCH3,CHO)] (5).

The 1H-NMR spectrum of [Mo(CO)4(bpyCH3,CHO)] (5) shows eight signals in addition to
that of the DMSO solvent (Fig. 3.4). The integrals are consistent with the expected
number of ten protons. Two singlets, one for the methyl group at 2.54 ppm and another
one for the aldehyde proton at 10.16 ppm in addition to six different signals between
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7.5 and 9.5 ppm for six aromatic protons, reflect the reduced symmetry of the complex.
The signals for the H-6 and H-6’ protons are found as doublets at 9.24 and 8.83 ppm
with a coupling constant of 5.5 Hz, which is also found for the H-5 and H-5’ protons at
7.97 and 7.53 ppm. The H-5/H-5’ protons appear as a doublet of doublets, including a
4J long-range coupling of 1.6 Hz towards the H-3 and H-3’ protons, which are located
at 9.02 and 8.71 ppm.

1 0 , 5 1 0 , 0 9 , 5 9 , 0 8 , 5 8 , 0 7 , 5 3 2

H - 5 'H - 5

H - 6 '
H - 3 '

H - 3

δ /  p p m

C H O

C H 3

H - 6  

D M S O

Fig. 3.4: 250 MHz 1H-NMR spectrum of [Mo(CO)4(bpyCH3,CHO)] (5) in DMSO-d6.

The 13C-NMR of the complex also shows the expected ten signals for the aromatic
carbon atoms in the range of 120 to 160 ppm as well as one signal for the methyl
group at 20.74 ppm and one for the aldehyde carbon atom at 191.45 ppm (Fig. 3.5).
Moreover, three signals for the four carbonyl ligands are observed. The most lowfield
shifted signal at 204.88 ppm is assigned to the two equivalent axial carbonyl ligands,
which strongly deshield each other. The other two signals at 222.60 and 221.73 ppm
are assigned to the equatorial carbonyl ligands. This also reveals a Cs symmetry of
the complex, which is consistent with the results obtained from IR and 1H-NMR spec-
troscopy. The FD mass spectrum shows one peak for the molecular ion at m/z = 405.2.
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Fig. 3.5: 62.5 MHz 13C-NMR spectrum of [Mo(CO)4(bpyCH3,CHO)] (5) in DMSO-d6.

To link this complex to peptides using the bioorthogonal oxime ligation reaction de-
scribed in Chapter 1.5.1, aminooxy acetic acid (8) was synthesized by acid hydroly-
sis of the dimethylketoxime (7) to give 8 as the hemi-hydrochloride. [111–113] The amino
group was subsequently protected as the 9-fluorenyl-methoxycarbonyl (Fmoc) group
using a standard procedure, which then allows use of the aminooxy acetic acid in
solid-phase peptide synthesis (SPPS, Fig. 3.6). [114] The overall yield of Fmoc-Aoa-OH
(9) was about 30% over three steps starting from acetone oxime (6). Analytical data of
Fmoc-Aoa-OH as well as aminooxy acetic acid and the corresponding ketoxime were
in full accordance with the expected values.
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Fig. 3.6: Synthesis of N-(9-fluorenylmethoxycarbonyl)aminooxy acetic acid (9).
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To optimize the oxime ligation reaction, a model peptide consisting of three amino
acids (H-Gly-Leu-Arg-OH) with aminooxy acetic acid attached to the N-terminus was
synthesized on a preloaded Fmoc-Arg(Pbf)-Wang resin using an automated CEM Lib-
erty peptide synthesizer under the conditions described below. In a first approach,
[Mo(CO)4(bpyCH3,CHO)] (5) was reacted with the functionalized peptide (10a) following
the on-resin labelling strategy shown in Fig. 3.7. Thus, the resin with the attached
peptide was shaken together with a solution of the complex in N,N-dimethylformamide
for 2 h. After removal of the reaction mixture and extensive washing with dimethylfor-
mamide, a dark-red resin was obtained (Fig. 3.8).
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Fig. 3.7: On-resin labeling strategy in the synthesis of a [Mo(CO)4(bpyCH3,CHO)] peptide conjugate.

The ATR-IR spectrum of the resin showed the characteristic pattern of the molybdenum
tetracarbonyl unit with vibrational bands at 2010, 1901 and 1863 cm-1 as observed for
the complex (5) itself, demonstrating a successful coupling (Fig. 3.9). Unfortunately,
the molybdenum tetracarbonyl unit was not stable towards concentrated trifluoroacetic
acid (TFA) required in the following cleavage step from the resin, as indicated by the
formation of dark-brown products which were insoluble in any polar solvents, such as
acetonitrile-water mixtures.
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Fig. 3.8: Dark-red resin obtained after coupling of
[Mo(CO)4(bpyCH3,CHO)] (5).
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Fig. 3.9: ATR-IR spectrum of the dark-red resin obtained after
coupling of [Mo(CO)4(bpyCH3,CHO)] (5).

Therefore, in an alternative approach, a post-labelling strategy was employed, involving
coupling of complex 5 and peptide 10 in solution (Fig. 3.10). The peptide was cleaved
from the resin under standard conditions using a mixture of TFA, TIS and water and
after work-up, RP-HPLC analysis as well als ESI mass spectrometry revealed a purity
of greater than 95%. Thus, there was no need for further HPLC purification.
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Fig. 3.10: Synthesis of [Mo(CO)4(bpyCH3,C=N-Aoa-Gly-Leu-Arg-OH)] (12) via oxime ligation.

The Aoa-Gly-Leu-Arg-OH model peptide (10) was used to test various conditions in the
oxime ligation with [Mo(CO)4(bpyCH3,CHO)] (5) as summarized in Tab. 3.1.
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Table 3.1: Reaction conditions tested in the oxime ligation of peptide (10) and [Mo(CO)4(bpyCH3,CHO)] (5).

buffer (100 mM) pH organic solvent buffer/THF ratio result

anilinium acetate 4.4 THF 1:9 ++
sodium phosphate 5.2 THF 1:9 -
sodium phosphate 5.2 THF 1:1 +++

sodium acetate 4.5 THF 1:9 -
sodium acetate 4.5 THF 1:1 +

Although N,N-dimethylformamide is widely used in SPPS, it is rather unfavourable
when reactions are carried out in solution since it is very difficult to remove during the
work-up procedure. Anyhow, the ligation worked best when carried out in a 1:1 mixture
of tetrahyfrofuran and phosphate buffer at pH 5.2. Mixtures containing just 10% THF
did not provide sufficient solubility for the complex, while the use of sodium and anilin-
ium acetate buffer showed drawbacks in the workup procedure. The conversion could
easily be monitored by TLC using silica as the solid phase and dichloromethane as
the eluent. After desalting of the reaction mixture by solid-phase extraction and sub-
sequent purification by preparative HPLC, the peptide conjugate 12 was obtained in
moderate yield (25%) but high purity (97%) as seen in Fig. 3.11. Reactions carried out
in anilinium or sodium acetate buffer also worked quite well but showed major draw-
backs in the work-up procedure because the reaction mixtures could not be desalted
properly by solid-phase extraction. This might be due to the fact that aniline as well as
acetic acid react as ion-pairing reagents, making a separation from the peptide conju-
gate on a reversed phase column difficult.

0 5 1 0 1 5 2 0
t R  /  m i n

t R  =  8 . 9 5  m i n  

Fig. 3.11: Analytical HPLC chromatogram (254 nm) of the peptide conjugate 12.
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Fig. 3.12: ESI+ mass spectrum of the peptide conjugate 12 dissolved in methanol.
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Fig. 3.13: ATR-IR spectrum of the peptide conjugate 12.

The ESI+ mass spectrum of 12 shows the main peak at m/z = 808 and only one
fragmentation peak at m/z = 780, resulting from loss of one carbon monoxide ligand
(Fig. 3.12). Three CO vibrational bands in the IR spectrum of the conjugate at 2014,
1861 and 1815 cm-1 demonstrate that the composition and symmetry at the molybde-
num center is preserved in the product (Fig. 3.13).

After successful synthesis of the model peptide conjugate 12, the same conditions
were applied in the ligation of [Mo(CO)4(bpyCH3,CHO)] (5) to a larger, bioactive peptide.
The transforming growth factor beta 1 (TGF-β1) plays an important role in cell prolif-
eration and differentiation and is often overexpressed in various types of tumor cells,
allowing the escape from immune surveillance. Therefore, deactivation of this protein
through TGF-β1 binding peptides is of considerable interest in strategies for tumour
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targeting and treatment. In order to promote a possible application of CO releasing
molecules in cancer therapy, the amino acid sequence H-Leu-Pro-Leu-Gly-Gln-Ser-
His-OH, which has a high affinity towards TGF-β1, was synthesized using manual
solid-phase peptide synthesis and N-terminally functionalized with aminooxy acetic
acid (Fig. 3.14, Aoa). [115] Subsequent oxime ligation of [Mo(CO)4(bpyCH3,CHO)] (5) to
the peptide 11 to gave the conjugate 13 in moderate yield (30%) but high purity (>
90%) after purification by preparative HPLC.
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Fig. 3.14: Synthesis of [Mo(CO)4(bpyCH3,C=N-Aoa-TGF-β1-OH)] (13) via oxime ligation.

As observed for the model peptide conjugate, the lipophilicity of 13 is significantly
higher than the peptide itself, resulting in a shift of retention time in the analytical HPLC
from 14.59 to 30.26 min. Beside the HPLC trace recorded at 254 nm, the UV/Vis ab-
sorption was also monitored at 468 nm to identify molybdenum tetracarbonyl species
by their MLCT absorption. If was found that only the peak at tR = 30.26 min shows
an absorption at 468 nm and thus was assigned to the conjugate (Fig. 3.15). The IR
spectrum of the conjugate 13 shows three carbonyl vibrational bands at 2015, 1861,
and 1812 cm-1, again demonstrating the conservation of Cs symmetry in the intact
[Mo(CO)4] unit (Fig. 3.16). The ESI- mass spectrum shows the main peak at m/z =
1198.4 and only one fragmentation peak at m/z = 988.5, resulting from loss of the
whole molybdenum tetracarbonyl unit (Fig. 3.17).
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Fig. 3.15: Analytical HPLC chromatogram (black - 254 nm, grey - 468 nm) of the peptide conjugate 13.
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Fig. 3.16: ATR-IR spectrum of the peptide conjugate 13.
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Fig. 3.17: ESI- mass spectrum of the peptide conjugate 13 dissolved in methanol.
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3.1.2 CO release studies

The CO release from 5 and 12 was studied in the dark and at different excitation wave-
lengths using the myoglobin assay. In this assay, a solution of the carbonyl compound
dissolved in dimethylsulfoxide is incubated with reduced horse skeletal muscle myo-
globin (MbFe(II)) under an inert atmosphere and the conversion to MbFe(II)CO upon
irradiation is monitored by UV/Vis spectroscopy. The amount of CO released is quanti-
fied from the absorption of the MbFe(II)CO in the Q-band region at 540 nm as described
in Chapter 5.1.2. Although, complex 5 is rather unpolar, it was soluble under the condi-
tions of the myoglobin assay in the concentration applied (10 µM) and no precipitation
was observed over the course of the experiment. Results from these experiments are
summarized in Tab. 3.2. All experiments were carried out at least as triplicate.

Table 3.2: CO release properties of complex (5) and conjugate (12) in the dark and at different irradiation wavelengths.

dark 365 nm 468 nm
t1/2 / min eq.CO t1/2 / min eq.CO t1/2 / min eq.CO

(5) 92±20 2.5±0.7 54±13 3.0±1.0 44±7 2.4±0.4
(12) 123±38 1.6±0.1 n.d. n.d. 40±14 1.0±0.4

0n.d. - not determined

The complex as well as the peptide conjugate are not stable in solution in the dark and
the half-lifes for both compounds are in the same range of about 100 min. However,
the number of CO equivalents released are 1.0 units lower for the conjugate compared
to the complex. This effect was already observed for [Mn(CO)3(tpm)]+ complexes and
their corresponding peptide conjugates. It might be due to the unkown hydratation
state of the peptide conjugate as reported before, thus making the preparation of stock
solutions with well-defined concentration difficult. [66] Irradiation at 365 and 468 nm both
lead to release of the same number of CO equivalents and the final molar amount of
carbon monoxide liberated is the same as observed in the dark reaction. However, the
half-lifes decrease significantly to 50% of the value observed in the absence of light.
Thus, although the compounds are not pure PhotoCORMs due to some CO release in
the dark, it is significantly accelerated by photoactivation, independent of the excitation
wavelength used. Typical UV/Vis spectral changes in the Q band region of a solution of
reduced horse skeletal myoglobin upon CO release from complex 5 under irradiation
at 468 nm are shown in Fig. 3.18 and Fig. 3.19. The corresponding time-dependent
formation of MbCO is depicted in Fig. 3.20.
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Fig. 3.18: UV/Vis spectral changes in the Q band region of a solution of reduced horse skeletal myoglobin (50 µM) and
[Mo(CO)4(bpyCH3,CHO)] (5) (10 µM) in 0.1 M phosphate buffer upon irradiation a 468 nm (t = 0 to 240 min).
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Fig. 3.19: Changes in absorption in the Q band region of a solution of reduced horse skeletal myoglobin (50 µM) and

[Mo(CO)4(bpyCH3,CHO)] (5) (10 µM) upon irradiation a 468 nm, monitored at 510, 540, 560, and 579 nm.
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Fig. 3.20: Time-dependent formation of MbCO in mixtures of [Mo(CO)4(bpyCH3,CHO)] (5) (10 µM) with reduced horse skeletal

myoglobin (50 µM) was followed by monitoring changes in the absorption at 540 nm upon irradiation at 468 nm.

Since the CO release behavior of the complex is independent of the irradiation wave-
length and irradiation at 365 nm is rather unfavourable for biological applications due
to the cell damage that is caused by UV light, CO release properties of the conjugate
were only determined at 468 nm. Moreover, the preservation of the CO release prop-
erties in the conjugate is accompanied by an increased solubility in aqueous solutions
and other polar solvents such as dimethylsulfoxid, making the conjugate suitable for
further investigations on the mechanism of CO release.
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3.1.3 Buffer stability tests

To test the stability of the conjugate in physiological buffer and to identify possible de-
composition products that might form after CO release, 12 was incubated in buffered
acetonitrile solution and the decomposition under aerobic conditions was monitored by
analytical RP-HPLC and ESI mass spectrometry. The color of the solution faded with
time, already visually indicating decomposition of the metal carbonyl moiety. The ESI
mass spectrum shows peaks for two major species. One is assigned to the peptide
with the bipyridine ligand still attached but lacking the molybdenum tetracarbonyl moi-
ety (Fig. 3.21), ([M-Mo-4CO+H]+ and [M-Mo-4CO+2H]2+), and the other one that is due
to loss of one CO ligand (m/z = 780) as already shown in Fig. 3.12 but much more
prominent in this case.

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

[ M + H ] +

 8 0 8 . 0

[ M - M o - 4 C O + H ] +

        5 9 8 . 3

[ M - M o - 4 C O + 2 H ] 2 +

         2 9 9 . 7

m / z

[ M - C O + H ] +

    7 8 0 . 0

Fig. 3.21: ESI+ mass spectrum of 12 after 2 h in buffered acetonitrile.

Monitoring of the decomposition by HPLC alone reveals the formation of just one follow-
up product (Fig. 3.22, peak A). The integral of the conjugate (peak B) shows a linear
decrease to 50% of the initial value after 7 h (Fig. 3.23). Both species were identi-
fied by their UV/Vis spectra recorded using the HPLC diode array detector as well as
HPLC-MS as described below. In the UV/Vis, the parent conjugate (peak B) exhibits a
weak MLCT band at 468 nm which is not present in the decomposition product (peak
A). Thus, peak A was identified as the peptide with the bipyridine ligand attached but
lacking the [Mo(CO)4] unit.
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Fig. 3.22: Decomposition of conjugate 12 in buffered acetonitrile monitored by RP-HPLC (254 nm) over the course of 7 h.
Intensities of all traces are normalized to peak B, the undecomposed conjugate. A is the decomposition product.
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Fig. 3.23: Time-dependent change of the integral of peak B, assigned to the parent conjugate (12), upon decomposition in

buffered acetonitrile monitored by RP-HPLC (254 nm) over the course of 7 h.

Since the results obtained by ESI-MS reveal two decomposition products while only
one decomposition product was detected by analytical HPLC, the species resulting
from the loss of one CO ligand is assumed to be an unstable intermediate which can
only be detected on the time scale of the mass spectrometric experiment and then
further decomposes to give the conjugate just bearing the bipyridine ligand without the
molybdenum tetracarbonyl unit.
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3.1.4 Photochemical studies

Since the initial loss of one CO ligand from the coordination sphere of conjugate 12
finally triggers the release of the whole Mo(CO)4 unit, as demonstrated by HPLC anal-
ysis and mass spectrometry, combined with the observation that solutions of the conju-
gate decolorize over time, give rise to the assumption that oxidation of the metal center
is promoted by displacement of one carbonyl ligand and therefore posseses a crucial
role in the mechanism of CO release. In order to gain insight in the actual mecha-
nism, photolysis studies on conjugate 12 were carried out in dimethylsulfoxide under
aerobic conditions, or in CO- and argon-saturated solution including the corresponding
dark control experiments. Spectral changes were monitored by UV/Vis spectroscopy.
Dimethylsulfoxide was chosen as the solvent because it provides optimal solubility for
the conjugate and can also react as a nucleophile in a ligand substitution reaction. Re-
sults of these experiment obtained by UV/Vis spectroscopy are summarized in Tab. 3.3
and Tab. 3.4.

Table 3.3: Dark stability of conjugate 12 in DMSO monitored by UV/Vis spectroscopy using the absorptions at 387 and 468 nm.

k / s-1 t1/2 / h
λmax 387 nm λmax 468 nm λmax 387 nm λmax 468 nm

aerobic -(4.74±0.20)·10-5 -(4.72±0.51)·10-5 4.1±0.2 4.0±0.4
Ar saturated -(4.32±0.39)·10-5 -(5.62±0.25)·10-5 4.5±0.4 3.4±0.2

CO saturated1 -(1.33±0.05)·10-6 -(2.05±0.62)·10-6 48±2 44±9

1linear decay (zero order rate law)

Table 3.4: Photolysis studies on conjugate 12 in DMSO with irradiation at 468 nm monitored by UV/Vis spectroscopy using the
absorptions at 387 and 468 nm.

k / s-1 t1/2 / min
λmax 387 nm λmax 468 nm λmax 387 nm λmax 468 nm

aerobic -(1.51±0.05)·10-4 -(1.63±0.03)·10-4 81±3 75±1
Ar saturated -(1.06±0.13)·10-4 -(1.45±0.08)·10-4 110±13 80±4

CO saturated1 -(4.76±0.12)·10-6 -(6.77±0.14)·10-6 600±15 660±14

1linear decay (zero order rate law)

Under aerobic conditions and in the dark, a first-order exponential decay of both MLCT
bands at 387 and 486 nm with half-life times of about 4 h was observed. When the
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dark experiment was carried out in argon-saturated solution, the half-life time of the
band at 387 nm did not change compared to the experiment under aerobic conditions,
whereas the one of the band at 468 nm decreased from 4 to 3.4 h. Moreover, an in-
crease in absorbtion in the range of 550 to 700 nm was observed. In CO-saturated
solution, the decrease of the MLCT bands changed from exponential to linear behavior
with a half-life time of 48 h for the 387 nm band and 44 h for the 468 nm band. When
solutions of (12) were irradiated at 468 nm under aerobic conditions, half-life times of
about 80 min for both MLCT bands were observed. Again, saturation with argon had
only a marginal effect on the half-life times, which were found to be 110 min (387 nm)
and 80 min (468 nm). Nevertheless, the increase of absorption in the range of 550 to
700 nm was much stronger compared to the corresponding dark experiment. More-
over, it was accompanied by an isosbestic point at 520 nm and a bathochromic shift
of 32 nm from 468 to 500 nm. When the photolysis was carried out in CO-saturated
solution, half-life times for the linear decrease were 600 (387 nm) and 660 min (468
nm), respectively. Assuming that the mechanism of CO-substitution in the ground state
of [Mo(CO)4(N-N)] complexes has associative character, as is known for a substitution
occuring from a MLCT exited state, [78] the increasing absorption in the range of 550
to 700 nm as well as the bathochromic shift indicate the formation of a new species,
which probably contains a coordinated DMSO molecule. The replacement of an axial
CO by any labile ligand in turn destabilizes the electron-rich low-valent d6 metal center
and promotes its oxidation. This is supposed to be the reason why the formation of
a new species can only be observed under anaerobic conditions. Since the increase
of absorption between 550 and 700 nm in the dark experiments is lower than during
irradiation,the ligand substitution is more efficient upon photoexcitation. The marginal
linear decrease of absorption that was observed in the dark as well as with light activa-
tion when experiments were performed in CO-saturated solution and not accompanied
by an increase in absorption in the range of 550 to 700 nm as it was found to occur
under anaerobic conditions is indicative of a competition between free CO and DMSO
solvent in a ligand exchange reaction and therefore, no DMSO-containing intermediate
species is formed that can be oxidized on the time scale of the substitution reaction.
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Fig. 3.24: Spectral changes of 12 in dimethylsulfoxide upon incubation in the dark, monitored by UV/Vis spectroscopy (left) and
the decrease of the MLCT bands over time (right) under aerobic conditions (top), argon-saturated solution (middle) and CO gas

(bottom).
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Fig. 3.25: Spectral changes upon photolysis of 12 at 468 nm in dimethylsulfoxid, monitored by UV/Vis spectroscopy (left) and the
decrease of the MLCT bands over time (right) under aerobic conditions (top), argon (middle) and in CO-saturated solution

(bottom).

In addition to UV/Vis spectroscopy, the stability of conjugate 12 in the dark as well as
upon photolysis at 468 nm in was monitored by IR spectroscopy in solution. Since the
IR flow-cell used was not gas-tight, studies under argon or CO atmosphere could no be
carried out. The concentration of 12 in the IR experiments had to be chosen about 25
times higher (3 mM) as in the UV/Vis experiments (125 µM) to achieve a sufficient sig-
nal intensity greater than 0.1 for the vibrational band with the lowest intensity at 2010
cm-1. Results of these experiments are summarized in Tab. 3.5. The IR spectrum of
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the conjugate (12) shows four well-resolved vibrational bands for the carbonyl ligands
at 2010, 1898, 1873, and 1828 cm-1, which is in contrast to the solid state spectrum,
where only three bands at 2015, 1861, and 1815 cm-1 are observed (Fig. 3.13). Upon
incubation in the dark, all carbonyl vibrational bands decrease exponentially over time
(Fig. 3.26 and Fig. 3.27) with rate constants of about -2·10-4 s-1 and half-life times of
50 to 60 min. When irradiated at 468 nm, the decrease of the vibrational bands at
1898, 1873, and 1828 cm-1 was 2.5-fold faster and rate constants of about -5·10-4 s-1

were observed, whereas the half-life times were reduced to 20 min. In contrast, the
decrease of the vibrational band at 2010 cm-1 was accelerated by one order of magni-
tude (-1·10-3 s-1) with a half-life time of 9 min. Moreover, a new band was found to grow
in with irradiation time at 1770 cm-1 (Fig. 3.28).

Table 3.5: Photolysis studies on conjugate 12 in DMSO with irradiation at 468 nm as well as its dark stability under aerobic
conditions, monitored by IR spectroscopy.

dark 468 nm
ν(CO) k / s-1 t1/2 / min k / s-1 t1/2 / min

2010 cm-1 -(1.70±0.14)·10-4 68±6 -(1.24±0.02)·10-3 9±1
1898 cm-1 -(1.89±0.30)·10-4 62±10 -(4.92±0.01)·10-4 23±1
1873 cm-1 -(2.28±0.32)·10-4 51±7 -(5.26±0.20)·10-4 22±1
1828 cm-1 -(2.34±0.32)·10-4 50±7 -(5.56±0.23)·10-4 21±1

Since the vibrational band at 2010 cm-1, which is assigned to the axial carbonyl ligands
as mentioned earlier, decreases 10-fold faster upon irradiation compared to the dark
experiment, a preferential displacement of one of these ligands seems to occur upon
photoexcitation at 468 nm. Combined with the observation of a new carbonyl vibra-
tional band at 1770 cm-1, this indicates the formation of a new metal carbonyl species.
The position of the new band in the spectrum is comparable to those observed in fa-
cially coordinated molybdenum tricarbonyl complexes bearing pure σ-donor ligands,
such as [Mo(CO)3([9]aneN3)] with [9]aneN3 = 1,4,7-triazacyclononane. [116] The vibra-
tional bands at 1898, 1873, and 1828 cm-1 were found to decrease 2.5-fold faster upon
irradiation compared to the dark experiment. The same trend was also observed when
spectral changes of 12 in dimethylsulfoxide under aerobic conditions were monitored
by UV/Vis spectroscopy. Herein, irradiation at 468 nm also led to a 2.5-fold faster
decrease in absorption compared to the dark experiment.
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Fig. 3.26: Spectral change of 12 under aerobic conditions in
DMSO in the dark, monitored by IR spectroscopy.
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Fig. 3.27: Spectral change of 12 under aerobic conditions in
DMSO in the dark. Decay of absorption over time.
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Fig. 3.28: Photolysis of 12 at 468 nm under aerobic
conditions in DMSO, monitored by IR spectroscopy.
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Fig. 3.29: Photolysis of 12 at 468 nm under aerobic
conditions in DMSO. Decay of absorption over time.

Proposed mechanism of CO release
In summary, the results obtained from HPLC analysis, mass spectrometric measure-
ments and UV/Vis as well as IR spectroscopic studies, indicate that the mechanism
of CO release from conjugate 12 in the dark does not differ from the one observed
upon photoexcitation at 468 nm, but is accelerated 2.5 to 3.5-fold in the latter case
depending on whether the photolysis was monitored by IR or UV/Vis spectroscopy. A
potential mechanism for the light-triggerd CO release from [Mo(CO)4(bpyR1,R2)] com-
pound shown is in Fig. 3.30. In a first step, a photoexcited state of the molybdenum
tetracarbonyl complex is formed upon irradiation of the MLCT transition at 468 nm.
In the excited state, DMSO enters the coordination sphere of the complex, while one
of the axial CO ligands dissociates simultaneously from the metal center follwing an
associative substitution mechanism resulting in a fac-coordinated molybdenum tricar-
bonyl species. Since the ligand substitution could be suppressed when experiments
were carries out in CO saturated solution, the tricarbonyl species is assumed to be
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in an equilibrium with the tetracarbonyl species. Substitution of one of the axial CO
ligands by a DMSO molecule is supposed to destabilize the low-valent molybdenum(0)
center which then is oxidized, leading to a loss of the metal from the bipyridine ligand
accompanied by further release of CO.
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Fig. 3.30: Postulated mechanism for the light-triggered CO release from [Mo(CO)4(bpyR1,R2
)] compounds with irradiation at 468
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representative for any coordinating solvent molecule.
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3.2 Biological activity of molybdenum allyl dicarbonyl complexes

3.2.1 Synthesis of [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes

One of the first synthetic approaches towards [Mo(η3-allyl)(CO)2(N-N)(N)]X complexes
was reported by Hull and Stiddard employing the three-step synthesis shown in Fig. 3.31,
A. [117] In this procedure, molybdenum hexacarbonyl is first reacted with a bidendate
nitrogen donor ligand followed by oxidative addition of an allyl halide to give the cor-
responding neutral [Mo(η3-allyl)X(CO)2(N-N)] complexes with X = halide. Finally, the
halide is exchanged for pyridine to give [Mo(η3-allyl)(CO)2(N-N)(py)]X with X = BF4

-

or BPh4
-. Another route reported by tom Dieck and Friedel is based on the synthe-

sis of [Mo(η3-allyl)X(CO)2(NCCH3)2] complexes containing labile acetonitrile ligands
which can easily be replaced by other ligands (Fig. 3.31, B). [118] Due to the rapid and
highly efficient displacement reaction, the latter route is especially convenient in the
preparation of complexes bearing mer- or fac-coordinating tridentate ligands or when
difficult-to-prepare bidentate ligands are used. [119,120]
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Fig. 3.31: Synthetic routes towards [Mo(η3-allyl)(CO)2(N-N)(py)]X complexes according to Stiddard and Hull (A) and tom Dieck
and Friedel (B).

In contrast to the methodes reported in the literature, a new two-step route was followed
in the present work, starting with a one-pot synthesis of [Mo(η3-allyl)Cl(CO)2(N-N)]
complexes (Fig. 3.32). The bidentate N-N ligands were used to modulate the biorel-
evant porperties of the complexes such as lipophilicity/hydrophilicity. 2,2’-bipyridine
(bpy) and 1,10-phenanthroline (phen) were obtained from commercial sources, while
the synthesis of dipyido[3,2-d :2’,3’-f ]quinoxaline (dpq), dipyrido[3,2-a:2’,3’-c]phenazine
(dppz), and benzo[i ]dipyrido[3,2-a:2’,3’-c]phenazine (dppn) was performed according
to literature procedures (Fig. 3.33). [121] The one-pot synthesis worked best when car-
ried out in boiling tetrahydrofuran using an 1.1-fold excess of molybdenum hexacar-
bonyl and a 10-fold excess of allyl chloride over the N-N ligand, which could easily
be removed in the work-up procedure by either sublimation of Mo(CO)6 or extended
washing with n-hexane.
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The desired complexes were obtained in yields of 49 to 88% and pure form according
to microanalysis and were therefore used without further purification. Additionally, all
compounds were characterized by 1H- and 13C-NMR spectroscopy as well as IR spec-
troscopy, except for [Mo(η3-allyl)Cl(CO)2(dppz)] and [Mo(η3-allyl)Cl(CO)2(dppn)] with
the most extended aromatic π system, where characterization by NMR spectroscopy
was not possible due to insufficient solubility in the deuterated solvents available.
In a second step, the chloride ligand was precipitated as silver chloride by the addi-
tion of silver triflate to give an intermediate species coordinated by acetone, which was
the solvent used in this synthesis. This labile ligand was then replaced by pyridine
and the complex finally isolated as the hexafluorophosphate salt. The isolated yields
ranged from 43 to 85%. All complexes were characterized by 1H- and 13C-NMR, IR
spectroscopy, ESI mass spectrometry, and microanalysis. All data are in good agree-
ment with the expected values. The NMR spectroscopic characterization of [Mo(η3-
allyl)(CO)2(N-N)(py)]PF6 with N-N = dpq, dppz, and dppn was again limited to 1H-NMR
due to insufficient solubility in common deuterated solvents, although it was somewhat
better compared to the neutral chlorido complexes but still not good enough to obtain
13C-NMR data.
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The IR spectra of all complexes from the [Mo(η3-allyl)Cl(CO)2(N-N)] as well as the
[Mo(η3-allyl)(CO)2(N-N)(py)]PF6 series exhibit two CO vibrational bands, one for the
symmetric vibration (A’) at 1930±4 cm-1 and another one for the antiymmetric vibration
(A”) at 1861±31 cm-1, as expected for cis-dicarbonyl ligands in a complex with Cs

symmetry. In the series of allyl complexes [Mo(η3-allyl)Cl(CO)2(N-N)], the IR band of
the antisymmetric CO vibration (A”) experiences a shift of more than 30 cm-1 from 1831
cm-1 to 1865 cm-1 with increasing size of the polypyridyl ligand due to its increased π-
acceptor properies. The effect of the bidentate ligand on the symmetric CO vibration
(A’) is somewhat smaller, resulting in a shift of 10 cm-1 from 1925 cm-1 to 1935 cm-1

upon going from bpy to dppn. In addition to the trans-effect, changes at the axial
allyl ligand also influence the position of the CO vibrations. Whereas only a marginal
shift towards higher wavenumbers is observed in the symmetric vibrational band for
the methallyl series compared to the allyl series, the antisymmetric vibrational band is
shifted from 1831 to 1850 cm-1 in the bpy complexes and from 1842 to 1852 cm-1 in
the phen complexes when going from allyl to methallyl (Tab. 3.6).

Table 3.6: CO vibrational bands in [Mo(η3-allyl)(CO)2(N-N)Cl] complexes.

compound N-N ligand allyl-R ν(CO) / cm-1

A’ A”

14 bpy CH3 1925 1850
16 phen CH3 1927 1852
15 bpy H 1925 1831
17 phen H 1930 1842
18 dpq H 1932 1840
19 dppz H 1935 1859
20 dppn H 1935 1865

The symmetric and antisymmetric CO vibrational bands of all compounds in the [Mo(η3-
allyl)(CO)2(N-N)(py)]PF6 series exhibit a small shift towards higher wavenumbers com-
pared to the corresponding chlorido complexes but no trend within the series itself can
be indentified (Tab. 3.7).

47



3.2 Biological activity of molybdenum allyl dicarbonyl complexes

Table 3.7: CO vibrational bands in [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes.

compound N-N ligand allyl-R ν(CO) / cm-1

A’ A”

21 bpy CH3 1944 1860
23 phen CH3 1938 1870
22 bpy H 1944 1841
24 phen H 1938 1869
25 dpq H 1948 1861
26 dppz H 1948 1860
27 dppn H 1948 1869

The 1H NMR spectra of all [Mo(η3-allyl)(CO)2(N-N)(L)] complexes show two sets of
three signals for an AM2X2 spin system that is consistent with a symmetrical η3-coordination
of the allyl ligand and two sets of signals for the bidentate polypyridyl and pyridine lig-
and which indicates the presence of two isomers in solution. The allyl ligand undergoes
rapid conformational changes on the NMR time scale leading to an endo/exo isomeri-
sation as described in the literature for various kinds of molybdenum allyl dicarbonyl
complexes. [122–124] The binding mode with the syn- and anti-protons of the allyl ligand in
an ecliptical position relative to the carbonyl ligands is referred to as the endo-isomer
while the other one is the exo-isomer (Fig. 3.34). The isomerisation process occurs
via rotation of the η3-allyl ligand around the metal-allyl axis with a rotational barrier of
about 16 kJ/mol. [123] Unexpectedly, the endo/exo isomerism was not observed in the
[Mo(η3-methallyl)(CO)2(N-N)] complexes and the the exo-isomer was found to be the
only isomer present in solution. This might be due to an increased rotational barrier
because of the sterical more demanding methallyl group. For all other complexes, the
endo/exo-isomer ratio was determined by 1H NMR spectroscopy to be 80:20.
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Fig. 3.34: Endo/exo-isomerisation in [Mo(η3-allyl)(CO)2(N-N)]-compexes.
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3.2.2 Determination of logP values

The n-octanol/water partition coefficient logP is an important pharmacological model
parameter to measure the lipophilicity of a substance. With the aid of this dimension-
less parameter, one can estimate the distribution behavior of a molecule in organs
and tissues. Along with plasma protein binding and acid/base properties, lipophilicity
is one of the main intrinsic factors that influence the bioavailability of a pharmacologi-
cal substance. According to Lipinski’s "rule-of-five", which describes the drug-likeness
of a compound by assessment of its physical properties such as molecular weight,
lipophilicity, and the number of hydrogen donor and acceptor groups, the logP value
should be below 5 for a drug-like compound. [125–127] Compounds having logP values >
0 are lipophilic, whereas those with logP values < 0 are hydrophilic.
In the present work, the logP values of the [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes
and the corresponding N-N ligands were determined using the "shake-flask" method
according to the procedure reported by Kunz et al. [69] The partition coefficient of cis-
platin served as a reference (Tab. 3.8).

Table 3.8: n-octanol/water partiton coefficients logP7.4 of [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes, the corresponding N-N
ligands and cisplatin.

compound N-N ligand allyl-R logP7.4

22 bpy H -0.40±0.01
21 bpy CH3 -0.20±0.06
24 phen H -0.08±0.01
23 phen CH3 0.13±0.01
25 dpq H 0.47±0.01
26 dppz H 1.86±0.14
27 dppn H 1.72±0.07
bpy - - 1.73±0.02

phen - - 1.53±0.05
dpq - - 0.93±0.21
dppz - - n.d.
dppn - - n.d.

cis-Pt(NH3)2Cl2 - - -1.18±0.04

Among the series of compounds tested, cisplatin was the most hydrophilic one, a fact
that might be due to partial hydrolysis of the chloride ligands, which is a well-known
activation mechanism for cisplatin and related platinum(II) complexes. In contrast, the
molybdenum complexes investigated have no labile ligands that might dissociate on
the time scale of the experiment. Therefore, ligand exchange effects contributing to
the partition behavior can be neglected. In general, the logP7.4 values were found to
increase from -0.40 to 1.72 with the size of the N-N ligand as well as with changes
in the substitution pattern at the meso-position of the allyl ligand. It was found that
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for bpy and phen complexes a methyallyl ligand increases the lipophilicity significantly
by 0.20 units compared to the corresponding allyl complexes, but not to the same ex-
tent as the change in N-N ligand from the bipyridine to phenanthroline does. From
the sub-series of allyl and methallyl complexes with bipyridine and phenanthroline lig-
ands, the hydrophobic substituent constant π(X) was calculated for the methyl group.
This parameter specifies the additive contribution of a substituent to the logP value
in a homologous series of compounds in comparison to an unsubstituted reference
system. [128]

π(CH3) = logP7.4(methallyl) - logP7.4(allyl)

In the sub-series mentioned above, π(CH3) was found to be (0.20±0.01). This value
can be used to estimate the change in lipophilicity in a series of [Mo(η3-allyl-R)(CO)2(N-
N)(py)] complexes upon introducing a methyl group to the allyl ligand.
The largest difference in logP values of about 1.4 was observed between the dpq and
dppz complex. The lipophilicity of the dpq complex (25) as well as the dpq ligand alone
is significantly reduced compared to the phen complex (24) and the phen ligand. This
may be due to the presence of two additional nitrogen atoms in the dpq ligand that allow
formation of hydrogen bonds in aqueous solution. This hydrophilic effect seems to be
fully compensated when additional aromatic moieties are introduced to the polypyridyl
ligands as indicated by a strong increase of lipophilicity for the dppz (1.86±0.14) and
the dppn complex (1.72±0.07). The partition coefficients for the dppz and dppn ligand
could not be determined because concentrations in the aqueous phase were below the
detection limit of the UV/Vis spectrometer.
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3.2.3 Biological activity on human cancer cells

Cytotoxicity studies on HT-29 and MCF-7 cancer cells
To evaluate the in vitro cytotoxicity of the [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes
listed in Tab. 3.9 on adherent HT-29 human colon carcinoma cells and MCF-7 human
breast cancer cells, their IC50 values were determined by using the crystal violet assay
which quantifies the cell biomass of live cells.

Table 3.9: IC50 values (in µM) of [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes and cisplatin on HT-29 and MCF-7 cancer cells.

compound N-N ligand allyl-R HT-29 MCF-7

21 bpy CH3 75±16 52±2.0
22 bpy H 27±1.0 32±1.0
23 phen CH3 6.7±0.3 2.1±0.2
24 phen H 2.2±0.4 2.5±0.3
25 dpq H 5.5±0.2 n.d.
26 dppz H 1.9±0.3 n.d.
27 dppn H 1.8±0.8 n.d.

cis-Pt(NH3)2Cl2 - - 7.0±2.0 2.0±0.3 [129]

The cytotoxic activity of the tested complexes on HT-29 cells initially increases with
the size of the polypyridyl ligand from bpy to dpq but then remains constant for the
largest dppz and dppz ligands. Whereas both the allyl and methallyl bpy compounds
exhibit a rather moderate activity of 27 and 75 µM respectively, the corresponding phen
complexes are already more active, both showing IC50 values of 2 to 7 µM. Then ac-
tivities remain at the same level for the dpq, dppz, and dppn complexes. Furthermore,
the methallyl complexes of phen and bpy exhibit a slightly higher activity than the cor-
responding allyl compounds. The activity of the bpy and phen complexes on MCF-7
cells reflects the trend observed in HT-29 cells. Again, the activity increases by one
order of magnitude upon going from bpy to phen, and the bpy methyallyl complex has
a 1.5-fold higher IC50 value compared to the allyl complex. Since an increased size
of the polypyridyl ligand unexpectedly did not result in an increased activity in HT-29
cells, the cytotoxic activity of the dpq, dppz and dppn complexes on MCF-7 cells was
not determined. In conclusion, the tested complexes do not show any selective cyto-
toxic activity towards HT-29 versus MCF-7 cells. IC50 values on HT-29 cancer cells for
the dpq and dppz complexes are comparable to values reported for ruthenium arene
polypyridyl complexes [Ru(η6-C6Me6)Cl(N-N)]OTf, [129] in contrast to the value reported
for the dppn complex, which was about one order of magnitude lower then the corre-
sponding ruthenium arene dppn complex. IC50 values for the phen, dpq, dppz, and
dppn complexes are in the range reported for cisplatin. [129] Moreover, values for each
[Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complex on both cell lines are lower than the corre-
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sponding ones from a homologous series of [Ru(bpy)2(N-N)]Cl2 complexes. [121]

Assuming that the cytotoxicity of this class of compounds is mainly determined by the
increasing size and lipophilicity of the polypyridyl ligand, a constant increase of IC50

values should be expected upon going from bpy to dppn, as reported for a homologous
series of fac/mer -[RhCl3(DMSO)(N-N)] complexes. [128] Since the cytotoxicity of Mo(η3-
allyl)(CO)2(N-N)(py)]PF6 complexes is only partially influenced by the size of the N-N
ligand, their mode of action might not result only from their lipophilicity.

Cytotoxicity studies on NALM-6 leukemia cells
Compounds 22, 24, and 21 as well as the ligands bpy and phen were also chosen for
further cytoxicity studies on non-adherent NALM-6 leukemia cells in order to evaluate a
possible difference in activity on adherent versus non-adherent cancer cells. Cytotoxi-
city was measured by quantification of lactate dehydrogenase (LDH), which is rapidly
released from the cytoplasm into the cell culture supernatant upon disintegration of the
cell membrane, indicating necrosis as the main mode of action. [130] After 1 h of incuba-
tion, compounds 22 and 21 as well as bpy and phen showed no immediate cytotoxic
effect on NALM-6 cells as demonstrated by almost 100% cell viability for concentra-
tions of up to 100 µM (Fig. 3.35 - Fig. 3.37). This contrasts with 24, where significant
necrosis with less than 20% cell viability was detected at a concentration of 100 µM
and an IC50 value of 63 µM was calculated (Fig. 3.38).
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Fig. 3.35: Cell viability of NALM-6 cells determined by the
release of LDH after an incubation period of 1 h for the

ligands bpy and phen.
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Fig. 3.36: Cell viability of NALM-6 cells determined by the
release of LDH after an incubation period of 1 h for

[Mo(η3-allyl)(CO)2(bpy)(py)]PF6 (22).
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Fig. 3.37: Cell viability of NALM-6 cells determined by the
release of LDH after an incubation period of 1 h for

[Mo(η3-methallyl)(CO)2(bpy)(py)]PF6 (21).
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Fig. 3.38: Cell viability of NALM-6 cells determined by the
release of LDH after an incubation period of 1 h for

[Mo(η3-allyl)(CO)2(phen)(py)]PF6 (24).

Inhibition of cell proliferation of NALM-6 leukemia cells
The inhibition of cell proliferation of NALM-6 leukemia cells by complexes 22, 24, 21 as
well as ligands bpy and phen was evaluated in vitro. The viability and cell count were
determined with a CASY Cell Counter and Analyzer System after an incubation time of
24 h.
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Fig. 3.39: Inhibition of cell proliferation in NALM-6 cells by
the bpy ligand.
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Fig. 3.40: Inhibition of cell proliferation in NALM-6 cells by
the phen ligand.
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Fig. 3.41: Inhibition of cell proliferation in NALM-6 cells by
[Mo(η3-allyl)(CO)2(bpy)(py)]PF6 (22).
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Fig. 3.42: Inhibition of cell proliferation in NALM-6 cells by
[Mo(η3-methallyl)(CO)2(bpy)(py)]PF6 (21).
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Fig. 3.43: Inhibition of cell proliferation in NALM-6 cells by
[Mo(η3-allyl)(CO)2(phen)(py)]PF6 (24).

For the bipyridine complexes 22 and 21 as well as the bpy ligand, a significant inhibition
of cell proliferation of about 30% was observed for a concentration as low as 10 µM.
This effect increased to 100% inhibition for concentrations of 30 µM and above. The
phen complex 24 (Fig. 3.43) and phen (Fig. 3.40) itself exhibit a similar behavior with no
difference in proliferation inhibition (Tab. 3.10). Thus, there is essentially no difference
in activity between the complex and the free ligand. However, an increased size of the
polypyridyl ligand going from bpy to phen correlates with a slightly increased activity.

Table 3.10: IC50 values (in µM) of [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes and the ligands bpy and phen on NALM-6
leukemia cells.

compound N-N ligand allyl-R NALM-6

22 bpy H 10
21 bpy CH3 13
24 phen H 1.8
bpy - - 8.9

phen - - 2.3

Apoptosis induction studies on NALM-6 leukemia cells
To gain further insight into the mechanism of cell death induced by the [Mo(η3-allyl)-
(CO)2(N-N)(py)]PF6 complexes, apoptosis induction was studied by measuring the
amount of DNA fragmentation in NALM-6 cells upon incubation with selected com-
pounds. The early release of intracellular proteins like lactate dehydrogenase (LDH)
due to a loss of cell membrane integrity is a clear indicatior of necrotic cell death. On
the other hand, apoptosis, as a controlled and regulated way of cell death, is character-
ized by irreversible fragmentation of the genomic DNA, called hypoloidy. Therefore, the
degree of DNA fragmentation in NALM-6 cells was measured after 72 h of incubation
with complexes 22, 24, 21 as well as the ligands phen and bpy.
For the latter two, a significant induction of apoptosis with > 90% of apoptotic cells in
NALM-6 cells was observed for concentrations of 30 µM and above (Fig. 3.44). The
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phen ligand exhibits a higher activity than bpy and does not induce apoptosis below 5
µM while no apoptosis below 30 µM is induced by the bpy ligand. A similar behavior
was observed for the bpy complexes (Fig. 3.45 and Fig. 3.46) and the phen complex
(Fig. 3.47), which showed no difference in activity compared to the ligands. This is in
good agreement with the results obtained from the proliferation inhibition studies where
100% inhibition was observed in the same concentration range for both complexes and
ligands, demonstrating that triggering of apoptosis is the primary mode of action of
these compounds in NALM-6 cells. For the phen complex, a lower level of apoptosis
with about 60% of apoptotic cells is observed at 100 µM concentration which differs
from the observation made for all other compounds tested. This is in good agreement
with results obtained from the LDH release measurements where significant necrosis
occured in the presence of 24 at a concentration of 100 µM. Obviously, at high con-
centration, necrosis is the main mode of action at an early stage of cell death (1 h),
thus lowering the overall degree of apoptosis that was measured after 72 h of incuba-
tion time. For all other tested compounds, only induction of apoptosis and no necrotic
effect was observed at high concentration.
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Fig. 3.44: Apoptosis induction in NALM-6 cells by the
ligands bpy and phen after 72 h.
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Fig. 3.45: Apoptosis induction in NALM-6 cells by
[Mo(η3-allyl)(CO)2(bpy)(py)]PF6 (22) after 72 h.
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Fig. 3.46: Apoptosis induction in NALM-6 cells by
[Mo(η3-methallyl)(CO)2(bpy)(py)]PF6 (21) after 72 h.
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Fig. 3.47: Apoptosis induction in NALM-6 cells by
[Mo(η3-allyl)(CO)2(phen)(py)]PF6 (24) after 72 h.
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Cytotoxicity studies on MCF-7 (-) cells
The protease caspase-3 plays a crucial role in the activation of apoptotic pathways. It is
essential for certain proceses associated with typical signs of apoptosis, such as DNA
fragmentation and formation of apoptotic bodies. [131] To study a possible dependence
of caspase-3 expression on the cell proliferation, the activity of 22 and bpy was deter-
mined in MCF-7 (+/-) cells as described before. Normally, caspase-3 is not expressed
in MCF-7 cells, here referred to as MCF-7 (-), but they can be reconstitued to obtain
caspase-3 expressing cells (MCF-7 (+)). [132,133]

To assess the degree of necrosis that contributes to the cytotoxic activity of 22 and bpy
on adherent MCF-7 (-) breast cancer cells, the LDH release assay was also carried
out with these compounds. It was found that neither 22 nor bpy cause any necrosis in
MCF-7 (-) cells at concentrations of up to 75 µM after 1 h of incubation (Fig. 3.48).
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Fig. 3.48: Cell viability of MCF-7 (-) cells after an incubation period of 1 h with [Mo(η3-allyl)(CO)2(bpy)(py)]PF6 (22) or bpy.

Inhibition of cell proliferation in MCF-7 (+/-) cells
The results of the cell proliferation inhibition studies are depicted in Fig. 3.49 and
Fig. 3.50. There are significant differences in the activity of 22 and bpy on MCF-7
(+/-) cells. While the complex shows 100% inhibition of cell proliferation even at the
lowest applied concentration of 10 µM, the bpy ligand is only active at concentrations
of 50 µM and above. Moreover, bpy has a slightly higher activity on MCF-7 (-) cells
(IC50 = 19 µM) than on MCF-7 (+) cells (IC50 = 32 µM), an effect which was not ob-
served for 22. Since inhibition values were 100% over the whole concentration range
tested, no IC50 values could be determined for the latter complex.

56



3.2 Biological activity of molybdenum allyl dicarbonyl complexes

 � � � � � � � � � � � � � � � � � � � � � 
 � � � �
� � �

� � �

� � �

� � �

� � �

� � �

� � �
N /

 10
5  m

l-1

 M C F - 7  ( + )
 M C F - 7  ( - )

�

� �

� �

	 �

� �

� � �

� � �

� � � M C F - 7  ( + )
 M C F - 7  ( - )

pro
life

rat
ion

 in
hib

itio
n /

 %

Fig. 3.49: Inhibition of cell proliferation in MCF-7 (+/-) cells
by the bpy ligand.
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Fig. 3.50: Inhibition of cell proliferation in MCF-7 (+/-) cells
by [Mo(η3-allyl)(CO)2(bpy)(py)]PF6 (22).

Apoptosis induction studies on MCF-7 (+/-) cells
In the apoptosis studies on MCF-7 (+/-) cells, the activities of the complex 22 and the
bpy ligand itself were found to differ significantly. The bpy ligand induces only about
20% apoptosis at 75 µM and shows no sign of apoptosis below 50 µM. On the other
hand, the complex exhibits over 80% apoptosis at the maximum concentration of 75
µM and still induces 20% apoptosis even at the lowest concentration tested of 10 µM.
This behavior was found in both MCF-7 (+) as well as MCF-7 (-) cells, revealing an
apoptosis pathway that is independent of caspase-3 expression.
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Fig. 3.51: Apoptosis induction in MCF-7 (+/-) cells by the
bpy ligand after 72 h.
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Fig. 3.52: Apoptosis induction in MCF-7 (+/-) cells by
[Mo(η3-allyl)(CO)2(bpy)(py)]PF6 (22) after 72 h.
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Discussion
A series of seven [Mo(η3-allyl-R)(CO)2(N-N)(py)]PF6 complexes with N-N = bpy, phen,
dpq, dppz, dppn and R = H, CH3 was synthesized following a new two-step approach
starting with a on-pot synthesis of [Mo(η3-allyl-R)Cl(CO)2(N-N)] complexes. All com-
pounds were obtained in good to moderate yield and analytical data were in full accor-
dance with the expected values. Octanol/water-partition coefficients of all complexes
were determined by applying the shake-flask methode. LogP7.4 values were found to
increase from -0.40 to 1.72 with the size of the N-N ligand as well as going from allyl
to methallyl complexes. Compounds 22, 24, and 21 show LogP7.4 values below 0 and
thus are considered to be more hydrophilic while 23, 25, 26, and 27 are more soluble
in the n-octanol phase and thus are more lipophilic
The IC50 values of [Mo(η3-allyl)(CO)2(N-N)(py)]PF6 complexes determined on adherent
HT-29 and MCF-7 cancer cells decrease with the size of the bidentate ligand which is
in good correlation with an increase of lipophilicity along the series. The activity of the
phen, dpq, dppz and dppn complexes is comparable to that reported for cisplatin and
ruthenium arene polypyridyl complexes, well studied for their anticancer activity. [121,129]

IC50 values for the bpy and phen complexes on MCF-7 cells are comparable to val-
ues reported for neutral [Mo(η3-allyl)X(CO)2(N-N)] complexes with X = OTf, Cl, Br. [134]

No difference in activity on HT-29 cells compared to MCF-7 cells was observed for all
compounds tested. Whereas many studies on polypyridyl comlexes are traditionally
focused on DNA interaction, a modification of cell membrane function and cell adhe-
sion properties has also been discussed as possible mode of action [121] and brings the
influence of lipophilicity into play. However, cytotoxicity testings do not give any insight
into the exact mode of action, which therefore should be the matter of further investi-
gations.
To assess a difference between adherent and non-adherent cells, the activity of com-
plexes 22, 24, and 21 as well as the corresponding bidentate ligands towards non-
adherent NALM-6 leukemia cells was also tested. These complexes were selected
because they combine a moderate lipophilicity, which is favoured for solubility reasons,
with a high cytotoxic activity, as shown for HT-29 and MCF-7 cells. The complexes
and the free ligands show only minor differences in proliferation inhibition as well as
apoptosis induction. For both, an increased ligand size/lipophilicity is correlated with
an increased activity on both, HT-29 and MCF-7 cells. No necrotic effects were de-
tected for all compounds tested at all concentrations that were applied, except for 24
at a maximum concentration of 100 µM. Therefore, apoptosis induction is considered
to be the main mode of action for theses compounds towards NALM-6 cells.
Complex 22 and bpy were selected to test their activity towards caspase-3 espressing
MCF-7 (+) and non-expressing MCF-7 (-) human breast cancer cells. Both compounds
showed no necrotic effects at all. The complex 22 exhibits a significantly higher activity

58



3.2 Biological activity of molybdenum allyl dicarbonyl complexes

in apoptosis induction as well as proliferation inhibition compared to the ligand itself,
which contrasts with the results obtained from the studies on NALM-6 cells, where no
difference in activity between complex and ligand was observed. Moreover, apoptosis
induced by 22 was found to be at the same level in MCF-7 (+) and MCF-7 (-) cells,
revealing a mode of action independent from expression of caspase-3. This is in con-
trast to the fact that expression of caspase-3 is normally to be thought crucial for the
induction of DNA fragmentation as a hallmark of apoptosis. Although caspase-3 is
not expressed in MCF-7 (-) cells, extensive DNA fragmentation by 22 was detected.
Therefore, further biological studies will be needed to elucidate the pathway of apopto-
sis induction by this compound.
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3.3 Click reactions with azide-containing molybdenum allyl
dicarbonyl complexes

The application of the copper-catalyzed 1,3-dipolar cycloaddition (CuAAC) is well-
established for organic azides and alkynes in bioconjugation reactions. In addition, the
corresponding catalyst-free reactions have also attracted considerable interest the dur-
ing the past few year as described in Chapter 1.5, since metalions originating from the
catalyst can have severe toxic effecs in biological systems. Nevertheless, examples of
copper-free methods for the conjugation of metal complexes to bioactive molecules are
rare. In 2008 and 2010 Berkel et al. reported on the use of strained oxanorbonadienes
as linkers in the conjugation of an 111In-DTPA complex to a peptide for radio-labelling
purposes. [101,102] However, as most alkyne-azide cycloadditions reported before, these
examples also just involve azides incorporated in the organic ligand. 1,3-Dipolar cy-
cloadditions of metal azide complexes and organic alkynes have not been reported in
the literature for bioconjugation reactions. Thus, the reaction of an azide-containing
molybdenum allyl dicarbonyl complex with electron-deficient alkynes for the conjuga-
tion to peptides was studied in the present work. Initially, the azido complex [Mo(η3-
allyl)(N3)(CO)2(bpy)] (30) was prepared in two steps, starting with molybdenum hexa-
carbonyl (1 eq.) which was reacted with 2,2’-bipyridine (0.9 eq.) and a large excess
of allyl chloride (10 eq.) in a one pot-synthesis as described before (Chapter 3.2.1) to
give [Mo(η3-allyl)Cl(CO)2(bpy)] (15) in good yield (74%). In a second step, the chloride
ligand was removed by precipitation as silver chloride using silver triflate in degassed
acetonitrile to give an intermediate solvato species. This labile ligand then was ex-
changed for azide by addition of solid sodium azide to give [Mo(η3-allyl)(N3)(CO)2(bpy)]
(30) in a moderate yield of 56%.
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Fig. 3.53: Synthesis of [Mo(η3-allyl)(N3)(CO)2(bpy)] (30).
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The ATR-IR spectrum of 15 shows two carbonyl vibrational bands at 1925 and 1831
cm-1 (Fig. 3.54) while the corresponding bands for the azide complex 30 are found at
1928 and 1836 cm-1. Moreover in the latter, the azide vibrational band is found at 2036
cm-1 (Fig. 3.55). The endo/exo-isomer ratio determined by 1H-NMR spectroscopy was
75:25 for the chlorido complex and 84:16 for the azido complex. All other analytical
data obtained for 15 and 30 are in full accordance with the expected values.
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Fig. 3.54: ATR-IR spectrum of Mo(η3-allyl)Cl(CO)2(bpy) (15).

4 0 0 0 3 6 0 0 3 2 0 0 2 8 0 0 2 4 0 0 2 0 0 0 1 6 0 0 1 2 0 0 8 0 0
0

2 0

4 0

6 0

8 0

1 0 0

1 9 2 8  c m - 1 1 8 3 6  c m - 1

ν ( C O )

tra
ns

mi
ssi

on
 / %

ν  /  c m - 1

ν ( N 3 )
2 0 3 6  c m - 1

Fig. 3.55: ATR-IR spectrum of Mo(η3-allyl)(N3)(CO)2(bpy) (30).

For 1,3-dipolar cycloadditions, electron-deficient alkyne components are required. Di-
methylacetylene dicarboxylate (DMAD) was chosen because it is known to readily react
with metal azide complexes to give the corresponding triazolate complexes and more-
over, offers two methyl ester groups for further functionalization. However, DMAD is
also reactive towards nucleophiles such as primary amines or hydroxyl groups which
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react with the alkyne triple-bond in a Michael-addition reaction. Thus, it is not possible
to use DMAD itself as a linker in solid-phase peptide synthesis or other bioconjugation
protocols. Therefore, the triple bond was masked by reacting DMAD with furan in a
[4+2] Diels-Alder reaction to give the substituted oxanorbornadiene 28, which does not
undergo Michael-addition reactions. [100] In order to allow for N-terminal coupling of the
oxanorbornadiene building block to a peptide, one methyl ester group of 28 was selec-
tively hydrolyzed using one equivalent of sodium hydroxide in aqueous tetrahydrofuran
to give the monoacid 29 (Fig. 3.56).
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Fig. 3.56: Synthesis of 3-(methoxycarbonyl)-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (29).

In order to evaluate the reactivity of [Mo(η3-allyl)(N3)(CO)2(bpy)] (30) towards electron-
deficient alkynes in a model system, the complex was reacted in a 1:1 ratio with DMAD
in dichloromethane at room temperature for 48 h to give the triazolate complex 31 in
moderate yield (47%). The progress of the reaction could easily be monitored by IR
spectroscopy, following the decrease of the azide vibrational band at 2036 cm-1. To
assess whether the oxanorbornadiene 28 still has the same reactivity towards azide
complexes as DMAD itself, 30 was also reacted with 28 in dichloromethane for 36
h at room temperature, which gave 31 in 77% yield (Fig. 3.57). Analytical data of
the compound obtained from this reaction were in full accordance with those from
the product obtained from the reaction with DMAD itself. No product resulting from a
reaction with the unsubstituted double-bond of the oxanorbornadiene was observed.
The material obtained from the reaction of 30 with 28 crystallized as deep-red needles
after slow diffusion of n-hexane into a dichloromethane solution of complex after three
days in the dark.
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Fig. 3.57: Synthesis of [Mo(η3-allyl)(CO)2(bpy)(N3C2(COOCH3)2)] (31).

Single crystal X-ray diffraction revealed that the complex 31 crystallizes in the mono-
clinic space group P21/c. The molybdenum center is located in an octahedral co-
ordination environment with the η3-coordinated allyl ligand and the triazolate in ax-
ial positions whereas the cis-carbonyl ligands and the 2,2’-bipyridine ligand occupy
the equatorial positions. The plane formed by the carbon atoms of the carbonyl lig-
ands and the molybdenum center (C1-Mo1-C2) is not co-planar with the plane formed
by N1-Mo1-N2, but tilted by 8.2(2)° towards the triazolate ligand. The angles of the
cis ligands range from 72.6(2)° (N2-Mo1-N1) to 104.4(2)° (C1-Mo-N2) while the an-
gles for the trans ligands vary from 170.01(2)° (C1-Mo1-N1) to 167.4(2)° (C2-Mo1-
N2). The allyl ligand is in an exo-conformation with C15 and C13 in ecliptical posi-
tion relative to the carbonyl ligands C1 and C2 while the dihedral angle (C15-C14-
C13) is 116.4(6)°. Moreover, the aromatic rings of the bipyridine ligand are slightly
distorted, with a torsion angle of 6.2(8)° for N1-C8-C7-N2. The Mo1-C1 and Mo1-
C2 distances (1.982(5) and 1.959(6) Å) are comparable to those found in [Mo(η3-
C3H5)(CO)2(dppe)(N3C2(COOCH3)2)] [135] (1.950(3) and 1.977(3) Å). The triazolate lig-
and is bound via the nitrogen atom in 2-position (N4) to the metal center and the Mo1-
N4 bond distance is 2.216(5) Å, which is in good agreement with the literature value of
2.2228(18) Å reported for the corresponding bond in [Mo(η3-C3H5)(CO)2(dppe)(N3C2-
(COOCH3)2)]. [135] The bond distances of the five-membered triazolate ring range from
1.330(7) (N4-N5) to 1.382(7) (C17-C18). Thus, they are comparable to the values
found for the triazolate ring in [Mo(η3-C3H5)(CO)2(dppe)(N3C2(COOCH3)2)], which vary
from 1.327(3) to 1.387(3) Å. It has also been reported that the complex with the N-1-
coordinated triazolate ligand (N3) is considered to be a thermodynamic product, while
the N-2-coordinated (N4) isomer is a kinetic product. [136]
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Fig. 3.58: Molecular structure of 31 in the solid state as determined by single crystal X-ray diffraction; thermal ellipsoids are
drawn at the 50% probability level, hydrogen atoms are omitted for clarity. Selected interatomic distance (Å), angles (°) and

torsion angles (°): Mo1-N1 2.244(4), Mo1-N4 2.216(5), Mo1-N2 2.247(5), Mo1-C1 1.982(5), Mo1-C2 1.959(6), Mo1-C13
2.320(7), Mo1-C14 2.220(7), Mo1-C15 2.350(7), N4-N3 1.344(6), N4-N5 1.330(7), N3-C18 1.350(8), N5-C17 1.344(8), C17-C18
1.382(7), C1-Mo1-C2 80.3(2), C1-Mo1-N2 104.4(2), C2-Mo1-N1 100.8(2), C2-Mo1-N4 86.9(2), N1-Mo1-N4 84.4(2), N2-Mo1-N1

72.6(2), N4-Mo1-C1 85.7(2), N4-Mo1-N2 81.9(2), C13-C14-C15 116.4(6), N1-C7-C8-N2 6.2(8).

Since oxanorbornadiene 28 could successfully be reacted with 30 giving the desired
triazolate complex 31, the oxanorbornadiene acid 29 was used to link the metal azide
complex 30 to a model peptide following an on-resin strategy. The model peptide (H-
Gly-Leu-Arg-OH) with oxanorbornadiene acid 29 attached to the N-terminus was syn-
thesized on an preloaded Fmoc-Arg(Pbf)-Wang resin under the conditions of manual
solid-phase peptide synthesis as described below. The conditions applied for the cou-
pling of 29 were the same as described for the other amino acids. For the click-reaction,
the ONBD-Gly-Leu-Arg(Pbf)-Wang resin was allowed to swell in dichloromethane prior
to use and subsequently shaken with a solution of [Mo(η3-allyl)(N3)(CO)2(bpy)] (30) in
a 1:1 molar ratio in dichloromethane for 24 h while excluded from light. In a control
experiment, ONBD-Gly-Leu-Arg(Pbf)-Wang resin was also shaken together with a so-
lution of chlorido complex [Mo(η3-allyl)Cl(CO)2(bpy)] (15) under the same conditions as
applied for the azido complex.
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Fig. 3.59: Synthesis of [Mo(η3-allyl)(CO)2(bpy)(N3C2(COOMe)(CO-Gly-Leu-Arg(Pbf)-Wang resin))] (33) via copper-free
strain-promoted alkyne-azide cycloaddition (SPAAC).

H-Gly-Leu-Arg(Pbf)-Wang (10a) and ONBD-Gly-Leu-Arg(Pbf)-Wang resin (32) as well
as the resins obtained from the reaction of ONBD-Gly-Leu-Arg(Pbf)-Wang resin with
the azido (33) and the chlorido complex 15 were characterized by light microscopy as
well as ATR-IR spectroscopy. Beads of the H-Gly-Leu-Arg(Pbf)-Wang resin (10a) were
almost colorless and transparent (Fig. 3.60) and the IR spectrum shows C=O vibra-
tional bands for the ester group of the Wang linker at 1739 cm-1 and for the amide
groups at 1662 cm-1 (Fig. 3.61). After N-terminal coupling of the oxanorbornadiene
acid 29, the resin turned brownish (Fig. 3.62) and the IR spectrum again shows the
amide band at 1660 cm-1 and a C=O vibrational band for the ester group of the oxanor-
bornadiene moiety at 1725 cm-1 in addition to that of the Wang-linker at 1739 cm-1

(Fig. 3.63). After reaction of [Mo(η3-allyl)(N3)(CO)2(bpy)] (30) with ONBD-Gly-Leu-
Arg(Pbf)-Wang resin (32), the resin beads have a bright-red color (Fig. 3.64) which
persisted after extensive washing with DMF and dichloromethane. In addition to the
C=O vibrational bands at 1734 and 1664 cm-1, two new bands at 1945 and 1863 cm-1

appear (Fig. 3.65). These can be assigned to the carbonyl ligands of a cis-dicarbonyl
unit and therefore demonstrate, together with the absence of the azide vibrational band
and the persistent bright-red color of the molybdenum complex, a successful coupling
of the metal compound to the ONBD-Gly-Leu-Arg(Pbf)-Wang resin. The control exper-
iment was carried out to investigate whether there is any non-covalent or covalent
interaction between the ONBD-Gly-Leu-Arg(Pbf)-Wang resin and a neutral [Mo(η3-
allyl)X(CO)2(bpy)] type complex in general that might also cause persistent coloring.
After shaking the resin with a solution of [Mo(η3-allyl)Cl(CO)2(bpy)] (15) followed by
extensive washing with DMF and dichloromethane, the resin was obtained with the
brownish color as observed before addition of the metal complex (Fig. 3.66) and the IR
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spectrum was identical to that of ONBD-Gly-Leu-Arg(Pbf)-Wang resin itself, showing
no vibrational bands for the carbonyl ligands (Fig. 3.67). Thus, there is no evidence
for a non-covalent or covalent interaction between the ONBD-Gly-Leu-Arg(Pbf)-Wang
resin and a neutral [Mo(η3-allyl)X(CO)2(bpy)] type complex and the red color of the
resin exclusively results from the reaction of the azide complex with the oxanorborna-
diene moiety coupled to the resin.

Fig. 3.60: Microscopy picture of H-Gly-Leu-Arg(Pbf)-Wang
resin beads (20x magnification).
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Fig. 3.61: ATR-IR spectrum of H-Gly-Leu-Arg(Pbf)-Wang
resin beads (10a).

Fig. 3.62: Microscopy picture of
ONBD-Gly-Leu-Arg(Pbf)-Wang resin beads (20x

magnification).
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Fig. 3.63: ATR-IR spectrum of
ONBD-Gly-Leu-Arg(Pbf)-Wang resin beads (32).
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Fig. 3.64: Microscopy picture of
ONBD-Gly-Leu-Arg(Pbf)-Wang resin beads after reaction
with [Mo(η3-allyl)(N3)(CO)2(bpy)] (33) (20x magnification).
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Fig. 3.65: ATR-IR spectrum of
ONBD-Gly-Leu-Arg(Pbf)-Wang resin beads after reaction

with [Mo(η3-allyl)(N3)(CO)2(bpy)] (33).

Fig. 3.66: Microscopy picture of
ONBD-Gly-Leu-Arg(Pbf)-Wang resin beads after reaction

with [Mo(η3-allyl)Cl(CO)2(bpy)] (20x magnification).

4 0 0 0 3 6 0 0 3 2 0 0 2 8 0 0 2 4 0 0 2 0 0 0 1 6 0 0 1 2 0 0 8 0 0
5 0

6 0

7 0

8 0

9 0

1 0 0
tra

ns
mi

ssi
on

 / %

ν /  c m - 1

1 7 2 8  c m - 1

1 6 6 0  c m - 1

1 7 3 9  c m - 1

Fig. 3.67: ATR-IR spectrum of
ONBD-Gly-Leu-Arg(Pbf)-Wang resin beads after reaction

with [Mo(η3-allyl)Cl(CO)2(bpy)].

After [Mo(η3-allyl)(N3)(CO)2(bpy)] (30) was sucessfully coupled to the ONBD-Gly-Leu-
Arg peptide sequence on-resin, as confirmed by light-microscopy and IR spectroscopy,
it was tried to cleave the conjugate from the resin using a mixture of TFA, TIS and water
(95:2.5:2.5, v/v). The formation of a dark brown solution during the cleavage procedure
indicated that the cleavage of the conjugate from the resin was not successful but led
to decomposition of the molybdenum carbonyl moiety. HPLC analysis of the residue
obtained after precipitation and lyophilization, combined with UV/Vis monitoring, did
not show any presence of species having a MLCT absorption at 450 nm, as it would
be expected for an intact [Mo(η3-allyl)X(CO)2(bpy)] moiety.
Therefore, in a second approach, a post-labelling strategy was employes utilizing the
cycloaddition of [Mo(η3-allyl)(N3)(CO)2(bpy)] (30) and ONBD-Gly-Leu-Arg-OH in solu-
tion. Thus, the peptide was cleaved from the resin under standard conditions using
a mixture of TFA, TIS and water and the off-white solid obtained after precipitation
and lyphilization was used in the next step without further HPLC purification. The
cycloaddition reaction was carried out in a mixture of methanol and dichloromethane
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(1:1, v/v) which provided optimal solubility for both reactants. After 24 h, the solvent
was removed and HPLC analysis of the crude product revealed that no reaction had
taken place and the only species having an absorption at 450 nm was the unreacted
azide complex 30. This was confirmed by comparison with the analytical HPLC chro-
matogram of pure 30. Since the cycloaddition could successfully be carried out with
the peptide still attached to the resin, but did not succeed in solution, it is assumed that
the peptide decomposed in the cleavage step.
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Fig. 3.68: Synthesis of ONBD-CO-Phe-OMe (35a) and ONBD-(CO-Phe-OMe)2(35b).

In order to evaluate the reactivity of the oxanorbonadiene acid (29) towards primary
amines, it was coupled to phenylalanine methylester (34) in solution using isobutyl
chloroformate (IBCF) as the coupling reagent as shown in Fig. 3.68. After purification
by column chromatography, two products were obtained in a 1:1 ratio. One was identi-
fied as the oxanorbornadiene with one phenylalanine methylester attached to the free
acid, while the other one is the oxanorbornadiene with two phenylalanine methylester
groups attached to the free acid as well as the hydrolyzed ester group. Thus, it was
concluded that if the same reaction occurs when the oxanorbonadiene acid (29) is
coupled to the N-terminus of a peptide in a solid-phase synthesis, the coupling to two
peptide strands might be unfavourable in the cleavage step and lead to decomposition
of the oxanorbonadiene moiety.
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D: R1 = H,      R2 = H,      R3 = H,     R4 = CH3

Fig. 3.69: Methyl-substituted derivatives A, B, C, and D of 3-Trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid
ethyl ester.

In order to avoid such double-coupling reactions, oxanorbonadienes with just one acid
functionality should be used as a linker. Trifluoromethyl-substituted oxanorbornadi-
enes (Fig. 3.69), as reported by van Berkel et al., [100–102,137] meet this demand as they
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incorporate just one acid group, while the electron deficiency of the double bond is pre-
served by the electron-withdrawing trifluoromethyl group. Moreover, they are known to
be stable towards concentrated TFA, as used in common cleavage mixtures. Therefore,
trifluoromethyl-substituted oxanorbornadienes should be considered in further studies
of a synthetic route towards peptides N-terminally functionalized with oxanorbornadi-
ene moieties to avoide the problem of a double-coupling.
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4 Conclusion

The aim of the present work was to synthesize Mo(CO)4 and Mo(allyl)(CO)2 complexes
and study the modulation of their biological activity by variation of the coligands as well
as methods for their conjugation to carrier peptides via catalyst-free bioorthogonal cou-
pling methods.
In the first part, a molybdenum tetracarbonyl complex with an aldehyde-functionalized
N-N coligand was synthesized using a new microwave-assisted procedure which en-
abled reaction times in the range of minutes, while the product was obtained in high
yield and purity. This allowed use of an optimized oxime ligation protocol with an
aminoxy acetic acid-terminated peptide derived from the tumor growth factor TGF-β1

binding sequence to improve the bioavailability and target-specificition of the otherwise
neutral compound. The peptide conjugate was studied for its CO release behaviour in
the dark and with photoactivation using the myoglobin assay to evaluated the use of
light as a trigger for its biological activity. Some CO release of 1.5 equivalents with a
half-life time of 2 h was already observed in the dark in phosphate buffer, but was accel-
erated about 2.5-fold upon irradiation at 468 nm. Mechanistic studies of the CO release
using ESI mass spectrometry as well as UV/Vis and IR spectroscopy support the inter-
mediate formation of a fac-tricarbonyl molybdenum(0) species by displacement of one
axial carbonyl ligand. This compound is oxidized under aerobic conditions, which then
triggers loss of the whole molybdenum carbonyl unit from the bidentate ligand. These
compounds might serve as photoactivatable CO releasing molecules (PhotoCORMs),
although the dark-stability has to be further improved.
In the second part of this thesis, a series of seven molybdenum allyl dicarbonyl com-
plexes with different bidentate polypyridyl coligands was synthesized following a two-
step approach. The lipophilictiy of the complexes well as their cytotoxicity on adherent
human HT-29 colon cancer and MCF-7 breast cancer cells was found to increase with
the size of the bidentate ligand. IC50 values of the most active compounds are in the
range of 2 to 5 µM, which is comparable to that of the reference drug cisplatin on both
cell lines. When tested on non-adherent NALM-6 leukemia cells, the cytotoxicity, induc-
tion of apoptosis, and inhibition of cell proliferation was also found to increase with the
ligand size. However, compared to the ligand alone, only a minor difference in activity
was observed for the complexes in this case. Results from a DNA fragmentation assay
as well as apoptosis induction studies carried out for a representative compound on
MCF-7 cells revealed a caspase-3 independent pathway as the main mode of activity.
This is remarkable since it is normally assumed that the expression of caspase-3 is
necessary for DNA fragmentation as a hallmark of apoptosis. Thus, cationic molybde-
num allyl dicarbonyl complexes with bidentate polypyridyl ligands of different size have
significant cytotoxic activity on different human cancer cell lines with induction of apop-
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tosis as the main mode of action. Further studies should attempt to eludicate the exact
pathway of the caspase-3 independent apoptosis induction.
To further improve the bioavailability and targeting of the compounds, a novel con-
jugation method was for the first time applied to bioactive metal complexes. Thus,
a molybdenum-coordinated azide was reacted in the metal coordination sphere with
masked electron-deficient alkynes such as oxanorbornadiene diesters to form metal-
bound triazoles. A X-ray crystal structure showed that the triazolate ligand coordinates
to the metal center via the N(2) nitrogen atom of the heterocycle. The methodology
was further extended to link the molybdenum azido complex to an oxanorbornadiene-
terminated model peptide in an "on-resin" strategy. However, cleavage of the conjugate
from the resin led to decomposition of the molybdenum dicarbonyl unit under the con-
ditions tried so far. Therefore, further attempts should follow a "post-labelling" strategy
in which the azido complex and the functionalized peptide are coupled in solution.

In summary, molybdenum carbonyl complexes with different polypyridyl coligands were
prepared and conjugated to peptides by mild bioorthogonal coupling reactions like the
oxime ligation and a catalyst-free azide-alkyne click reaction utilized for the first time in
such a context. The biological activity of some of the new complexes and conjugates,
including their CO release properties, cytoxicity on human cancer cells, and mode of
induction of cell death was studied. Further investigations on these compounds should
include in-depth studies of the biological activity, focusing on their exact pathways of
induction of apoptosis.
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Zusammenfassung

Ziel der vorliegenden Arbeit war die Synthese von Mo(CO)4 und Mo(allyl)(CO)2 Kom-
plexen und die Untersuchung der Veränderung ihrer biologischen Eigenschaften durch
Variation der Coliganden als auch die Entwicklung geeigneter Methoden zur Konjuga-
tion dieser Komplexe mit Carriereptiden mittels katalysatorfreier Kupplungsreaktionen.
Im ersten Teil wurde ein Molybdäntetracarbonyl-Komplex mit einem aldehydfunktional-
isiertem N-N Coliganden mittels einer neuen mikrowellen-unterstützen Methode syn-
thetisiert die eine Verkürzung der Reaktionszeit auf wenige Minuten ermöglichte wobei
der Komplex in hoher Ausbeute und Reinheit erhalten wurde. Dies ermöglichte die Ver-
wendung eines optimierten Oxim-Ligationsprotokolls zur Konjugation einer aminooxy-
essigsäure-funktionalisierten und an den Tumorwachstumsfaktor TGF-β1 bindenden
Peptidsequenz mit dem ansonsten neutralen Komplex, zur Verbesserung der Biover-
fügbarkeit und des spezifischen Targetings. Um die Anwendung von Licht als Aus-
löser einer biologischen Aktivität zu bewerten, wurde die Möglichkeit aus dem Peptid-
konjugat CO freizusetzen im Dunkeln als auch durch Photoaktivierung mit Hilfe des
Myoglobinassays untersucht. Dabei wurde beobachtet, dass bereits im Dunkeln 1.5
Equivalente CO mit einer Halbwertszeit von 2 h freigesetzt werden, was aber durch
Bestrahlung bei 468 nm um das 2.5-fache beschleunigt werden konnte. Mechanistis-
che Studien zur CO-Freisetzung die mittels ESI Massenspektrometrie, UV/Vis sowie
IR Spektroskopie durchgeführt wurden, legen dabei die Bildung einer intermediären
fac-Tricarbonylmolybdän(0)spezies durch Substitution eines axialen Carbonylliganden
nahe. Diese intermediäre Spezies wird unter aeroben Bedinungen oxidiert, was zu
einer Freisetzung der gesamten Moylbdäncarbonyleinheit aus dem bidentaten Lig-
anden führt. Diese Verbindungen könnten daher als photoaktivierbare CO releasing
molecules (PhotoCORMs) geeignet sein, wobei die Dunkelstabilität aber noch weiter
verbessert werden muss.
Im zweiten Teil dieser Arbeit, wurde eine Serie von sieben Molybdän-allyl-dicarbon-
ylkomplexen mit verschiedenen bidentaten Polypyridyl-Coliganden in einer zweistufi-
gen Synthese hergestellt. Bei der Lipophilie dieser Komplexes, als auch bei deren
Cytotoxizität auf adhärente menschliche HT-29 Darmkrebs- und MCF-7 Brustkreb-
szellen wurde ein Anstieg der entsprechenden Werte mit zunehmender Ligandengröße
beobachtet. Die IC50-Werte der aktivsten Verbindungen liegen im Bereich von 2 bis 5
µM und sind daher vergleichbar mit denen der Referenzverbindung Cisplatin auf beide
Zelllinien. Untersuchungen an nicht-ahärenten NALM-6 Leukämiezellen zeigten in
Bezug auf Cytotoxizität, Apoptoseinduktion und Inhibierung der Zellproliferation eben-
falls ansteigende eine Aktivität mit zunehmender Ligandengröße. Jedoch ließ sich
in diesem Fall nur ein geringer Aktivitätsunterschied der Komplexe im Vergleich zu
den freien Liganden erkennen. Ergebnisse aus DNA-Fragmentierungs- und Apop-
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toseinduktionsstudien mit einer repräsentativen Verbindung an MCF-7 Zellen lassen
auf einen von Caspase-3 unabhängigen Apoptosemechanismus schließen. Dies ist in
sofern bemerkenswert, da normalerweise angenommend wird, dass eine Expression
von Caspase-3 für das Auftreten von DNA-Fragmentierung als Merkmal der Apoptose
unbedingt erforderlich ist. Somit besitzen kationische Molybdän-allyl-dicarbonyl Kom-
plexe mit bidentaten Polypyridylliganden verschiedener Größe signifikante cytotoxis-
che Aktivität auf verschiedene Krebszelllinien durch Apoptoseinduktion als haupsäch-
lichen Wirkmechanismus. Weiterführende Untersuchungen sollten deshalb die Aufk-
lärung des genauen Verlaufs der Caspase-3 unabhängigen Apoptoseinduktion zum
Ziel haben.
Um die Bioverfügbarkeit und das Targeting derartiger Verbindungen zu verbessern,
wurde eine neuartige Konjugationsmethode erstmals auf bioaktive Metallkomplexe an-
gewendet. Dazu wurde ein Molybdän-koordiniertes Azid in der Koordinationsumge-
bung des Metalls mit einem maskierten elektronenarmen Alkin, wie z.B. einem Ox-
anorbornadiendiester, zu einem metallgebundenen Triazol umgesetzt. Durch Rönt-
genkristallstrukturanalyse konnte nachgewiesen werden, dass der Triazolatligand über
das N(2) Stickstoffatom des Heterozyklus an das Metallzentrum koordiniert ist. Die
beschriebene Methode wurde erweitert um den Molybdänazidkomplex einer "on-resin"-
Strategie folgend an ein Oxanorbornadien-funktionalisiertes Modellpeptid anzuknüpfen,
jedoch führte die Abspaltung des Konjugats vom Harz unter den getesteten Bedingun-
gen zur Zersetzung der Molybdändicarbonyleinheit. Daher sollten weitere Ansätze
einer "post-labelling"-Strategie folgen, bei der Azidkomplex und funktionalisiertes Pep-
tid in Lösung gekuppelt werden.

Somit wurden schließlich Molybdäncarbonylkomplexe mit verschiedenen Polypyridyl-
Coliganden synthetisiert und erstmalig in diesem Zusammenhang mittels milder bioor-
thogonaler Kupplungsreaktionen wie der Oxim-Ligation und der katalysatorfreien Azid-
Alkin Click-Reaktion mit Peptiden verknüpft. Die biologische Aktivität einiger der neuen
Komplexe und Konjugate, wozu deren Fähigkeit CO freizusetzen, die Cytotoxizität auf
menschliche Krebszellen und den Modus der Induktion des Zelltods zählen, wurde un-
tersucht. Weiterführende Studien sollten vertiefende Untersuchungen der biologischen
Aktivität mit Schwerpunkt auf der Aufklärung des genauen Verlaufs der Apoptoseinduk-
tion zum Gegenstand haben.
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5 Experimental Section

5.1 General procedures and instrumentation

General
Reactions were carried out in oven-dried Schlenk glassware under an atmosphere of
pure dinitrogen when necessary. Solvents were dried over molecular sieves and de-
gassed prior to use by applying the freeze-pump-thaw method in at least two cycles.
All chemicals were obtained from commercial sources and used without further purifi-
cation.

NMR spectroscopy
NMR spectra were recorded on Bruker Avance 200 or DPX 200 spectrometers (1H at
200.13 MHz, 13C at 50.33 MHz) as well as a DPX 250 spectrometer (1H at 250 MHz,
13C at 63.5 MHz). Chemical shifts in ppm indicate a downfield shift relative to tetram-
ethylsilane (TMS) and were referenced relative to the signal of the solvent. [138] Coupling
constants J are given in Hz. Individual peaks are marked as singlet (s), doublet (d),
triplet (t), quartet (q), multiplet (m), or broad signal (br).

Mass spectrometry
Mass spectra were measured on Bruker Esquire 6000 (ESI), VG Autospec (FAB), and
Finnigan MAT 90 (FD) instruments, only characteristic fragments are given for the most
abundant isotope peak. The solvent flow rate for the ESI measurements was 4 ml min-1

with a nebulizer pressure of 10 psi and a dry gas flow rate of 5 l min-1 at a dry gas tem-
perature of 300 °C.

IR spectroscopy
IR spectra of pure solid samples were recorded with a Bruker Tensor 27 IR spec-
trometer equipped with a Pike MIRacle Micro ATR accessory or a Nicolet 380 FT-IR
spectrometer equipped with a SMART iTR ATR unit. IR spectra of liquid samples were
recorded with a Jasco FT/IR-4100 spectrometer using a flow-cell holder equipped with
calcium fluoride windows (d = 4 mm) and a teflon spacer (d = 0.5 mm).

UV/Vis spectroscopy
The myoglobin assay and photophysical studies were carried out in a quartz cuvette
(d = 1 cm) with an Agilent 8453 UV/Vis diode array spectrophotometer as described
below. UV/Vis measurements for the determination of logP7.4 values were carried out
in disposable polystyrene semi-micro cuvettes (1.5 ml, BRAND GmbH & Co KG).
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Microanalysis
The elemental composition of the compounds was determined with a vario EL III as
well as a vario MICRO cube analyzer from Elementar Analysensysteme GmbH, Hanau.
The elemental composition of halogenide-containing compounds was determined with
an Euro EA Elementaranalzer from HEKAtech GmbH, Wegberg.

Single crystal X-ray diffraction
The X-ray diffraction measurements as well as crystal structure determination and re-
finement were carried out by Fabian Schönfeld, Institut für Anorganische Chemie, Uni-
versität Würzburg. Crystal and refinement data are summarized in the appendix. In-
tensity data were collected using 1° ω scans and Mo-Kα radiation (λ = 0.71073 Å) on
a Bruker Apex1 single crystal diffractometer equipped with a CCD camera. Indexing
of peaks was carried out using the Bruker AXS Smart-Suite software, integration was
done with SAINT+. Absorption corrections were carried out by semi-empirical methods
using SADABS. Crystal structures were solved by direct methods using SHELXS 97
and refined using SHELXL 97. Visualisation and rendering of crystal sturctures was
performed using XP (version 6.0). [139] Residuals are defined according to Eq. 1 and
Eq. 2.

R1 =

∑
‖F0| − |Fc‖∑
|F0|

(1)

wR2 =

√∑
w(F 2

0 − F 2
c )2∑

w(F 2
0 )2

(2)

High-pressure liquid chromatography (HPLC)
The analytical and preparative HPLC measurements were preformed on two different
HPLC systems. System A: Knauer Smartline HPLC instrument equipped with a Re-
proSil 70 column (C18, 5 µm, diameter 4.6 mm, 250 mm length) for analytical purposes
using a mixture of water and acetonitrile containing trifluoroacetic acid (0.1%, v/v)as
the eluent, using a linear gradient of 5-95% acetonitrile over 22 min at a flow rate of 1
ml min-1. Purifications on a semipreparative scale on system A were performed using a
Varian Dynamax Microsorb column (C18, diameter 10 mm, 250 mm length) System B:
Dionex Ultimate 3000 HPLC system equipped with a ReproSil 100 column (C18, 5 µm,
4.6 mm or 10 mm diameter, 250 mm length) using a linear gradient gradient of 5-90%
acetonitrile over 40 min at a flow rate of 0.6 ml min-1 for analytical and 3.0 ml min-1 for
preparative chromatography, respectively. Thus, retention times obtained with the two
different HLPC systems are not comparable.
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5.1.1 Solid-phase peptide synthesis (SPPS)

Peptides were either prepared on an automated CEM Liberty peptide synthesizer or
manually in a filter syringe according to the method described by Kirin et al., [140] both
using the Fmoc-strategy and a pre-loaded Fmoc-Arg(Pbf)-Wang or a pre-loaded H-L-
His(Trt)-2CT resin as the solid support. All amino acids were used in their L-configu-
ration. Deprotection of the Fmoc-protected amino acids was done with a solution
of piperidine in N,N-dimethylformamide (30%, v/v). For each coupling step, five or
ten equivalents of Fmoc amino acid (0.65 M in DMF) and coupling reagent solution
(HOBT/TBTU, 0.65 M in DMF) were used. Diisopropylethylamine (DIPEA) served as
the activator base. When carried out manually, the completeness of each coupling
step was monitored by the Kaiser test. [141] For this test, a few resin beads are incu-
bated for 5 min at 90°C with one or two drops of each of the following reagents: a)
a solution of ninhydrine in ethanol (5%, w/v), b) a solution of phenol in ethanol (80%,
w/v), and c) a mixture of an aqueous potassium cyanide solution (1 mM) and pyridine
(2%, v/v). Blue-violet staining due to the formation of Ruhemann’s violet of the resin
beads indicates incomplete coupling. Clevage of the peptide from the solid support
was performed manually in a filter syringe at room temperature, using a solution of
TFA/TIS/H2O (95:2.5:2.5, v/v), unless otherwise stated. The peptide was isolated by
precipitation with cold diethylether (-20 °C) and repeated cycles of washing with di-
ethylether, centrifugation, and decanting. The remaining residue was dissolved in an
acetonitrile/water mixture (1:1, v/v) and lyophilized to give the desired peptides as white
to off-white solid.

5.1.2 Myoglobin assay

In a quartz cuvette, horse skeletal muscle myoglobin (Sigma Aldrich) dissolved in 0.1
M phosphate buffer (890 µl, pH = 7.4) and degassed by bubbling with dinitrogen, was
reduced by addition of an excess of buffered sodium dithionite solution (10 mM, 100
µl) in the same solvent to give a total volume of 990 µl. To this solution, 10 µl of the
complex or the peptide conjugate dissolved in DMSO was added to give a final con-
centration of 10 µM of metal complex, 1 mM sodium dithionite and 50 µM of myoglobin
with A557 nm < 1. Solutions were irradiated for up to 180 min under dinitrogen either with
a custom-made 15 LED cluster at 468 nm (Kingbright Elec. Co., 3800 to 5000 mcd,
part-no. BL0106-15-410) or an UV hand lamp at 365 nm (LF-206.LS, 6 W, UVITEC
Cambridge), both positioned perpendicular to the cuvette at a distance of 3 cm. Irra-
diations were interrupted in regular intervals to take UV/Vis spectra on a Agilent 8453
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UV/Vis diode-array spectrophotometer. Dark control experiments were performed un-
der the same conditions over a period of 12 h. In this case, UV/Vis spectra were
automatically recorded in 15 min intervals. The concentration of carboxy-myoglobin
(MbCO) was calculated from changes in the absorption of the Q-band at 540 nm ac-
cording to Eq. 3 with ε540nm(MbCO) = 15.4 l·mmol-1·cm-1. [142] Absorptions at 540 nm
were corrected against deviations at the isosbestic point at 510 nm for A(t=0) accord-
ing to the method reported by Fairlamb et al. [143] Half-life times and CO equivalents
released were obtained by a non-linear fit from a plot of c(MbCO) versus irradation
time.

c(MbCO) =

[
A(t)

l
− A(t = 0)

l

]
· 1

ε540nm(MbCO)− A(t=0)
c0(Mb)·l

(3)

5.1.3 Determination of the n-octanol/water partition coefficient

LogP7.4 values were determined by applying the "shake-flask" method reported by
Kunz et al. [69] Equal volumes of phosphate buffer (10 mM, pH 7.4) and n-octanol were
shaken together on a lab shaker (IKA KS 130 basic) for 72 h prior to use to allow satu-
ration of both phases. In the experiment, 750 µl of each phase and 10 µl of a complex
stock solution (1 to 2 mg of complex dissolved in 100 to 200 µl DMSO) were combined
in an Eppendorf tube and shaken on a lab vortexer (VWR Analogue Vortexer) for 15
min followed by centrifugation (5 min, 3000 rpm) to separate the two phases. UV/Vis
absorptions of each phase were determined at 300 nm from aliquots of 500 µl. Sam-
ples were diluted 2- to 4-fold with the corresponding phase prior to measurement if
necessary (A300 nm < 1). LogP7.4 values were calculated according to Eq. 4, fdil rep-
resents the diliution factor. Given values and standard deviations were derived from
three independent experiments.

logP7.4 = log

(
Aoctanol(300nm) · fdil
Abuffer(300nm) · fdil

)
(4)

5.1.4 Photolysis experiments monitored by UV/Vis spectroscopy

Photolysis of complexes and conjugates as well as dark control experiments were car-
ried out in a quartz cuvette in pure DMSO under aerobic or anaerobic conditions at a
concentration of 125 µM (A490/468 nm < 1). Solutions were irradiated at 468 nm using the
LED cluster described above. In experiments involving anaerobic conditions, DMSO
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solutions of the corresponding compound were saturated with carbon monoxide or ar-
gon prior to the experiments. Calculations of the rate constants and half-life times were
based on the changes in absorption of the MLCT band at 468 nm for 12, 490 nm for 5
and 387 nm for both compounds.

5.1.5 Photolysis experiments monitored by IR spectroscopy

Photolysis experiments as well as dark controls were monitored by IR spectroscopy on
solutions of complexes or peptide conjugates in pure DMSO (1 mM) on a Jasco FT/IR-
4100 spectrometer using an IR flow cell equipped with calcium fluoride windows (d =
4 mm) and a teflon spacer (d = 0.5 mm). Background corrections were made against
the pure solvent. The irradiations were carried out at 468 nm using the LED cluster
described above with the flow cell positioned at a distance of 3 cm. IR spectra were
recorded at 0, 15, 30, 60, 90, 120, 150, and 180 min during the irradiation as well as
the dark control experiments. Calculations of rate constants and half-lifes were based
on changes in absorption of the carbonyl vibrational bands at 2010, 1898, 1873, and
1828 cm-1. All experiments were performed as duplicates.

5.1.6 Buffer stabilitiy tests

The conjugate 12 was incubated in a acetonitrile/phosphate buffer (0.1 M, pH 7.4)
mixture (1:1, v/v) under aerobic conditions with exclusion of light for 7 h. Samples were
taken directly from the solution in 1 h intervals and analyzed by RP-HPLC (System
A) without any further workup. Dominant species were identified by HPLC-ESI-MS as
well as continous UV/Vis absoption monitoring using the diode array detector of the
HPLC system (results not shown for the latter method). The intact peptide conjugate
was identified by its charateristic MLCT transition at 468 nm. Integrals were calculated
using the HPLC trace recorded at 254 nm, assuming similar absorption coefficients for
all species carrying bipyridine moietes.
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5.2 Synthetic procedures

5.2.1 Synthesis of 4,4’-dimethyl-2,2’-bipyridine

USC-PF067, literature: [144]

N

Raney-Ni

N N

C12H12N2
184.24 g/mol

C6H7N
93.13 g/mol

(1)

Raney-nickel (9.8 g, 0.17 mol) was transferred into a flask under a dinitrogen atmo-
sphere. Then, freshly distilled anhydrous 4-picoline (50 ml, 47.9 g, 0.51 mol) was
added via syringe and the mixture was heated to 130 °C for 3 d. The mixture solidified
upon cooling to room temperature and therefore, toluene (100 ml) was added to dis-
solve the solid. Remaining Raney-nickel was filtered off under a dinitrogen atmosphere
and the residue was washed with chloroform (2 x 50 ml). The solvent and unreacted
4-picoline were completely removed under vacuum to give a light brown solid which
was dried under vaccum at 80°C for 12 h. Yield: 50 % (based on Raney-Ni), (16.1
g, 87 mmol). MS (FAB+): m/z 185 [M + H]+; IR (ATR, cm-1): 3056 (w), 1591 (s),
1457 (m), 823 (s), 670 (m); 1H-NMR (200 MHz, CDCl3): δ 8.50 (d, 2H, H6,6’), 8.20 (s,
2H, H3,3’), 7.09 (d, 2H, H5,5’), 2.41 (s, 6H, CH3); 13C-NMR (50 MHz, CDCl3): δ 159.29
(C-2,2’), 149.11 (C-6,6’), 148.23 (C-4,4’), 124.80 (C-3,3’), 122.19 (C-5,5’), 21.34 (CH3).
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5.2.2 Synthesis of 4’-methyl-2,2’-bipyridine-4-carboxaldehyde

USC-PF035, literature: [145]

N N

C12H12N2
184.24 g/mol

SeO2

1,4-dioxane N N

H
O

C12H10N2O
198.22 g/mol

(2)(1)

Selenium dioxide (0.36 g, 3.2 mmol) was added to a solution of 4,4’-dimethyl-2,2’-
bipyridine (1) (0.50 g, 2.7 mmol) in 1,4-dioxane (30 ml) and heated to reflux for 40 h.
Over the course of the reaction, the mixture became intense yellow and selenium metal
precipitated as black solid. After cooling to room temperature, the selenium metal was
filtered off and the filtrate was rotary evaporated to dryness to yield a beige solid. The
residue was suspended in ethyl acetate (100 ml), stirred for 30 min and filtered to re-
move the remaining brown solid. The now slightly yellow filtrate was extracted with 1.0
M sodium carbonate solution (2 x 125 ml) and afterwards with 0.3 M sodium metabisul-
fite solution (2 x 125 ml). The combined bisulfite extracts were adjusted to pH 10 with
solid sodium carbonate and extracted with dichloromethane (5 x 100 ml). After drying
over magnesium sulfate and removal of the solvent, the product was obtained as a
white solid. Yield: 41% (215 mg, 1.1 mmol). IR (ATR, cm-1): 1701 (s) ν(CO), 1594 (m),
1557 (m), 1461 (s), 1353 (s), 1250 (m), 1149 (s), 990 (m), 824 (s), 751 (m), 667 (s); MS
(ESI+, acetone): m/z 199 [M+H]+, 221 [M+Na]+; 1H-NMR (200.13 MHz, CDCl3): δ 10.15
(d, 1H, 4-CHO, 4JH-6,CHO = 0.6 Hz), 8.87 (ddd, 1H, H-6, 3JH-5,H-6 = 5.0 Hz, 4JH-6,CHO =
0.6 Hz, 5JH-3,H-6 = 0.9 Hz), 8.80 (dd, 1H, H-3, 4JH-3,H-5 = 1.6 Hz, 5JH-3,H-6 = 0.9 Hz), 8.55
(dd, 1H, H-6’, 3JH-5’,H-6’ = 5.0 Hz, 5JH-6’,H-3’ = 0.7 Hz), 8.25 (dq, 1H, H-3’, 4JH-3’,H5’ = 1.6
Hz, 4JH-3’,CH3 = 0.7 Hz), 7.69 (dd, 1H, H-5, 3JH-5,H-6 = 5.0 Hz, 4JH-3,H-5 = 1.6 Hz), 7.17
(ddq, 1H, H-5’, 3JH-5’,H-6’ = 5.0 Hz, 4JH-3’,H-5’ = 1.6 Hz; 4JH-5’,CH3 = 0.7 Hz), 2.44 (t, 3H,
CH3, 4JH-5’/3’,CH3 = 0.7 Hz); 13C-NMR (50.13 MHz, CDCl3): δ 191.98 (4-CHO), 158.51
(C-4), 154.94 (C-2), 150.51 (C-2’), 149.41 (C-6), 148.62 (C-6’), 142.86 (C-4’), 125.60
(C-3’), 122.29 (C-5’), 121.59 (C-3), 120.78 (C-5), 21.43 (4’-CH3) ppm.
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5.2.3 Synthesis of [Mo(CO)4(phen)]

USC-PF030, literature: [107]

Mo(CO)6
N N

C12H8N2
180.22 g/mol

C6MoO6
264.00 g/mol

+ Mo

CO

CO
OC

OC N

N

C16H8MoN2O4
388.19 g/mol

toluene,
diglyme

MW

(3)

Molybdenum hexacarbonyl (132 mg, 0.50 mmol) and 1,10-phenanthroline (110 mg,
0.55 mmol) were suspended in a mixture of diglyme/toluene (v/v, 1:2.5, 6 ml) in a 10 ml
microwave pressure tube. The tube was placed in a CEM Discover microwave reactor
and heated to 180°C for 5 min. After cooling to room temperature, a red precipitate
formed. The mixture was further cooled down to -20°C for 4 h and the precipitate that
formed was filtered off, washed with n-hexane (2 x 5 ml) and dried under vacuum.
Yield: 62% (119 mg, 0.31 mmol). IR (ATR, cm-1): 2005 (s) ν(CO), 1858 (s) ν(CO),
1820 (s) ν(CO), 1422 (m), 1413 (m), 1142 (m), 843 (s), 723 (s), 642 (s); 1H-NMR
(400.13 MHz, DMSO-d6): δ 9.38 (dd, 2H, H-1, 3JH-1,H-2 = 5.0 Hz, 4JH-1,H-3 = 1.4 Hz),
8.82 (dd, 2H, H-3, 3JH-2,H-3 = 8.2 Hz, 4JH-1,H-3 = 1.4 Hz), 8.24 (s, 2H, H-4), 8.00 (dd,
2H, H-2, 3JH-2,H-3 = 8.2 Hz, 3JH-1,H-2 = 5.0 Hz), 13C-NMR (100.13 MHz, DMSO-d6): δ
223.01 (COax), 206.06 (COeq), 153.96 (C2,9), 145.93 (C10a,10b), 138.70 (C5,6), 130.76
(C4,7), 128.18 (C4a,6a), 126.13 (C3,8) ppm.
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5.2.4 Synthesis of [Mo(CO)4(bpy)]

USC-PF034, literatur: [107]

Mo(CO)6
N N

C6MoO6
264.00 g/mol

+
MW

Mo

CO

CO
OC

OC N

N

C10H8N2
156.18 g/mol

C14H10MoN2O4
366.18 g/mol

THF

(4)

The following procedure was applied for four batches with a total of 2.56 mmol, referred
to 2,2’-bipyridine: Molybdenum hexacarbonyl (253 mg, 0.96 mmol) and 2,2’-bipyridine
(100 mg, 0.64 mmol) were mixed in tetrahydrofuran (6 ml) in a sealed tube (10 ml) The
tube was placed in a CEM Discover microwave reactor and heated to 130°C for 15 min.
After cooling to room temperature, the four batches were combined and poured into n-
pentane (200 ml). The orange precipitate was filtered off, washed with n-pentane (50
ml) and dried under vacuum. Yield: 88% (820 mg, 2.24 mmol). IR (ATR, cm-1): 2007
(s) ν(CO), 1831 (s) ν(CO), 1820 (s) ν(CO), 1597 (m), 1467 (m), 1439 (m), 1314 (w),
1241 (w), 964 (w), 759 (s), 733 (m), 639 (m); 1H-NMR (200.13 MHz, DMSO-d6): δ 8.98
(ddd, 2H, H-6, 5JH-6,H-3 = 1.0 Hz, 4JH-6,H-4 = 1.6 Hz, 3JH-6,H-5 = 5.4 Hz), 8.66 (ddd, 2H,
H-3, 5JH-6,H-3 = 1.0 Hz, 4JH-3,H-5 = 1.2 Hz, 3JH-3,H-4 = 8.1 Hz), 8.20 (ddd, 2H, H-4, 4JH-6,H-4

= 1.6 Hz, 3JH-3,H-4 = 8.1 Hz, 3JH-4,H-5 = 7.6 Hz), 7.68 (ddd, 2H, H-5, 4JH-3,H-5 = 1.2 Hz,
3JH-4,H-5 = 7.6 Hz, 3JH-6,H-5 = 5.4 Hz) ppm; 13C-NMR (50.68 MHz, DMSO-d6): δ 222.19
(COax), 205.08 (COeq), 154.26 (C-2), 152.54 (C-6), 138.90 (C-4), 126.34 (C-5), 123.57
(C-3) ppm.
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5.2.5 Synthesis of [Mo(CO)4(bpyCH3,CHO)]

USC-PF048

Mo

CO

CO
OC

OC N

N
O

H

MW

N N

H
O

C12H10N2O
198.22 g/mol

C16H10MoN2O5
406.23 g/mol

Mo(CO)6

264.00 g/mol

+
THF

(2) (5)

The procedure described below was sequentially performed with four batches of equal
quantity which were pooled before workup. Molybdenum hexacarbonyl (200 mg, 0.75
mmol, 1.5 eq, in total: 3 mmol) and 4’-methyl-2,2’-bipyridine-4-carboxaldehyde (2) (100
mg, 0.50 mmol, 1.0 eq, in total: 2 mmol) werde mixed in tetrahydrofuran (6 ml) and
heated under microwave irradiation in a CEM Discover instrument for 15 min at 130
°C. The deep purple solutions of each batch were pooled and poured into n-pentane
(200 ml). The resulting violet precipitate was filtered off, washed with n-pentane, dried
under vacuum, and subsequently purified by column chromatography on silica with
dichloromethane as the eluent. Yield: 62% (505 mg, 1.24 mmol); Elemental analy-
sis (%): calc. C16H10MoN2O5: C 47.31, H 2.48, N 6.90, found: C 47.11, H 2.55, N
6.81; MS (FD+): m/z 405.2 [M]+; UV-Vis (DMSO): λmax(ε) = 387 (4010), 490 nm (6700
l mol-1 cm-1); IR (ATR, cm-1): 2011 (s) ν(CO), 1867 (s) ν(CO), 1804 (s) ν(CO), 1709
(s) ν(CHO); 1H-NMR (200 MHz, DMSO-d6): δ 10.16 (s, 1H, 4-CHO), 9.24 (d, 1H, H-6,
3JH-6,H-5 = 5.5 Hz), 9.02 (d, 1H, H-3, 4JH-3,H-5 = 1.6 Hz), 8.83 (d, 1H, H-6’, 3JH-6’,H-5’ =
5.5 Hz), 8.71 (d, 1H, H-3’, 4JH-3’,H-5’ = 1.6 Hz), 7.97 (dd, 1H, H-5, 3JH-5,H-6 = 5.5 Hz,
4JH-5,H-3 = 1.6 Hz), 7.53 (dd, 1H, H-5’, 3JH-5’,H-6’ = 5.5 Hz, 4JH-5’,H-3’ = 1.6 Hz), 2.54 (s,
3H, CH3); 13C-NMR (62.5 MHz, DMSO-d6): δ 222.60 (COeq), 221.73 (COeq), 204.88
(COax), 191.45 (CHO), 155.93 (C-4), 153.77 (C-2), 153.32 (C-2’), 151.94 (C-6), 150.80
(C-6’), 142.84 (C-4’), 127.56 (C-3’), 124.85 (C-5), 123.75 (C-3), 122.06 (C-5’), 20.74
(CH3).
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5.2 Synthetic procedures

5.2.6 Synthesis of dimethylketoxime

USC-PF052, literature: [111]

O
+ H3NOH Cl

NaOH

H2O

N
OH

C3H6O
58.08 g/mol

ClH4NO
69.49 g/mol

C3H7NO
73.09 g/mol

(6)

Hydroxylamine hydrochloride (30.0 g, 0.43 mol) was dissolved in water (60 ml) and an
aqueous solution (30 ml) of sodium hydroxide (18.5 g, 0.46 mol) was added over the
course of 10 min under cooling with an ice bath. Subsequently acetone (21 ml, 26.6
g, 0.46 mol) was added via a dropping funnel over 30 min. During that time, a white
recipitate formed, but dissolved upon more intense stirring. Later, precipitation started
again. After 30 min of further stirring, the pH of the solution was adjusted to 6 by addi-
tion of concentrated hydrochloric acid. The mixture was stirred for one additional hour
(pH 7.5) and extracted with diethylether (4 x 100 ml), dried over magnesium sulfate.
Then the solvent was removed by evaporation to give a white residue which was dried
in vacuo. Yield: 56% (17.5 g, 0.24 mol). IR (ATR, cm-1): 3197 (s), 3136 (s), 2923 (s),
2891 (s), 1679 (s) ν(C=O), 1496 (s), 1428 (s), 1368 (s), 1269 (s), 1069 (s), 957 (s), 790
(s); 1H-NMR (200.13 MHz, DMSO-d6): δ 10.17 (s, 1H, OH), 1.76 (s, 3H, (E /Z )-CH3),
1.76 (s, 3H, (E /Z )-CH3) ppm; 13C-NMR (50.13 MHz, DMSO-d6): δ 152.10 (C=N), 21.40
((E /Z )-CH3), 14.56 ((E /Z )-CH3) ppm.

5.2.7 Synthesis of dimethylketoxime-O-acetic acid

USC-PF051, literature: [112]

N
OH

C3H7NO
73.09 g/mol

+ Br

C2H3BrO2
138.95 g/mol

N
O

C5H9NO3
131.13 g/mol

H2O

1. NaOH
2. HCl

OH

O

OH

O

(6) (7)

Bromoacetic acid (6.66 g, 48 mmol) was dissolved in water (10 ml) and cooled to 0°C.
Then, an aqueous solution of sodium hydroxoide (3.5 ml, 40% w/w, 50 mmol) was
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5.2 Synthetic procedures

added dropwise while keeping the temperature below 20°C. Subsequently, a solution
of dimethylketoxime (6) (3.14 g, 43 mmol) in water (15 ml) was added, again followed
by an aqueous solution of sodium hydroxide (3.0 ml, 40% w/w, 43 mmol). The result-
ing mixture was allowed to warm to room temperature while stirring overnight. The
alkaline mixture was extracted with diethylether (1 x 50 ml), then acidified to pH 1 with
concentrated hydrochloric acid and again extracted with diethylether (4 x 50 ml). The
latter extracts were combined and dried over magnesium sulfate. Evaporation of the
solvent gave the title compound as an off-white solid. Yield: 42% (2.40 g, 18 mmol).
MS (ESI+, MeOH): m/z 154 [M+Na]+; IR (ATR, cm-1): 2926 (m), 2580 (m), 1723 (s),
1406 (m), 1366 (m), 1256 (s), 1107 (s), 1021 (m), 874 (m); 1H-NMR (200.13 MHz,
DMSO-d6): δ 12.59 (s, 1H, COOH), 4.44 (s, 2H, CH2), 1.82 (s, 3H, (E /Z )-CH3), 1.79
(s, 3H, (E /Z )-CH3) ppm; 13C-NMR (50.13 MHz, DMSO-d6): δ 171.40 (C=O), 152.10
(C=N), 69.58 (CH2), 21.19 ((E /Z )-CH3), 15.52 ((E /Z )-CH3) ppm.

5.2.8 Synthesis of aminooxyacetic acid hemi hydrochloride

USC-PF053, literature: [113]

N
O

C5H9NO3
131.13 g/mol

H2O/HCl H2N
O x 1/2 HCl

C2H5NO3 x 1/2 HCl
109.30 g/mol

OH

O

OH

O

(7) (8)

Dimethylketoxime-O-acetic acid (7) (6.1 g, 47 mmol) was dissolved in water (60 ml)
and concentrated hydrochloric acid (4.6 ml) was added. The mixture was then heated
to 95°C for 4 h in an open flask with a stream of nitrogen passing through. The volume
was reduced to about 5 ml over the course of the reaction. After cooling to room
temperature, the residue was treated with isopropanol (30 ml) followed by diethylether
(120 ml) and stored at -25°C overnight. The crystalline precipitate that formed was
filtered off, washed with diethylether and dried under vacuum to give a white solid.
The product was isolated as the hemi hydrochloride. Yield: 72% (3.7 g, 34 mmol).
Elemental analysis (%): calc. C2H5NO3·1/2 HCl: C 21.98, H 5.07, N 12.82, found: C
21.52, H 5.01, N 12.73; MS (ESI+, MeOH): m/z 92 [M+H]+; IR (ATR, cm-1): 2858 (s),
2683 (s), 2019 (m), 1715 (vs), 1521 (s), 1442 (s), 1400 (s), 1212 (s), 1057 (s), 1009
(s), 913 (m), 889 (s), 800 (vs), 669 (s); 1H-NMR (200.13 MHz, DMSO-d6): δ 4.64 (s,
2H, CH2) ppm; 13C-NMR (50.13 MHz, DMSO-d6): δ 169.21 (C=O), 70.06 (CH2) ppm.
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5.2 Synthetic procedures

5.2.9 Synthesis of N-(9-fluorenylmethoxycarbonyl)aminooxyacetic acid
(Fmoc-Aoa-OH)

USC-PF054, literature: [114]

+O

O

O
N

O

O

C19H15NO5
337.33 g/mol

H2N
O

x 1/2 HCl

C2H5NO3 x 1/2 HCl 
109.30 g/mol

Na2CO3

1,4-dioxane,
H2O

O

O

N
H

O

C17H15NO5
313.30 g/mol

OH

O

OH

O

(8) (9)

Aminooxyacetic acid hemi hydrochloride (8) (3.5 g, 32 mmol) was dissolved in a 1,4-
dioxane/water mixture (200 ml, v/v 60:40) and solid sodium carbonate (8.5 g, 80 mmol)
was added. The mixture was cooled to 0°C and a solution of 9-fluorenylmethoxycarbo-
nyl-N-succinimidyl carbonate (10.8 g, 32 mmol) in 1,4-dioxane (50 ml) was added while
stirring. The resulting mixture was stirred for 2 h at about 0°C and the white precipitate
that formed was filtered off. The filtrate was concentrated under vacuum and the vis-
cous residue was re-dissolved in water (200 ml). Addition of concentrated hydrochloric
acid gave a white precipitate which was filtered off, washed with diluted hydrochloric
acid and subsequently lyophilized. Yield: 84% (8.6 g, 27 mmol). RP-HPLC (system
B): tR = 27.73 min; MS (ESI+, MeOH): m/z 336 [M+Na]+; IR (ATR, cm-1): 3268 (w),
1714 (vs), 1448 (m), 1254 (m), 1122 (s), 738 (vs); 1H-NMR (200.13 MHz, DMSO-d6):
δ 12.88 (s, 1H, COOH), 10.69 (s, 1H, NH), 7.89 (d(br), 2H, Fmoc-H(5,8),3J = 6.8 Hz),
7.70 (d(br), 2H, Fmoc-H(1,4),3J = 7.3 Hz), 7.42 (dt, 2H, Fmoc-H(7,6),3J = 7.3 Hz, 4J =
1.0 Hz), 7.32 (dt, 2H, Fmoc-H(2,3),3J = 7.3 Hz, 4J = 1.3 Hz), 4.37 (d, 2H, Fmoc-CH2,
3J = 7.0 Hz), 4.26 (s, 2H, Aoa-CH2, overlapping), 4.27-4.20 (t, 1H, Fmoc-H(9), 3J = 7.0
Hz, overlapping) ppm; 13C-NMR (50.13 MHz, DMSO-d6): δ 170.06 (Aoa, C=O), 156.93
(Fmoc, C=O), 143.57 (Fmoc, C-9a,8a), 140.74 (Fmoc, C-4a,4b), 127.71 (Fmoc, C-1,8),
127.09 (Fmoc, C-2,7), 125.24 (Fmoc, C-4,5), 120.13 (Fmoc, C-3,6), 72.05 (Aoa, CH2),
66.12 (Fmoc, CH2), 46.50 (Fmoc, C-9) ppm.
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5.2.10 Synthesis of Aoa-Gly-Leu-Arg-OH

USC-PF075

H2N
O

H
N

N
H

H
N

OH
O

O

O

O

NH

NH2HN

C16H31N7O6
417.46 g/mol

(10)

The peptide was prepared on a 0.189 mmol scale on a Fmoc-Arg(Pbf)-Wang resin (300
mg, 0.63 mmol/g) using the amino acids Fmoc-Leu-OH, Fmoc-Gly-OH and Fmoc-Aoa-
OH (9) under the conditions of microwave-assisted solid-phase peptide synthesis as
described above. Cleavage time: 100 min. The product was obtained as a white solid.
Yield: 85% (67 mg, 0.161 mmol). RP-HPLC (system A): tR = 5.17 min; MS (ESI+,
MeOH): m/z 418 [M+H]+; IR (ATR, cm-1): 1649 (s), 1542 (s), 1138 (s), 1046 (s).

5.2.11 Synthesis of Aoa-Leu-Pro-Leu-Gly-Asn-Ser-His-OH (Aoa-TGF-β1-OH)

USC-PF138

C34H55N11O12
809.87 g/mol

N
H
N

N
H

H
N

N
H

H
N

O
OH

O

O

O

O

O

O

H
N

O

O
OH

HN
N

O

H2N

H2N

(11)

The TGF-β1 peptide was prepared on a 0.156 mmol scale on a preloaded H-L-His(Trt)-
2CT resin (200 mg, 0.78 mmol/g) using the amino acids Fmoc-Ser(tBu)-OH, Fmoc-
Asn(Trt)-OH, Fmoc-Gly-OH, Fmoc-Leu-OH, and Fmoc-Pro-OH under the conditions of
manual solid phase peptide synthesis as described above. Coupling of Fmoc-Aoa-OH
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(9) was carried out using a small portion (100 mg, 0.078 mmol) of the TGF-β1-2CT
resin. Three repeated couplings with 10 eq. of amino acid were required to achieve
complete coupling of Fmoc-Aoa-OH, indicated by a negative Kaiser test. Cleavage
time: 3 h (TFA/TIS/H2O, 90:5:5, v/v). The product was obtained as an off-white solid.
Yield: 46% (30 mg, 0.037 mmol). RP-HPLC (system B): tR = 14.59 min; MS (ESI+,
MeOH): m/z 832.4 [M+Na]+; IR (ATR, cm-1): 3291 (m), 2961 (m), 1659 (s), 1535 (s),
1434 (m), 1194 (s), 1133 (s), 835 (w), 799 (w).

5.2.12 Synthesis of [Mo(CO)4(bpyCH3,CH=Aoa-Gly-Leu-Arg-OH)]

USC-PF076

N

N
N

O

H
N

N
H

H
N

OH
O

O

O

O

Mo

CO

CO
OC

OC

NH

NH2HNC32H39MoN9O10
805.64 g/mol

(12)

[Mo(CO)4(bpyCH3,CHO)] (5) (20 mg, 0.049 mmol, 1 eq.) and Aoa-Gly-Leu-Arg-OH (10)
(31 mg, 0.074 mmol, 1.5 eq.) were dissolved in a mixture of tetrahydrofuran (5 ml)
and sodium phosphate buffer (5 ml, 100 mM, pH 5.2). The clear red solution was
desoxygenated by purging with pure dinitrogen for 15 min and stirred for 3 h at room
temperature under a dinitrogen atmosphere with exclusion of light. The solvent was
removed by lyophization and the residue was dissolved in a acetonitrile/water mixture
(v/v, 10:90) and loaded on a pre-conditioned reversed phase column (Waters SepPak
C-18, 5 g). After washing the column with pure water (5 x 10 ml), the product was
eluated using a acetonitrile/water mixture (v/v, 50:50) and subsequently lyophilized to
give an orange-red solid which was purified by preparative HPLC (system A). Yield:
25% (10 mg, 0.012 mmol). RP-HPLC (system A): tR = 8.69 min; MS (ESI+, MeOH):
m/z 808 [M+H]+; UV-Vis (DMSO): λmax(ε) = 387 (3330), 468 nm (4620 l mol-1 cm-1); IR
(ATR, cm-1): 2014 (vs) ν(CO), 1861 (vs) ν(CO), 1815 (vs) ν(CO), 1655 (s), 1536 (m).
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5.2.13 Synthesis of [Mo(CO)4(bpyCH3,CH=Aoa-TGF-β1-OH)]

USC-PF144

N
H
N

N
H

H
N

N
H

H
N

O
OH

O

O

O

O

O

O

H
N

O

O
OH

HN
N

O

H2N

N

N
N

Mo

CO

CO
OC

OC

C50H63MoN13O16
1198.05 g/mol

(13)

[Mo(CO)4(bpyCH3,CHO)] (5) and H-Aoa-TGF-β1-OH (11) were dissolved in a mixture (4
ml, v/v, 50:50) of tetrahydrofuran (2 ml) and sodium phosphate buffer (2 ml, 100 mM, pH
5.2). The clear red solution was stirred for 4 h while excluded from light. The solvent
was removed under vacuum and the residue was suspended in a water/acetonitrile
mixture (v/v, 90:10) and loaded on a reversed phase column (Waters SepPak C-18,
5 g). After washing the column with pure water (5 x 10 ml) and water/acetonitrile (2
x 10 ml, v/v, 50:50), the product was eluated using a water/acetonitrile mixture (v/v,
30:70) and subsequently lyophilized to give an orange-red solid which was purified by
preparative HPLC (system B). Yield: 30% (4 mg, 0.003 mmol). RP-HPLC (system B):
tR = 30.26 min; MS (ESI-, MeOH): m/z 1198.4 [M-H]-, 1172.2 [M-CO+H]+ ; IR (ATR,
cm-1): 3301 (m), 2959 (m), 2015 (vs) ν(CO), 1861 (vs) ν(CO), 1812 (vs) ν(CO), 1661
(s), 1533 (m), 1533 (w), 1198 (m).
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5.2.14 Synthesis of [Mo(η3-methallyl)Cl(CO)2(bpy)]

USC-PF042

Mo(CO)6

N N

C6MoO6
264.00 g/mol

+ Cl+

C4H7Cl
90.55 g/mol

Mo

Cl

OC

OC

N

N

C10H8N2
156.18 g/mol

C16H15ClMoN2O2
398.69 g/mol

THF

(14)

Molybdenum hexacarbonyl (1.5 g, 5.7 mmol), 2,2’-bipyridine (0.89 g, 5.7 mmol), and
β-methallylchloride (3.6 ml, 5.2 g, 57 mmol) were mixed under a nitrogen atmosphere
in anhydrous and degassed tetrahydofuran and heated to reflux for 5 h. The initially
colorless solution turned dark red after a few minutes and a dark precipitate formed.
The reaction mixture was cooled to room temperature and after overnight storage at
-20°C, more precipitate had formed. The precipitate was filtered off and washed with n-
pentane until the filtrate was colorless (2 x 5 ml) and dried under vacuum to give a dark
red-brown solid. Unreacted molybdenum hexacarbonyl was removed by sublimation
at 50°C and about 5.5·10-2 mbar. Yield: 49% (1.11 g, 2.8 mmol). Elemental analysis
(%): calc. C16H15ClMoN2O2: C 48.20, H 3.79, N 7.03, found: C 48.07, H 3.83, N 6.69;
MS (FAB+): m/z 365 [M - Cl]+; IR (ATR, cm-1): 3074 (w), 2977 (w) 1925 (s) ν(CO),
1850 (s) ν(CO), 1601 (m), 1472 (m), 1444 (m), 1313 (m), 1160 (w), 1027 (m), 765 (s),
737 (m); 1H-NMR (250.13 MHz, DMSO-d6): δ 8.77 (dd, 2H, bpyH-6, 4JH-6,H-4 = 1.5 Hz,
3JH-6,H-5 = 5.5 Hz), 8.61 (dt, 2H, bpyH-3, 4JH-3,H-5 = 0.9 Hz, 3JH-3,H-4 = 8.0 Hz), 8.19 (td,
2H, bpyH-4, 4JH-6,H-4 = 1.5 Hz, 3JH-3,H-4 = 8.0 Hz, 7.66 (ddd, 2H, bpyH-5, 4JH-3,H-5 = 0.9
Hz, 3JH-4,H-5 = 7.6 Hz, 3JH-6,H-5 = 5.5 Hz), 2.83 (s, 2H, allyl-Hsyn), 1.23 (s, 2H, allyl-Hanti),
0.95 (s, 2H, CH3-allyl) ppm; 13C-NMR (62.86 MHz, DMSO-d6): δ 227.27 (CO), 153.24
(C-2), 151.68 (C-6), 139.23 (C-4), 126.34 (C-5), 123.13 (C-3), 80.26 (Cq-allyl), 52.57
(CH2-allyl), 18.64 (CH3-allyl) ppm.
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5.2.15 Synthesis of [Mo(η3-allyl)Cl(CO)2(bpy)]

USC-PF095

Mo(CO)6

N N

C6MoO6
264.00 g/mol

+ Cl+

C3H5Cl
76.52 g/mol

Mo

Cl

OC

OC

N

N

C10H8N2
156.18 g/mol

C15H13ClMoN2O2
384.66 g/mol

THF

(15)

To a degassed mixture of anhydrous tetrahydrofuran (20 ml) and allylchloride (1.6 ml,
1.5 g, 19.6 mmol) molybdenum hexacarbonyl (500 mg, 1.89 mmol) and 2,2’-bipyridine
(265 mg, 1.70 mmol) were added under a dinitrogen atmosphere and the mixture
was heated to reflux for 18 h. The resulting red precipitate was filtered from the pur-
ple solution, washed with n-hexane (4 x 25 ml) and dried under vaccum to give a
bright red powder. Yield: 74% (486 mg, 1.26 mmol). Elemental analysis (%): calc.
C15H13ClMoN2O2: C 46.84, H 3.41, N 7.28, found: C 46.55, H 3.48, N 7.15; IR (ATR,
cm-1): 3063 (w), 2985 (w) 1925 (s) ν(CO), 1831 (s) ν(CO), 1600 (m), 1468 (m), 1442
(m), 1310 (w), 1152 (w), 769 (m); 1H-NMR (200.13 MHz, DMSO-d6): δ isomer A: 9.06
(d, 2H, bpyH-6, 3J = 3.8 Hz), 8.65 (d, 2H, bpyH-3, 3JH-3,H-4 = 8.3 Hz), 8.26 (d, 2H, bpyH-4,
3JH-3,H-4 = 8.3 Hz), 7.79 (t, 2H, bpyH-5, 3J = 6.3 Hz), 3.91-3.79 (m, 1H, allyl-Hmeso), 3.51
(d, 2H, allyl-Hsyn,3JH-syn,H-meso = 6.2 Hz), 1.36 (d, 2H, allyl-Hanti,3JH-anti,H-meso = 9.4 Hz),
isomer A*: 8.77 (d, 2H, bpyH-6, 3J = 4.9 Hz), 8.56 (d, 2H, bpyH-3, 3JH-3,H-4 = 8.0 Hz),
8.17 (dt, 2H, bpyH-4, 3JH-3,H-4 = 8.0 Hz, 4J = 1.0 Hz), 7.63 (t, 2H, bpyH-5, 3J = 6.3 Hz),
3.27-3.12 (m, 1H, allyl-Hmeso), 3.07 (d, 2H, allyl-Hsyn,3JH-syn,H-meso = 6.2 Hz), 1.23 (d,
2H, allyl-Hanti,3JH-anti,H-meso = 8.7 Hz) ppm; 13C-NMR (50 MHz, DMSO-d6): isomer A&A*
δ 227.13 (CO), 153.30 (C-2), 151.85 (C-6), 139.18 (C-4), 126.27 (C-5), 122.98 (C-3),
70.76 (CH-allyl), 54.00 (CH2-allyl) ppm.
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5.2.16 Synthesis of [Mo(η3-methallyl)Cl(CO)2(phen)]

USC-PF046

Mo

Cl

OC

OC

N

N
Mo(CO)6

N N

C6MoO6
264.00 g/mol

+ Cl+

C4H7Cl
90.55 g/mol

C12H8N2
180.22 g/mol

THF

C18H15ClMoN2O2
422.71 g/mol

(16)

Molybdenum hexacarbonyl (1.2 g, 4.5 mmol), 1,10-phenanthroline (757 mg, 4.2 mmol)
and β-methallyl chloride (2.7 ml, 3.8 g, 42 mmol) were mixed in degassed anhydrous
tetrahydrofuran and heated to reflux under a dinitrogen atmosphere for 5 h. Upon heat-
ing, the reactants dissolved slowly and the initially colorless solution turned purple after
about 15 min. After cooling to room temperature, the precipitate formed was filtered
off, washed with n-hexane and the excess of molybdenum hexacarbonyl was removed
by sublimation at 50°C and about 3.3·10-1 mbar to give a dark brown solid. Yield: 62%
(1.11 g, 2.6 mmol). Elemental analysis (%): calc. C16H15ClMoN2O2: C 51.14, H 3.58,
N 6.63, found: C 50.85, H 3.24, N 6.84; IR (ATR, cm-1): 3042 (w), 2997 (w), 1927
(s) ν(CO), 1852 (s) ν(CO), 1517 (w), 1425 (m), 1149 (w), 1029 (m), 850 (s), 780 (w),
729 (s); 1H-NMR (250.13 MHz, DMSO-d6): δ isomer A: 8.82 (d, 2H, H-4,7, 3J = 8.0
Hz), 8.21 (s, 2H, H-5,6), 8.01 (d, 2H, H-3,8, 3J = 8.0 Hz, 3J = 5.0 Hz); isomer A*:
8.65 (d, 2H, H-4,7, 3J = 8.0 Hz), 8.09 (s, 2H, H-5,6,), 7.89 (d, 2H, H-3,8, 3J = 8.0
Hz, 3J = 5.0 Hz); isomer A & A*: 9.17 (m, 4H, H-2,9), 3.00 (s, 2H, allyl-Hsyn), 1.30 (s,
2H, allyl-Hanti), 0.67 (s, 2H, CH3-allyl) ppm; ; 13C-NMR (50 MHz, DMSO-d6):δ 226.90
(CO), 152.05 (phenC-2,9), 143.94 (phenC-10a,10b), 138.27 (phenC-5,6), 129.71 (phenC-4,7),
127.31 (phenC-4a,6a), 125.28 (phenC-3,8), 81.57 (allyl-Cq), 79.93(allyl-CH2), 18.54 (allyl-
CH3)ppm.
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5.2.17 Synthesis of [Mo(η3-allyl)Cl(CO)2(phen)]

USC-PF096

Mo

Cl

OC

OC

N

N
Mo(CO)6

N N

C6MoO6
264.00 g/mol

+ Cl+

C3H5Cl
76.52 g/mol

C12H8N2
180.22 g/mol

THF

C17H13ClMoN2O2
408.68 g/mol

(17)

To a degassed mixture of anhydrous tetrahydrofuran (20 ml) and allyl chloride (1.6
ml, 1.5 g, 19.6 mmol), molybdenum hexacarbonyl (500 mg, 1.89 mmol) and 1,10-
phenanthroline (306 mg, 1.70 mmol) were added under dinitrogen atmosphere and
the mixture was heated to reflux for 18 h. The resulting red precipitate was filtered
from the purple solution, washed with n-hexane (4 x 25 ml) and dried under vaccum
to give a bright red powder. Yield: 74% (516 mg, 1.26 mmol). Elemental analysis
(%): calc. C17H13ClMoN2O2: C 49.96, H 3.21, N 6.85, found: C 49.61, H 3.38, N
6.76; IR (ATR, cm-1): 3053 (w), 1930 (s) ν(CO), 1842 (s) ν(CO), 1514 (w), 1427 (m),
852 (m), 725 (w); 1H-NMR (200.13 MHz, DMSO-d6): δ isomer A: 9.18 (dd, 2H, H-
2,9 3JH-2,9,H-3,8 = 5.0 Hz, 4JH-2,9,H-4,7 = 1.0 Hz), 8.80 (dd, 2H, H-4,7 3JH-4,7,H-3,8 = 8.2
Hz, 4JH-2,9,H-4,7 = 1.0 Hz), 8.19 (s, 2H, H-5,6), 7.98 (dd, 2H, H-3,8 3JH-4,7,H-3,8 = 8.2
Hz, 3JH-2,9,H-3,8 = 5.0 Hz), 3.23 (d, 2H, allyl-Hsyn,3JH-syn,H-meso = 6.2 Hz), 3.15-3.04 (m,
1H, allyl-Hmeso), 1.30 (d, 2H, allyl-Hanti,3JH-anti,H-meso = 8.6 Hz), isomer A*: 9.47 (s(br),
2H, H-2,9), 8.88 (d(br), 2H, H-4,7), 8.27 (s, 2H, H-5,6), 8.16-8.11 (m(br), 2H, H-3,8),
4.16-4.00 (m(br), 1H, allyl-Hmeso), 3.66 (d, 2H, allyl-Hsyn,3JH-syn,H-meso = 6.2 Hz), 1.46
(d, 2H, allyl-Hanti,3JH-anti,H-meso = 9.3 Hz) ppm; 13C-NMR (50 MHz, DMSO-d6):δ 226.87
(CO), 152.20 (phenC-2,9), 144.03 (phenC-10a,10b), 138.26 (phenC-5,6), 129.62 (phenC-4,7),
127.22 (phenC-4a,6a), 125.17 (phenC-3,8), 70.13 (allyl-CH), 53.97 (allyl-CH2) ppm.
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5.2 Synthetic procedures

5.2.18 Synthesis of [Mo(η3-allyl)Cl(CO)2(dpq)]

USC-PF081

Mo

Cl

OC

OC

N

N N

NN

N N

N
Mo(CO)6

C6MoO6
264.00 g/mol

+

C14H8N4
232.24 g/mol

Cl

C3H5Cl
79.10 g/mol

THF
+

C19H13ClMoN4O2
460.72 g/mol

(18)

Anhydrous tetrahydrofuran (20 ml) and allyl chloride (1.3 ml, 1.27 g, 16.6 mmol) were
degassed in a Schlenk-flask by two freeze-pump-thaw cycles and molybdenum hex-
acarbonyl (438 mg, 1.66 mmol) and dipyido[3,2-d :2’,3’-f ]quinoxaline (dpq) (350 mg,
1.51 mmol) were added under a dinitrogen atmosphere. The mixture was heated to
reflux for 18 h whereupon the solution turned violet and a red precipitate formed. The
precipitate was filtered off, washed with n-hexane (4 x 20 ml) and dried under vac-
uum to give a red-brown solid. Yield: 77% (587 mg, 1.27 mmol). Elemental analysis
(%): calc. C19H13ClMoN4O2: C 49.53 H 2.84 N 12.16, found: C 49.63, H 3.11, N
11.86; IR (ATR, cm-1): 3059 (w), 1932 (s) ν(CO), 1840 (s) ν(CO), 1477 (w), 1400 (m),
1387 (m), 1123 (w), 1081 (w), 824 (m), 734 (m); 1H-NMR (200.13 MHz, DMSO-d6):
δ isomer A: 9.62 (dd, 2H, dpqH-2,11, 3JH-2,11,H-3,10 = 8.3 Hz, 4JH-2,11,H-4,9 = 1.4 Hz), 9.30
(dd, 2H, dpqH-4,9, 3JH-4,9,H-3,10 = 5.1 Hz, 4JH-4,9,H-2,11 = 1.4 Hz), 9.27 (s, 2H, dpqH-6,7),
8.14 (dd, 2H, dpqH-3,10, 3JH-2,11,H-3,10 = 8.3 Hz, 4JH-3,10,H-4,9 = 5.1 Hz), 3.44-3.36 (m,
1H, allyl-Hmeso, overlapping with H2O signal), 3.25 (d, 2H, allyl-Hsyn, 3JH-meso,H-syn = 6.4
Hz), 1.34 (d, 2H, allyl-Hanti, 3JH-meso,H-anti = 8.6 Hz), isomer A*: 9.69 (dd, 2H, dpqH-2,11,
3JH-2,11,H-3,10 = 8.4 Hz, 4JH-2,11,H-4,9 = 1.0 Hz), 9.34-9.30 (m, 2H, dpqH-4,9, overlapping sig-
nals), 9.29 (s, 2H, dpqH-6,7, overlapping signals), 8.30 (dd, 2H, dpqH-3,10, 3JH-2,11,H-3,10

= 8.4 Hz, 4JH-3,10,H-4,9 = 5.3 Hz), 4.15-4.01 (m, 1H, allyl-Hmeso), 3.69 (d, 2H, allyl-Hsyn,
3JH-meso,H-syn = 6.2 Hz), 1.50 (d, 2H, allyl-Hanti, 3JH-meso,H-anti = 9.1 Hz) ppm; 13C-NMR
(50 MHz, DMSO-d6): δ 226.91 (CO), 153.45 (dpqC-2,11), 146.50 (dpqC-12a,12b), 145.77
(dpqC-6,7), 138.77 (dpqC-4b,8a), 134.52 (dpqC-3,10), 128.07 (dpqC-4a,8b), 126.30 (dpqC-9,4),
81.57 (allyl-CH), 57.91 (allyl-CH2) ppm.
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5.2 Synthetic procedures

5.2.19 Synthesis of [Mo(η3-allyl)Cl(CO)2(dppz)]

USC-PF084

Mo

Cl

OC

OC

N

N N

NN

N N

N
Mo(CO)6

C6MoO6
264.00 g/mol

+ Cl

C3H5Cl
79.10 g/mol

THF
+

C18H10N4
282.30 g/mol

C23H15ClMoN4O2
510.79 g/mol

(19)

Molybdenum hexacarbonyl (739 mg, 2.8 mmol) and dipyrido[3,2-a:2’,3’-c]phenazine
(dppz) (528 mg, 1.87 mmol) were dissolved in anhydrous tetrahydrofuran (30 ml).
Then, allyl chloride (0.75 ml, 705 mg, 9.2 mmol) was added and the mixture was
heated to reflux for 6 h under nitrogen atmosphere. The now deep purple solution was
stored at -20 °C overnight and the precipitate that formed was filtered off, washed with
n-pentane, and subsequently with diethylether until the filtrate was colorless to give a
deep purple solid that was dried under vacuum. Yield: 68% (650 mg, 1.27 mmol). Ele-
mental analysis (%): calc. C23H15ClMoN4O2: C 54.08 H 2.96 N 10.97, found: C 53.91,
H 3.14, N 11.12; IR (ATR, cm-1): 3072 (w), 3012 (w) 1935 (s) ν(CO), 1859 (s) ν(CO),
1490 (w), 1463 (w), 1417 (m), 1359 (m), 1078 (m), 827 (s), 764 (s), 732 (s), 716 (m).
Characterization by NMR spectroscopy was not possible due to insufficient solubility in
the deuterated solvents available.
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5.2.20 Synthesis of [Mo(η3-allyl)Cl(CO)2(dppn)]

USC-PF082

Mo

Cl

OC

OC

N

N N

NN

N N

N
Mo(CO)6

C6MoO6
264.00 g/mol

+ Cl

C3H5Cl
79.10 g/mol

THF

C22H12N4
332.36 g/mol

+

C27H17ClMoN4O2
560.83 g/mol

(20)

A mixture of anhydrous tetrahydrofuran (20 ml) and allyl chloride (1.0 ml, 0.94 g,
13.0 mmol) was degassed, and then molybdenum hexacarbonyl (219 mg, 0.83 mmol)
and benzo[i ]dipyrido[3,2-a:2’,3’-c]phenazine (dppn) (250 mg, 0.75 mmol) were added.
Upon heating the mixture to reflux for 14 h under a dinitrogen atmosphere, the dppn
dissolved very slowly and an almost black precipitate formed. The precipitate was
filtered off, washed with n-hexane (3 x 20 ml) and dried under vacuum to give an al-
most black powder. Yield: 72% (302 mg, 0.54 mmol). Elemental analysis (%): calc.
C23H15ClMoN4O2·H2O: C 56.91 H 3.18 N 9.83, found: C 56.68, H 3.18, N 9.71; IR
(ATR, cm-1): 3053 (w), 1935 (s) ν(CO), 1865 (s) ν(CO), 1457 (w), 1413 (m), 1391 (w),
881 (m), 823 (w), 739 (w). Characterization by NMR spectroscopy was not possible
due to insufficient solubility in the deuterated solvents available.
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5.2 Synthetic procedures

5.2.21 Synthesis of [Mo(η3-methallyl)(CO)2(bpy)(py)]PF6

USC-PF-045

Mo

Cl

OC

OC

N

N
Mo

N

OC

OC

N

NN
+

AgOTf

acetone

C5H5N
79.10 g/mol

+

C21H20F6MoN3O2P
587.30 g/mol

C16H15ClMoN2O2
398.69 g/mol

PF6

(21)(14)

[Mo(η3-methallyl)Cl(CO)2(bpy)] (14) (500 mg, 1.25 mmol) was partially dissolved in an-
hydrous and degassed acetone (30 ml). Upon addition of silver triflate (308 mg, 1.2
mmol), silver chloride formed as a white precipitate and the suspension was stirred for
2 h under a dinitrogen atmosphere with exclusion of light. The resulting clear dark-
red solution was transferred via canula to a new flask and then, pyridine (500 µl, 509
mg, 6.43 mmol) was added and allowed to react for another 2 h at room temperature.
Subsequently, a solution of potassium hexafluorophosphate (1.15 g, 6.25 mmol) in wa-
ter (25 ml) was added, giving a red micro-crystalline precipitate, which was filtered
off, washed with n-pentane (3 x 5 ml) and dried in vacuo. Yield: 76% (568 mg, 0.95
mmol). Elemental analysis (%): calc. C21H20F6MoN3O2P: C 42.95, H 3.43, N 7.15,
found: C 42.07, H 3.43, N 6.95; MS (ESI+, acetone): m/z 444 [M - PF6]+; UV-Vis (10%
DMSO/water): λmax(ε) = 416 (1471), 299 (12306), 238 nm (12264 l mol-1 cm-1); IR
(ATR, cm-1): 1944 (m) ν(CO), 1860 (m) νCO), 1603 (w), 1441 (w), 830 (s) ν(P-F), 758
(s), 700 (w); 1H-NMR (250.13 MHz, DMSO-d6): δ 8.99 (d, 2H, bpy, 3J = 5.0 Hz), 8.60
(d, 2H, py, 3J = 8.0 Hz), 8.59-8.56 (m, 2H, bpy, overlapping signal), 8.29 (dt, 2H, bpy,
3J = 7.9 Hz, 4J = 1.2 Hz), 7.82-7.75 (tt, 1H, py, 4J = 7.8 Hz, 4J = 1.6 Hz), 7.78-7.73 (m,
2H, bpy, overlapping signal), 7.41-7.35 (ddd, 2H, py, 3J = 7.8 Hz, 3J = 4.3 Hz, 4J = 1.5
Hz), 3.16 (s, 2H, allyl-Hsyn), 1.29 (s, 2H, allyl-Hanti), 1.01 (s, 3H, allyl-CH3) ppm; 13C-
NMR (62.53 MHz, DMSO-d6): δ 225.93 (CO) 153.22, 152.11, 149.63, 140.57, 136.15,
127.12, 123.93, 123.51, 82.78 (Cq-allyl), 56.00 (CH2-allyl), 19.46 (CH3-allyl) ppm.
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5.2 Synthetic procedures

5.2.22 Synthesis of [Mo(η3-allyl)(CO)2(bpy)(py)]PF6

USC-PF043

Mo

Cl

OC

OC

N

N
Mo

N

OC

OC

N

NN
+

AgOTf

acetone

C5H5N
79.10 g/mol

+

C20H18F6MoN3O2P
573.27 g/mol

PF6

C15H13ClMoN2O2
384.66 g/mol

(22)(15)

[Mo(η3-allyl)Cl(CO)2(bpy)] (15) (500 mg, 1.3 mmol) was dissolved in anhydrous and
degassed acetone (20 ml) to give a deep red solution. Upon addition of silver triflate
(334 mg, 1.3 mmol) silver chloride formed as a white precipitate and the resulting sus-
pension was strirred for 2 h under a dinitrogen atmosphere with exclusion of light. The
solution was then transfered into another Schlenk-flask via teflon kanula and pyridine
(524 µl, 6.5 mmol) was added via syringe. The mixture was stirred for 2.5 h at room
temperature with exclusion of light and subsequently a solution of potassium hexaflu-
orophosphate (1.19 g, 6.5 mmol) in water (30 ml) was added and the mixture was
stored overnight at -20°C. The precipitate that formed was filtered off, washed with di-
ethylether (3 x 10 ml) and dried in vacuo to give orange needles. Yield: 85% (615 mg,
1.1 mmol). Elemental analysis (%): calc. C20H18F6MoN3O2P: C 41.90, H 3.16, N 7.33,
found: C 41.66, H 3.13, N 7.19; MS (ESI+, acetone): m/z 430 [M - PF6]+; UV-Vis (2%
DMSO/water): λmax(ε) = 447 (1720), 300 nm (15323 l mol-1 cm-1); IR (ATR, cm-1): 3129
(w), 2992 (w) 1944 (s) ν(CO), 1841 (s) ν(CO), 1599 (m), 1447 (m), 1315 (m), 1225
(m), 1160 (w), 827 (s), 774 (s), 749 (s), 693 (s); 1H-NMR (400.13 MHz, DMSO-d6): δ
isomer A: 9.21 (d, 2H, bpyH-6, 3JH-6,H-5 = 5.5 Hz), 8.71 (d, 2H, bpyH-3, 3JH-3,H-4 = 8.1 Hz),
8.36 (td, 2H, bpyH-4, 4J = 1.3 Hz, 3JH-4,H-3 = 8.1 Hz), 7.90 (t, 2H, bpyH-5, 4JH-5,H-6 = 5.5
Hz), 4.01 (tt, 1H, allyl-Hmeso, 3JH-meso,H-syn = 6.5 Hz, 3JH-meso,H-anti = 9.5 Hz), 3.63 (d, 2H,
allyl-Hsyn, 3JH-meso,H-syn = 6.5 Hz, 1.58 (d, 2H, allyl-Hanti, 3JH-meso,H-anti = 9.5 Hz); isomer
A*: 8.96 (dd, 2H, bpyH-6, 4JH-6,H-4 = 1.6 Hz, 3JH-6,H-5 = 5.5 Hz), 8.56 (d, 2H, bpyH-3,
3JH-3,H-4 = 8.0 Hz, overlapping), 8.26 (td, 2H, bpyH-4, 4JH-6,H-4 = 1.6 Hz, 3JH-5,H-4 = 8.0
Hz), 7.72 (tt, 2H, bpyH-5, 4J = 1.1 Hz, 3JH-5,H-6 = 5.5 Hz, 3JH-5,H-4 = 8.0 Hz), 3.38 - 3.27
(m, 3H, allyl-Hmeso,syn, overlapping of H2O signal), 1.32 (d, 2H, allyl-Hanti, 3JH-meso,H-anti

= 8.5 Hz); isomer A & A*: 8.57 (dd, 2H, pyH-1,5, 4JH-3,H-1,5 = 1.8 Hz, 3JH-5,H-4 = 6.0 Hz,
overlapping); 7.78 (tt, 1H, pyH-3, 4JH-3,H-1,5 = 1.8 Hz, 3JH-3,H-2,4 = 7.6 Hz), 7.38 (m, 2H,
pyH-2,4) ppm; 13C-NMR (100.13 MHz, DMSO-d6): δ isomer A: 225.73 (CO), 153.47
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5.2 Synthetic procedures

(bpyC-1), 152.90 (bpyC-6), 140.78 (bpyC-4), 127.67 (bpyC-5), 123.77 (bpyC-3); isomer A*:
225.59 (CO), 153.47 (bpyC-1), 152.18 (bpyC-6), 140.38 (bpyC-4), 126.97 (bpyC-5), 123.28
(bpyC-3); isomer A & A*: 149.62 (pyC-2,6), 136.15 (pyC-4), 123.92 (pyC-3,5), 74.00 (allylCH),
71.29 (allylCH), 57.43 (allylCH2) ppm.
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5.2.23 Synthesis of [Mo(η3-methallyl)(CO)2(phen)(py)]PF6

USC-PF047

N
+

AgOTf

acetone

C5H5N
79.10 g/mol

+

Mo

N

OC

OC

N

N

C23H20F6MoN3O2P
611.32 g/mol

Mo

Cl

OC

OC

N

N

C18H15ClMoN2O2
422.71 g/mol

PF6

(23)(16)

To a suspension of [Mo(η3-methallyl)Cl(CO)2(phen)] (16) (500 mg, 1.18 mmol) in an-
hydrous and degassed acetone (30 ml), silver triflate (303 mg, 1.18 mmol) was added,
resulting in a clear deep-red solution containing a white precipitate. The resulting mix-
ture was stirred for 2 h at room temperature under a dinitrogen atmosphere with exclu-
sion of light and the solution was then transferred via canula into another flask already
charged with pyridine (500 µl, 509 mg, 6.43 mmol). It was stirred for another 2 h under
the same conditions as before. Then, a solution of potassium hexafluorophosphate
(1.09 g, 5.9 mmol) in water (25 ml) was added and the aqueous mixture was stored
at 4°C to give bright red crystalls that were filtered off, washed with water (2 x 10 ml),
and diethylether (2 x 10 ml), and dried in vacuo. Yield: 44% (315 mg, 0.52 mmol).
Elemental analysis (%): calc. C23H20F6MoN3O2P·H2O: C 43.90, H 3.52, N 6.68, found:
C 43.56, H 3.07, N 6.53; MS (ESI+, acetone): m/z 468 [M - PF6]+; IR (ATR, cm-1): 1938
(s) ν(CO), 1870 (m) ν(CO), 1847 (s) ν(CO), 1443 (w), 1427 (w), 833 (s) ν(PF6), 775
(m), 727 (m), 702 (m); 1H-NMR (200.13 MHz, acetone-d6): δ 9.83 (dd, 2H, phenH-2,9,
3JH-2,9,H-3,8 = 5.0 Hz, 4JH-2,9,H-4,7 = 1.0 Hz), 8.96 (dd, 2H, phenH-4,7, 3JH-4,7,H-3,8 = 8.2 Hz,
4JH-4,7,H-2,9 = 1.0 Hz), 8.38 (td, 2H, pyH-2,6, 3JH-2,6,H-3,5 = 5.0 Hz, 4JH-2,6,H-4 = 1.4 Hz), 8.29
(td, 2H, phenH-3,8, 3JH-3,8,H-4,7 = 8.2 Hz, 4JH-3,8,H-2,9 = 5.0 Hz), 8.22 (s, 2H, phenH-5,6), 7.72
(tt, 1H, pyH-4, 3JH-4,H-3,5 = 7.6 Hz, 4JH-4,H-2,6 = 1.4 Hz), 7.27 (ddd, 1H, pyH-3,5, 3JH-3,5,H-4 =
7.6 Hz, 3JH-3,5,H-2,6 = 5.0 Hz, 4J = 1.4 Hz), 3.61 (s, 2H, allyl-Hsyn), 1.85 (s, 2H, allyl-Hanti),
0.85 (s, 3H, allyl-CH3) ppm; 13C-NMR (62.86 MHz, DMSO-d6): δ 225.57 (CO), 152.75
(phenC-2,9), 149.60 (pyC-2,6), 143.68 (phenC-10,10b), 139.58 (phenC-5,6), 136.14 (pyC-4),
129.79 (phenC-4,7), 127.56 (phenC-4a,6a), 125.85 (phenC-3,8), 123.91 (pyC-3,5), 82.02 (Cq-
allyl), 55.31 (CH2-allyl), 18.84 (CH3-allyl) ppm.
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5.2.24 Synthesis of [Mo(η3-allyl)(CO)2(phen)(py)]PF6

USC-PF044

N
+

AgOTf

acetone

C5H5N
79.10 g/mol

+

Mo

N

OC

OC

N

N

C22H18F6MoN3O2P
597.29 g/mol

Mo

Cl

OC

OC

N

N

C17H13Cl1MoN2O2
408.68 g/mol

PF6

(24)(17)

[Mo(η3-allyl)Cl(CO)2(phen)] (17) (500 mg, 1.2 mmol) was dissolved in anhydrous and
degassed acetone (20 ml) to give a deep red solution. Upon addition of silver triflate
(308 mg, 1.2 mmol), silver chloride formed as a white precipitate and the resulting sus-
pension was strirred for 2 h under a dinitrogen atmosphere with exclusion of light. The
solution was then transfered into another Schlenk-flask via a teflon canula and pyridine
(566 µl, 6.0 mmol) was added via syringe. The mixture was stirred for 2 h at room
temperature with exclusion of light and subsequently, a solution of potassium hexafluo-
rophosphate (1.1 g, 6.0 mmol) in water (20 ml) was added and the mixture was stored
overnight at 4°C. Some crystals that formed were filtered off, washed with diethylether
(4 x 10 ml), and dried in vacuo to give deep-red prismatic crystals. Yield: 77% (550
mg, 0.9 mmol). Elemental analysis (%): calc. C22H18F6MoN3O2P: C 44.24, H 3.04, N
7.04, found: C 44.10, H 3.08, N 6.96; MS (ESI+, acetone): m/z 454 [M - PF6]+; UV-Vis
(2% DMSO/water): λmax(ε) = 451 (1967), 370 (2193), 273 nm (28198 l mol-1 cm-1); IR
(ATR, cm-1): 1938 (s) ν(CO), 1869 (sh) ν(CO), 1845 (s) ν(CO), 1630 (w), 1519 (w),
1466 (m), 1429 (m), 829 (s) ν(P-F), 764 (s), 725 (s), 701 (s); 1H-NMR (400.13 MHz,
DMSO-d6): δ isomer A: 9.64 (d, 2H, phenH-2, 3J = 4.4 Hz), 8.99 (d, 2H, phenH-3, 3J = 8.1
Hz), 8.33 (s, 2H, phenH-5,6), 8.24 (m, 2H, phenH-4), 3.50 (d, 2H, allyl-Hsyn, 3JH-meso,H-syn

= 6.4 Hz), 3.22 (tt, 1H, allyl-Hmeso, 3JH-meso,H-syn = 6.4 Hz, 3JH-meso,H-anti = 9.4 Hz), 1.39
(d, 2H, allyl-Hanti, 3JH-meso,H-anti = 9.4 Hz); isomer A*: 9.37 (dd, 2H, phenH-2, 3JH-1,H-2

= 5.0 Hz, 4JH-1,H-3 = 1.1 Hz), 8.88 (dd, 2H, phenH-4, 3JH-3,H-4 = 8.2 Hz, 3JH-1,H-3 = 1.1
Hz), 8.21 (s, 2H, phenH-5,6), 8.05 (dd, 2H, phenH-3, 3JH-3,H-2 = 5.0 Hz, 3JH-2,H-3 = 8.2
Hz), 4.22 (tt, 1H, allyl-Hmeso, 3JH-meso,H-syn = 6.4 Hz, 3JH-meso,H-anti = 9.4 Hz), 3.78 (d,
2H, allyl-Hsyn, 3JH-meso,H-syn = 6.4 Hz), 1.66 (d, 2H, allyl-Hanti, 3JH-meso,H-anti = 9.3 Hz);
isomer A* & A: 8.57 (dd, 2H, pyH-2,6, 4JH-4,H-2,6 = 1.5 Hz, 3JH-2,6,H-5 = 5.7 Hz), 7.78 (tt,
1H, pyH-4, 4JH-4,H-2,6 = 1.5 Hz, 3JH-4,H-3,5 = 7.6 Hz), 7.38 (ddd, 2H, pyH-3,5, 3JH-4,H-3,5 = 7.6
Hz, 3J = 4.4 Hz, 4J = 1.5 Hz) ppm; 13C-NMR (100.13 MHz, DMSO-d6): δ isomer A:
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5.2 Synthetic procedures

144.01 (phenC-2,9), 139.94 (phenC-3,8), 129.87 (phenC-5,6), 127.43 (phenC-4,8); isomer A*:
152.78 (phenC-2,9), 139.43 (phenC-3,8), 129.69 (phenC-5,6), 125.69 (phenC-4,8); isomer A
& A*: 225.48 (CO), 149.62 (pyC-2,6), 136.16 (pyC-4), 123.92 (pyC-3,5), 73.96 (allyl-CH),
70.86 (allyl-CH), 57.46 (allyl-CH2) ppm.
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5.2.25 Synthesis of [Mo(η3-allyl)(CO)2(dpq)(py)]PF6

USC-PF083

Mo

N

OC

OC

+

N

N N

N
Mo

Cl

OC

OC

N

N N

N

C19H13ClMoN4O2
460.72 g/mol

N
+

AgOTf

acetone

C5H5N
79.10 g/mol

C24H18F6MoN5O2P
649.33 g/mol

PF6

(25)(18)

[Mo(η3-allyl)Cl(CO)2(dpq)] (18) (400 mg, 0.87 mmol) was suspended in degassed ace-
tone (50 ml), silver triflate (224 mg, 0.87 mmol) was added and the mixture was stirred
for 16 h at room temperature under a dinitrogen atmosphere with exclusion of light to
give deep red solution containing a white precipitate. After separation of the solution
from the solid via canula, pyridine (350 µl, 344 mg, 4.35 mmol) was added and the clear
mixture was again stirred for 3 h under a dinitrogen atmosphere while protected from
light. Subsequently, an aqueous solution (30 ml) of potassium hexafluorophosphate
(800 mg, 4.35 mmol) was added and after storage at -25 °C overnight the resulting
precipitate was filtered off. It was washed with water (2 x 25 ml), ethanol (1 x 5 ml),
and plenty of diethylether, and the brick-red solid then dried under vacuum. Yield: 43%
(240 mg, 0.37 mmol). Elemental analysis (%): calc. C24H18F6MoN5O2P·H2O: C 43.19,
H 3.02, N 10.49, found: C 43.42, H 3.04, N 10.28; MS (ESI+, acetone): m/z 506 [M
- PF6]+; IR (ATR, cm-1): 3108 (w), 1948 (s) ν(CO), 1861 (s) ν(CO), 1476 (w), 1445
(w), 1403 (m), 1390 (m), 832 (s) ν(P-F), 735 (m); 1H-NMR (200.13 MHz, DMSO-d6):
δ isomer A: 9.70 (d(br), 2H, dpqH-2,11, 3JH-2,11,H-3,10 = 8.0 Hz), 9.49 (d(br), 2H, dpqH-4,9,
3JH-4,9,H-3,10 = 5.0 Hz), 9.31 (s, 2H, dpqH-6,7), 8.21 (d, 2H, dpqH-3,10, 3JH-2,11,H-3,10 = 8.0 Hz,
3JH-4,9,H-3,10 = 5.0 Hz), 3.51-3.41 (m, 3H, allyl-Hsyn,meso, overlapping with H2O signal),
1.43 (d, 2H, allyl-Hanti, 3JH-anti,H-meso = 8.1 Hz), isomer A*: 9.78 (d(br), 2H, dpqH-2,11,H-4,9,
3JH-2,11,H-3,10 = 8.0 Hz), 9.34 (s, 2H, dpqH-6,7), 8.38 (dd(br), 2H, dpqH-3,10, 3JH-2,11,H-3,10

= 8.3 Hz, 3JH-4,9,H-3,10 = 5.3 Hz), 4.25-4.16 (m, 1H, allyl-Hmeso), 3.81 (d, 2H, allyl-Hsyn,
3JH-syn,H-meso = 5.6 Hz), 1.71 (d, 2H, allyl-Hanti, 3JH-anti,H-meso = 9,3 Hz), isomer A&A*:
8.61 (d(br), 2H, pyH-2,6), 7.87 (d(br), 1H, pyH-4), 7.45 (d(br), 2H, pyH-3,5) ppm.
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5.2.26 Synthesis of [Mo(η3-allyl)(CO)2(dppz)(py)]PF6

USC-PF079

Mo

N

OC

OC

+

N

N N

N
Mo

Cl

OC

OC

N

N N

N

C23H15ClMoN4O2
510.79 g/mol

N
+

AgOTf

acetone

C5H5N
79.10 g/mol

C28H20F6MoN5O2P
699.39 g/mol

PF6

(26)(19)

[Mo(η3-allyl)Cl(CO)2(dppz)] (19) (500 mg, 1.02 mmol) was suspended in degassed
acetone (70 ml) and stirred for 15 min. Then, silver triflate (262 mg, 1.02 mmol) was
added and stirring under a dinitrogen atmosphere with exclusion of light was continued.
Over the course of 2.5 h, the dark suspension turned into a deep red solution and a
white precipitate formed. The red solution was transferred into another flask via canula
and pyridine was added (411 µl, 403 mg, 5.1 mmol), and the mixture allowed to react
for 2 h. Subsequently an aqueous solution (30 ml) of potassium hexafluorophosphate
(939 mg, 5.1 mmol) was added and the mixture was stored overnight at -25 °C to give
a red-brown precipitate which was filtered off, washed with ethanol (5 ml) followed by
plenty of diethylether and dried under vacuum. Yield: 56% (396 mg, 0.57 mmol). El-
emental analysis (%): calc. C28H20F6MoN5O2P·H2O: C 46.88, H 3.09, N 9.76, found:
C 46.44, H 2.90, N 9.68; MS (ESI+, acetone): m/z 556 [M - PF6]+; IR (ATR, cm-1):
3094 (w), 1948 (s) ν(CO), 1860 (s) ν(CO), 1494 (m), 1419 (m), 1361 (m), 1080 (w),
832 (s) ν(P-F), 761 (m), 733 (m); 1H-NMR (200.13 MHz, DMSO-d6): δ 9.76 (d(br), 2H,
dppzH-2,12, 3J = 7.8 Hz), 9.46 (d(br), 2H, dppzH-3,11, 3J = 4.1 Hz), 8.58 (d(br), 2H, pyH-2,6,
3JH-2,6,H-3,5 = 4.2 Hz), 8.48-8.43 (m(br), 2H, dppzH-(6,7),(8,9), overlapping signals), 8.24-
8.12 (m, 4H, dppzH-(6,7),(8,9)/dppzH-4,10), 7.82 (td, 1H, pyH-4, 3JH-4,H-3,5 = 7.7 Hz, 4JH-4,H-2,6

= 1.4 Hz), 7.41 (ddd, 2H, pyH-3,5, 3JH-4,H-3,5 = 7.7 Hz, 3JH-2,6,H-3,5 = 4.2 Hz, 4J = 1.4 Hz),
isomer A: 4.22 (m, 1H, allyl-Hmeso), 3.81 (d, 2H, allyl-Hsyn, 3JH-meso,H-syn = 6.2 Hz), 1.72
(d, 2H, allyl-Hanti, 3JH-meso,H-anti = 8.9 Hz), isomer A*: 3.47-3.18 (m, 3H, allyl-Hmeso/anti,
overlapping signals), 1.45 (d, 2H, allyl-Hanti, 3JH-meso,H-anti = 7.8 Hz) ppm.
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5.2.27 Synthesis of [Mo(η3-allyl)(CO)2(dppn)(py)]PF6

USC-PF080

Mo

N

OC

OC

+

N

N N

N
Mo

Cl

OC

OC

N

N N

N

C27H17ClMoN4O2
560.83 g/mol

N
+

AgOTf

acetone

C5H5N
79.10 g/mol

C32H22F9MoN5O2P
749.45 g/mol

PF6

(27)(20)

[Mo(η3-allyl)Cl(CO)2(dppn)] (20) (250 mg, 0.45 mmol) was suspended in degassed
acetone (70 ml), silver triflate (116 mg, 0.45 mmol) was added, and the mixture was
stirred at room temperature under a dinitrogen atmosphere with exclusion of light for
20 h. The dark red solution was separated from the white precipitate that formed and
pyridine (182 µl, 178 mg, 2.25 mmol) was added to the solution. After a reaction time of
2.5 h, a solution of potassium hexafluorophosphate (414 mg, 2.25 mmol) in deionized
water (20 ml) was added and the volume of the aqueous mixture was reduced to one
half under vacuum. Precipitation was completed by addition of water (50 ml The result-
ing solid was filtered off, washed with plenty of distilled water, ethanol (5 ml) and finally
with diethylether (3 x 10 ml), and dried under vacuum to give a brick-red solid. Yield:
51% (174 mg, 0.23 mmol). Elemental analysis (%): calc. C32H22F6MoN5O2P·H2O: C
50.08, H 3.15, N 9.13, found: C 49.90, H 3.20, N 8.97; MS (ESI+, acetone): m/z 606
[M - PF6]+; IR (ATR, cm-1): 3067 (w), 1948 (s) ν(CO), 1858 (s) ν(CO), 1417 (m), 1360
(w), 1076 (w), 1047 (w), 834 (s) ν(P-F), 752 (w); 1H-NMR (200.13 MHz, DMSO-d6):
δ isomer A: 9.75 (d(br), 2H, dppnH-2,15, 3J = 8.1 Hz), 9.44 (d(br), 2H, dppnH-4,13, 3J =
3.9 Hz), 9.17 (s, 2H, dppnH-6,11), 8.20 (dd, 2H, dppnH-3,14, 3J = 5.0 Hz, 3J = 7.4 Hz),
8.43-8.32 (m(br), 4H, dppnH-7,10, overlapping signals with isomer A*), 7.76 (d(br), 2H,
dppnH-8,9, 3J = 5.2 Hz), 3.55 (s(br), 3H, allyl-Hmeso,syn, overlapping signals), 1.47 (d, 2H,
allyl-Hanti, 3JH-meso,H-anti = 7.2 Hz), isomer A*: 9.81 (d(br), 2H, dppnH-2,15,H-4,13, 3J = 8.3
Hz), 8.43-8.32 (m(br), 4H, dppnH-4,13, overlapping signals with isomer A), 4.25-4.19 (m,
1H, allyl-Hmeso), 3.83 (d, 2H, allyl-Hsyn, 3JH-meso,H-syn = 6.0 Hz), 1.75 (d, 2H, allyl-Hanti,
3JH-meso,H-anti = 9.1 Hz), isomer A&A*: 8.66 (d(br), 2H, pyH-2,6, 3JH-3,5,H-2,6 = 5.0 Hz), 7.99
(t(br), 1H, pyH-4, 3JH-4,H-3,5 = 7.5 Hz), 7.56 (dd, 2H, pyH-3,5, 3JH-3,5,H-2,6 = 5.0 Hz, 3JH-3,5,H-4

= 7.4 Hz) ppm.
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5.2 Synthetic procedures

5.2.28 Synthesis of
dimethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate

USC-PF109, literature: [100]

O

O

OO

O

C6H6O4
142.11 g/mol

C4H4O
68.07 g/mol

O

O

O

C10H10O5
210.18 g/mol

+
Et2O

O

O

(28)

Furan (2.70 g, 39.7 mmol) and dimethylacetylene dicarboxylate (5.64 g, 39.7 mmol)
were dissolved in diethylether (15 ml) and stirred at room temperature for 7 d under
exclusion of light. Water (25 ml) was added and the phases were separated. The
aqueous phase was then extracted with diethylether (25 ml). The combined organic
phases were washed with brine, dried over magnesium sulfate and concentrated in
vacuo. The yellow liquid obtained was purified by column chromatography on silica 60
using ethyl acetate/hexane in a gradient of 4:1 to 1:1 to give the desired product as
a colorless liquid. Yield: 10% (774 mg, 3.6 mmol). IR (ATR, cm-1): 2959 (w), 1710
(s), 1640 (m), 1434 (m), 1259 (s), 1210 (s), 1108 (s), 878 (m); 1H-NMR (200.13 MHz,
CDCl3): δ 7.21 (t, 2H, H-5,6, 3JH-5,6,H-1,4 = 1.0 Hz), 5.67 (t, 2H, H-1,4, 3JH-5,6,H-1,4 = 1.0
Hz), 3.81 (s, 6H, CH3) ppm; 13C-NMR (50.32 MHz, CDCl3): δ 163.37 (C=O), 153.45
(C-2,3), 143.39 (C-5,6), 85.21 (C-1,4), 52.49 (CH3) ppm.
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5.2 Synthetic procedures

5.2.29 Synthesis of 3-(methoxycarbonyl)-7-oxa-bicyclo[2.2.1]hepta- 2,5-diene-
2-carboxylic acid

USC-PF114, literature: [100]

O

O

O O

OH

O

THF/H2O

NaOH

C10H10O5
210.18 g/mol

C9H8O5
196.16 g/mol

O

O

O

O

(28) (29)

Dimethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (28) (643 mg, 3.0 mmol)
was dissolved in tetrahydrofuran (15 ml) and cooled to 0 °C. An aqueous solution of
sodium hydroxide (32 ml, 0.25 M, 3.0 mmol) was added dropwise and the mixture was
stirred at this temperature for 1 h, then warmed to room temperature and stirred for
another 1 h. Then, the reaction was quenched by addition of aqueous hydrochloric
acid (10 ml, 1 M). The clear brown mixture was extracted with ethyl acetate (2 x 25
ml) and the combined extracts were dried over magnesium sulfate. Concentration in
vacuo gave a brownish oil which was re-dissolved in ethyl acetate (15 mL) and added
dropwise to n-hexane (150 mL). The dark-brown solid that formed was filtered off and
the clear filtrate was evaporated to dryness to give the product as an off-white sticky
solid. Yield: 74% (438 mg, 2.2 mmol). IR (ATR, cm-1): 2961 (w), 2656 (w), 1722 (vs),
1619 (vs), 1473 (m), 1328 (s), 1247 (vs), 874 (s); 1H-NMR (200.13 MHz, CDCl3): δ
7.28 (dd, 1H, H-5, 3JH-5,H-6 = 5.3 Hz, 3JH-4,H-5 = 1.8 Hz), 7.19 (dd, 1H, H-6, 3JH-5,H-6 =
5.3 Hz, 3JH-1,H-6 = 1.8 Hz), 5.83 (t, 1H, H-1, 3JH-6,H-1 = 1.8 Hz), 5.79 (t, 1H, H-4, 3JH-4,H-5

= 1.8 Hz), 3.90 (s, 3H, CH3) ppm; 13C-NMR (50.32 MHz, CDCl3): δ 166.59 (C=O, acid),
162.22 (C=O, ester), 161.49 (C-3), 151.91 (C-2), 142.75 (C-5,6), 142.95 (C-5,6), 85.48
(C-4), 84.45 (C-1), 54.29 (CH3) ppm.
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5.2.30 Synthesis of [Mo(η3-allyl)(N3)(CO)2(bpy)]

USC-PF099

Mo

Cl

OC

OC

N

N

C15H13ClMoN2O2
384.66 g/mol

Mo

N3

OC

OC

N

N

C15H13MoN5O2
391.23 g/mol

1. AgOTf
2. NaN3

MeCN

(30)(15)

[Mo(η3-allyl)Cl(CO)2(bpy)] (15) (450 mg, 1.17 mmol) was suspended in degassed ace-
tonitrile (30 ml). Upon addition of silver triflate (301 mg, 1.17 mmol), a white precipitate
appeared and the resulting suspension was stirred for 2 h under a dinitrogen atmo-
sphere with exclusion of light. The clear red solution was transferred with a teflon
cannula into another flask containing sodium azide (152 mg, 2.34 mmol) and stirred
at room temperature for 19 h while protected from light. The resulting precipitate was
filtered off, first washed with plenty of water to remove excess sodium azide, and then
with ethanol (2 x 5 ml) followed by diethylether (2 x 10 ml) and subsequently dried in
vacuo to give the complex as a bright red solid. Yield: 56% (258 mg, 0.66 mmol).
Elemental analysis (%): calc. C15H13MoN5O2: C 45.05, H 3.35, N 17.90, found: C
45.09, H 3.41, N 18.02; IR (ATR, cm-1): 3083 (w), 2036 (s) ν(N3), 1928 (s) ν(CO),
1836 (s) ν(CO), 1600 (m), 1469 (m), 1440 (m), 1310 (w), 1172 (w), 757 (m), 733 (w);
1H-NMR (200.13 MHz, DMSO-d6): δ isomer A: 9.05 (d(br), 2H, bpyH-6), 8.69 (d(br),
2H, bpyH-3), 8.26 (d(br), 2H, bpyH-4), 7.83 (m, 2H, bpyH-5), 3.89-3.71 (m, 1H, allyl-
Hmeso), 3.20 (d, 2H, allyl-Hsyn,3JH-syn,H-meso = 8.1 Hz), overlapping signals), 1.36 (d, 2H,
allyl-Hanti,3JH-anti,H-meso = 9.0 Hz, overlapping signals), isomer A*: 8.80 (dd, 2H, bpyH-6,
3JH-6,H-5 = 5.3 Hz, 4JH-6,H-4 = 0.9 Hz), 8.57 (d(br), 2H, bpyH-3, 3JH-3,H-4 = 8.2 Hz), 8.20 (dt,
2H, bpyH-4, 3JH-3,H-4 = 7.9 Hz, 4JH-4,H-6 = 1.2 Hz), 7.66 (ddd, 2H, bpyH-5, 3JH-5,H-4 = 7.9 Hz,
3JH-5,H-6 = 5.4 Hz, 3JH-5,H-3 = 1.1 Hz), 3.23-3.18 (m, 1H, allyl-Hmeso), 3.14 (d, 2H, allyl-
Hsyn, 3JH-syn,H-meso = 6.7 Hz, overlapping signals), 1.29 (d, 2H, allyl-Hanti,3JH-anti,H-meso

= 8.9 Hz) ppm; 13C-NMR (50 MHz, DMSO-d6): isomer A&A* δ 227.20 (CO), 153.27
(C-2), 151.85 (C-6), 139.48 (C-4), 126.56 (C-5), 123.04 (C-3), 72.54 (CH-allyl), 55.78
(CH2-allyl) ppm.

108



5.2 Synthetic procedures

5.2.31 Synthesis of [Mo(η3-allyl)(CO)2(bpy)(N3C2(COOMe)2)], method A

USC-PF111

Mo

N

OC

OC

N

N

N N

O
O

O

O

C21H19MoN5O6
533.34 g/mol

Mo

N3

OC

OC

N

N

C15H13MoN5O2
391.23 g/mol

O

O

O

O
+

C6H6O4
142.11 g/mol

CH2Cl2

(30) (31)

[Mo(η3-allyl)(N3)(CO)2(bpy)] (30) (44 mg, 0.11 mmol) and dimethylacetylene dicarboxy-
late (DMAD, 17 µl, 20 mg, 0.14 mmol) were dissolved in dichloromethane (15 ml) and
stirred for 36 h at room temperature with exclusion of light. The resulting red solution
was filtered through Celite and after concentration in vacuo layered with n-hexane for
crystallization. After 3 d in the dark, the red needles obtained were filtered off, washed
with n-hexane and dried under vacuum. Yield: 47% (28 mg, 0.05 mmol). Elemental
analysis (%): calc. C21H19MoN5O6: C 47.29, H 3.59, N 13.13, found: C 47.41, H 3.52,
N 12.95; IR (ATR, cm-1): 3071 (w), 2957 (w) , 1931 (s) ν(CO), 1858 (s) ν(CO), 1723
(s) ν(C=O, ester), 1438 (m), 1300 (m), 1220 (m), 1165 (m), 1091 (m), 763 (m); 1H-
NMR (200.13 MHz, DMSO-d6): δ isomer A: 9.20 (s(br), 2H, bpyH-6), 8.58-8.53 (m(br),
2H, bpyH-3, overlapping signals), 8.26-8.17 (m(br), 2H, bpyH-4, overlapping signals),
7.84-7.78 (m, 2H, bpyH-5), 4.15-4.05 (m, 1H, allyl-Hmeso), 3.60 (s, 6H, CH3), 3.45 (d,
2H, allyl-Hsyn,3JH-syn,H-meso = 6.4 Hz), 1.54-1.48 (m, 2H, allyl-Hanti, overlapping signals),
isomer A*: 8.92 (dd, 2H, bpyH-6, 3JH-6,H-5 = 5.5 Hz, 4JH-6,H-4 = 1.7 Hz), 8.54 (d(br),
2H, bpyH-3, 3JH-3,H-4 = 8.0 Hz), 8.17 (dt, 2H, bpyH-4, 3JH-3,H-4 = 8.0 Hz, 4JH-4,H-6 = 1.6
Hz), 7.58 (ddd, 2H, bpyH-5, 3JH-5,H-4 = 7.9 Hz, 3JH-5,H-6 = 5.5 Hz, 3JH-5,H-3 = 1.6 Hz),
3.63 (s, 6H, CH3), 3.33-3.31 (m, 2H, allyl-Hsyn, overlapping H2O signal), 3.21-3.08 (m,
1H, allyl-Hmeso), 1.49 (d, 2H, allyl-Hanti,3JH-anti,H-meso = 9.1 Hz) ppm; 13C-NMR (50 MHz,
DMSO-d6): isomer A&A* δ 226.13 (CO), 162.40 (C=O, ester), 154.49 (C-2), 152.24
(C-6), 139.56 (C-4), 138.37 (Cq, triazol), 126.36 (C-5), 122.76 (C-3), 81.58 (CH-allyl),
57.52 (CH2-allyl), 51.64 (CH3) ppm.
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5.2 Synthetic procedures

5.2.32 Synthesis of [Mo(η3-allyl)(CO)2(bpy)(N3C2(COOMe)2)], method B

USC-PF111

Mo

N

OC

OC

N

N

N N

O
O

O

O

C21H19MoN5O6
533.34 g/mol

Mo

N3

OC

OC

N

N

C15H13MoN5O2
391.23 g/mol

+
CH2Cl2

O

O

O

C10H10O5
210.18 g/mol

O

O

(30) (31)(28)

[Mo(η3-allyl)(N3)(CO)2(bpy)] (30) (62 mg, 0.16 mmol) and dimethyl-7-oxa-bicyclo[2.2.1]hepta-
2,5-diene-2,3-dicarboxylate (28) (50 mg, 0.24 mmol) were dissolved in dichlorometh-
ane (20 ml) and stirred for 48 h at room temperature with exclusion from light. The
solvent was evaporated under vacuum and the red residue was washed with ethyl ac-
etate (3 x 5 ml) followed by n-hexane (3 x 5 ml) and subsequently dried under vacuum
to give a bright red powder. Crystals suitable for X-ray analysis were grown by diffusion
of n-hexane into a concentrated solution in dichloromethane to give fine red needles af-
ter 3 d. Yield: 77% (65 mg, 0.12 mmol). Elemental analysis (%): calc. C21H19MoN5O6:
C 47.29, H 3.59, N 13.13, found: C 47.03, H 3.58, N 13.14; IR (ATR, cm-1): 3071 (w),
2957 (w) , 1931 (s) ν(CO), 1856 (s) ν(CO), 1723 (s) ν(C=O, ester), 1439 (m), 1301 (m),
1220 (m), 1163 (m), 1090 (m), 764 (m); 1H-NMR (200.13 MHz, DMSO-d6): δ isomer A:
9.19 (s(br), 2H, bpyH-6), 8.57-8.52 (m(br), 2H, bpyH-3, overlapping signals), 8.25-8.18
(m(br), 2H, bpyH-4, overlapping signals), 7.84-7.77 (m, 2H, bpyH-5), 4.14-4.05 (m, 1H,
allyl-Hmeso), 3.62 (s, 6H, CH3), 3.45 (d, 2H, allyl-Hsyn,3JH-syn,H-meso = 6.3 Hz), 1.54-1.47
(m, 2H, allyl-Hanti, overlapping signals), isomer A*: 8.97 (dd, 2H, bpyH-6, 3JH-6,H-5 = 5.5
Hz, 4JH-6,H-4 = 1.6 Hz), 8.54 (d(br), 2H, bpyH-3, 3JH-3,H-4 = 8.0 Hz), 8.16 (dt, 2H, bpyH-4,
3JH-3,H-4 = 8.0 Hz, 4JH-4,H-6 = 1.6 Hz), 7.58 (ddd, 2H, bpyH-5, 3JH-5,H-4 = 8.0 Hz, 3JH-5,H-6 =
5.5 Hz, 3JH-5,H-3 = 1.6 Hz), 3.63 (s, 6H, CH3), 3.33-3.31 (m, 2H, allyl-Hsyn, overlapping
H2O signal), 3.21-3.06 (m, 1H, allyl-Hmeso), 1.49 (d, 2H, allyl-Hanti,3JH-anti,H-meso = 9.0
Hz) ppm; 13C-NMR (50 MHz, DMSO-d6): isomer A&A* δ 226.31 (CO), 162.38 (C=O,
ester), 154.49 (C-2), 152.24 (C-6), 139.55 (C-4), 138.34 (Cq, triazol), 126.36 (C-5),
122.76 (C-3), 81.58 (CH-allyl), 57.56 (CH2-allyl), 51.64 (CH3) ppm.
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5.2 Synthetic procedures

5.2.33 Synthesis of ONBD-Gly-Leu-Arg(Pbf)-Wang resin

USC-PF125

H
N

N
H

H
N

O

O

O

O

NH

N
H

HN

O

O

O

O

Pbf

O

PS

(32)

The peptide was prepared on a 0.189 mmol scale on a Fmoc-Arg(Pbf)-Wang resin (300
mg, 0.63 mmol/g) using the amino acids Fmoc-Leu-OH and Fmoc-Gly-OH applying the
manual peptide synthesis conditions as described above. 3-(methoxycarbonyl)-7-oxa-
bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (29) was also coupled under the condi-
tions applied for the other amino acids. The peptide was not cleaved from the resin and
used, after drying, in the next step without further modifications. IR (ATR, cm-1): 3339
(m), 3060 (w) , 3027 (w), 2927 (s), 1739 (s) ν(C=O, ester), 1727 (s) ν(C=O, ester),
1660 (s) ν(C=O, amide), 1616 (s) ν(C=O, amide), 1559 (s), 1513(s), 1451 (s), 1246
(s), 1171 (m), 1111 (s), 758 (m);
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5.2.34 Synthesis of
[Mo(η3-allyl)(CO)2(bpy)(N3C2(COOMe)(CO-Gly-Leu-Arg(Pbf)-Wang resin))]

USC-PF126

H
N

N
H

H
N

O

O

O

O

NH

N
H

HN

O

Pbf PS

Mo

N

OC

OC

N

N

N N

O
O

O

(33)

ONBD-Gly-Leu-Arg(Pbf)-Wang resin (32) (44 mg, 0.05 mmol) was allowed to swell in
dichloromethane (3 ml) for 1 h prior to use. [Mo(η3-allyl)(N3)(CO)2(bpy)] (30) (20 mg,
0.05 mmol) was dissolved in dichloromethane (3 ml) and shaken together with the
ONBD-Gly-Leu-Arg(Pbf)-Wang resin in a filter syringe under exclusion from light for 24
h. The resin was washed with dimethylformamide (5 x 3 ml) followed by dichloromethane
(5 x 3 ml), and diethylether (5 x 3 ml), and subsequently dried under vacuum to give a
light solid. IR (ATR, cm-1): 3338 (m), 3060 (w) , 3027 (m), 2926 (s), 1945 (m) ν(CO),
1863 (m) ν(CO), 1734 (s) ν(C=O, ester), 1664 (s) ν(C=O, amide), 1616 (s) ν(C=O,
amide), 1550 (s), 1515 (s), 1447 (s), 1246 (s), 1169 (m), 1110 (s), 760 (m);
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5.2.35 Synthesis of DL-phenylalanine methylester hydrochloride

USC-PF016

NH2

OH

O

CH3OH NH3

O

O

Cl-

C10H14ClNO2
215.68 g/mol

C9H11NO2
165.19 g/mol

SOCl2

(34)

Thionylchloride (10.0 ml, 16.4 g, 0.14 mol) was added dropwise into methanol (60
ml) under ice cooling. Subsequently a suspension of DL-phenylalanine (5.0 g, 30.0
mmol) in methanol (30 ml) was added under ice cooling and the resulting mixture was
heated to reflux for 14 h. After cooling to room temperature the solvent was removed
under vacuum and the remaining white residue was re-desolved in a minimal volume
of methanol and added dropwise into diethylether (250 ml). The white precipitate that
formed was filtered, washed with diethylether (3 x 25 ml) and dried under vacuum to
give the product as a white solid. Yield: 90% (5.80 g, 27.0 mmol). Elemental analysis
(%): calc. C10H14ClNO2 (%): C 55.69, H 6.54, N 6.49, found: C 55.39, H 6.57, N 6.48;
MS (ESI+, CH3OH): m/z 180 [M - Cl]+; IR (ATR, cm-1): 2914 (s) νNH, 2840 (s) νNH, 2620
(m), 1744 (s) νC=O, 1238 (s), 741 (s), 701(s); 1H-NMR (200.13 MHz, DMSO-d6): δ 8.78
(s, 2H, NH2), 7.35 - 7.23 (m, 5H, HAr), 4.22 (dd, 1H, H-α, 3Jα,β = 5.7 Hz, 3Jα,β’ = 7.5
Hz), 3.65 (s, 3H, CH3), 3.22 (dd, 1H, H-β, 3Jα,β = 5.7 Hz, 2Jβ,β’ = 14.0 Hz), 3.10 (dd,
1H, H-β’, 3Jα,β’ = 7.5 Hz, 2Jβ,β’ = 14.0 Hz) ppm; 13C-NMR (50.62 MHz, DMSO-d6): δ
169.27 (C=O), 134.71 (C-1), 129.33 (C-3, C-5), 128.52 (C-2, C-6), 127.19 (C-4), 53.22
(C-α), 52.45 (OCH3), 35.79 (C-β) ppm.
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5.3 Biological assays

The following experiments were carried out in collaboration with members of the DFG-
funded Forschergruppe 630 (FOR 630) "Biological function of organometallic com-
pounds". Cytotoxicity measurements on HT-29 and MCF-7 cancer cells were per-
formed by Johanna Niesel, Universität Würzburg, in collaboration with the group of Prof
Dr Nils Metzler-Nolte, Ruhr-Universität Bochum and the group Prof Dr Ingo Ott, Tech-
nische Universität Braunschweig. Proliferation inhibition, LDH release as well as DNA
fragmentation assays on NALM-6 leukemia cells and MCF-7 (+/-) cancer cells were
carried out by the group of Dr Aram Prokop, AG Experimentelle Onkologie, Kliniken
der Stadt Köln GmbH.

5.3.1 Cell culture conditions

MCF-7 human breast adeno carcinoma and HT-29 human colon carcinoma cells were
maintained in 10% (v/v) fetal calf serum containing Dulbecco’s Modified Eagle’s cell
culture medium (PAA, high glucose, without phenol red, supplemented with penicillin
and streptomycine) at 37 °C: 5% CO2 and passaged twice a week according to stan-
dard procedures.

MCF-7 (+/-) (human breast adeno carcinoma cells, (+) caspase-3 expressing/(-)non--
expressing), and NALM-6 cells (human B cell precursor leukemia cells) were subcul-
tured every 3-4 days by dilution of the cells to a concentration of 1·105 cells/ml. All
experiments were performed in RPMI 1640 cell culture medium (GIBCO, Invitrogen)
supplemented with 10% heat inactivated fetal calf serum, 100 U/ml penicillin, 100 µg/ml
streptomycin and 0.56 g/l L-glutamine. Twenty-four hours before the assay was set up,
cells were cultured at a concentration of 3·105 cells/ml to attain standardized growth
conditions. For apoptosis assays, the cells were then diluted to a concentration of
1·105 cells/ml immediately before addition of the different compounds. [146]

5.3.2 Cytotoxicity measurements

The cytotoxic of the complexes were determined by using the crystal violet assay (CV-
assay), following an established procedure. [129] Cells were suspended in cell culture
medium (HT-29: 3000 cells/ml, MCF-7: 10000 cells/ml), and 100 µl aliquots thereof
were seeded in 96 well microtiter plates and incubated at 37 °C with 5% CO2 for 48 h
(HT-29) or 72 h (MCF-7). Stock solutions of the compounds in DMSO were freshly pre-
pared and diluted with cell culture medium to the desired concentrations (final DMSO
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concentration: 1% v/v). The medium in the plates was replaced with medium contain-
ing the compounds in different concentrations (six replicates). Wells containing DMSO
(1%, v/v) were used as a control (twelve replicates). After further incubation for 72 h
(HT-29) or 96 h (MCF-7), the medium was removed, the cells were washed with 100 µl
PBS and fixed with 1% glutardialdehyd. Cell biomass was determined by crystal violet
staining. The fixing solution was removed and 100 µl of a Triton X-100 (0.1%) solution
was added to each well. Cells were then stained with a solution (0.04%, w/v) of crystal
violet in ethanol (4%, v/v) for 30 min and subsequently washed with water. The crystal
violet was extracted with ethanol (96%, v/v) by shaking for 4 h and the absorbance
was determined at 570 nm with a Tecan Saphire2 microplate reader. IC50 values were
determined by non-linear curve fitting as those concentrations causing 50% inhibition
of cell proliferation. Results were calculated from two independent experiments.

5.3.3 LDH-release assay

Cytotoxicity of the different compounds on NALM-6 and MCF-7 (+/-) cells was mea-
sured by the release of lactate dehydrogenase (LDH). After incubation with different
concentrations of complexes and ligands for 1 h, the amount of LDH released by NALM-
6 and MCF-7 (+/-) cells was measured in the cell culture supernatants using the Cyto-
toxicity Detection Kit from Boehringer Mannheim® (Mannheim, Germany). The super-
natants were centrifuged at 1500 rpm for 5 min. 20 µl of cell-free supernatants were
diluted with 80 µl phosphate-buffered saline (PBS) and 100 µl reaction mixture con-
taining 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT), sodium
lactate, NAD+ and diaphorase were added. Then, time-dependent formation of the
reaction product was quantified photometrically at 490 nm. The maximum amount of
LDH released by the cells was determined after lysis of the cells using 0.1% Triton
X-100 in culture medium and set to represent 100% of cell death. [146]

5.3.4 DNA fragmentation assay

Apoptotic cell death in NALM-6 and MCF-7 (+/-) cells was determined by a modified
cell cycle analysis, which detects DNA fragmentation on the single cell level. Cells
were seeded at a density of 1·105 cells/ml and treated with different concentrations
of compounds. After a 72 h incubation period at a temperature of 37 °C, cells were
collected by centrifugation at 1500 rpm for 5 min, washed with PBS at 4 °C and fixed
in PBS/ 2% formaldehyde (v/v) on ice for 30 min. After fixation, cells were pelleted,
incubated with ethanol/PBS (2:1, v/v) for 15 min, pelleted and resuspended in PBS
containing 40 µg/ml RNase. RNA was digested for 30 min at a temperature of 37 °C,
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after which the cells were pelleted again and finally resuspended in PBS containing 50
µg/ml propidium iodide. Nuclear DNA fragmentation was quantified by flow cytometric
determination of hypodiploid DNA. Data were collected and analyzed using a FACScan
3-colour flow cytometry analyzer (Becton Dickinson, Heidelberg, Germany) equipped
with CELL Quest software. Data are given in percent hypoploidy (sub-G1), which re-
flects the number of apoptotic cells. [146]

5.3.5 Proliferation inhibition assay

Cell viability of NALM-6 and MCF-7 (+/-) cells was measured following an established
procedure. In proliferation inhibition experiments, it was determined using the CASY
Cell Counter and Analyzer System from Innovatis (Bielefeld, Germany). Settings were
specifically defined for the requirements of the cells used. With this system, the cell
concentration can be analyzed simultaneously in three different size ranges: cell de-
bris, dead cells, and viable cells. Cells were seeded at a density of 1·105 cells/ml and
treated with various concentrations of compounds; non-treated cells served as con-
trols. After a 24 h incubation period at 37 °C, cells were re-suspended properly and
100 µl of each well was diluted in 10 mL CASYton (ready-to-use isotonic saline solu-
tion) for an immediate automated counting of the cells. [147]
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Appendices
Derivation of the equation for the calculation c(MbCO) in a myoglobin assay

A(t) = ε540nm(Mb) · c(Mb) · l + ε540nm(Mb) · c(MbCO) · l (5)

c(Mb) + c(MbCO) = c0(Mb)⇔ c(Mb) = c0(Mb)− c(MbCO) (6)

A(t) = ε540nm(Mb) · c0(Mb) · l︸ ︷︷ ︸
− ε540nm(Mb) · c(MbCO) · l + ε540nm(MbCO) · c(MbCO) · l︸ ︷︷ ︸ (7)

A(t)

l
= [ε540nm(Mb)] · c0(Mb) + [ε540nm(MbCO)− ε540nm(MbCO)] · c(MbCO) (8)

A(t)

l
=

[
A(t = 0)

c0(Mb) · l

]
· c0(Mb) +

[
ε540nm(MbCO)− A(t = 0)

c0(Mb) · l

]
· c(MbCO) (9)

A(t)

l
− A(t = 0)

l
=

[
ε540nm(MbCO)− A(t = 0)

c0(Mb) · l

]
· c(MbCO) (10)

c(MbCO) =

[
A(t)

l
− A(t = 0)

l

]
· 1

ε540nm(MbCO)− A(t=0)
c0(Mb)·l

(11)
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Crystallographic data for [Mo(η3-allyl)(CO)2(bpy)(N3C2(COOCH3)2)] (31)

31

Empirical formula C21H19MoN5O6

Molecular weight [g/mol] 533.35
Temperature [K] 173(2)
Wavelength Mo-Kα [Å] 0.71073
Crystal size [mm] 0.34 × 0.11 × 0.06
Crystal system, space group monoclinic, P21/c
a [Å] 11.778(2)
b [Å] 9.3237(19)
c [Å] 20.023(4)
α [°] 90
β [°] 103.38(3)
γ [°] 90
Cell volume [Å3] 2139.1(8)
Z 4
Density ρcalc. [g/cm3] 1.656
Absorption coefficient µ [mm-1] 0.663
F (000) 1080
Θ range for data collection [°] 2.09-26.06
Index ranges (h/k /l) -14/-11/-24
Collected reflections 12344
Unique reflections 3644 [Rint = 0.0463
Observed reflections [F 0>4σF 0] 2992
Absorption correction Semi-Empirical
Goodness-of-fit on F 2 (GOF ) 1.063
Final R indices [F 0>4σF 0] R1 = 0.0523, wR2 = 0.1543
R indices (all data) R1 = 0.0684, wR2 = 0.1932
Largest difference peak an hole [e·Å-3] 0.781 and -0.921
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