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Aminobisfosfonáty a jejich deriváty: Tradiční využití a
nové aplikace

Limitujícím faktorem pro terapeutické užívání bisfosfonátů je jejich špatná
biodostupnost po perorálním podání. Absorpce bisfosfonátů je obvykle nižší než
1%. Druhým limitujícím faktorem je výskyt podráždění horních částí
gastrointestinálního traktu (ve 2-10% případů). Cílem této práce byla syntéza
nových derivátů aminobisfosfonátu alendronátu (ALN), s vylepšenými
farmakologickými vlastnostmi, které by mohly být použity jako proléčiva. ALN se v
klinické praxi primárně používá k léčbě postmenopauzální osteoporózy.
Postup syntézy vedoucí až k chráněnému derivátu ALN byl revidován a
optimalizován pro syntézu větších množství. Jednotlivé produkty tohoto postupu
byly nutně potřebné k pokračování přípravy nových derivátů.
Mědí katalyzované ''click'' reakce dvou různých látek s terminální trojnou
vazbou a azidobisfosfonátu byly použity k získání nového potenciálního proléčiva.
Reakce propargylalkoholu s azidobisfosfonátem katalyzovaná práškovou mědí
byla úspěšná a vedla k heterocyklickému derivátu chráněného bisfosfonátu. Tento
derivát je důležitou modelovou sloučeninou pro další studie.
Dalším novým návrhem byla konjugace deoxycholové kyseliny s chráněným
ALN. Navržený konjugát byl poté úspěšně připraven. Bohužel, kompletní
odchránění skupin u obou připravených produktů se nezdařilo.
Hlavním přínosem prezentované práce je experimentální část resp.
navržené syntetické postupy, dále pak shrnutí mechanismu účinku, přehled
tradičního použití a nových aplikací bisfosfonátů. Nicméně téma syntézy nových
derivátů bisfosfonátů je velmi široké a tudíž otevřené k dalšímu vývoji.
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Bisphosphonates (BPs) are limited in therapeutical use because of their
poor bioavailability after oral administration. Typically less than 1% is absorbed.
Second limitation of treatment connected with BPs is the incidence of upper
gastrointestinal tract irritation (2-10% cases). The aim of this work was the
synthesis of new derivatives of aminobisphosphonate alendronate (ALN) with
improved pharmacological properties which could be potentially used as a
prodrug. ALN is used in clinical practice primarily to treat postmenopausal
osteoporosis.
The synthetic route leading to protected aminobisphosphonate derived
from ALN was revised and optimized for large scale synthesis. The products of this
route were needed for continuation in the preparation of new derivatives.
Copper catalyzed ''click'' reaction of terminal alkyne and azidoBP was used
with different starting materials to get a new possible prodrugs. Reaction of
propargyl alcohol and azidoBP with Cu powder as a catalyst was successful and led
to heterocyclic derivative of protected BP which is the important model compound
for further studies.
Additionally, the new design of conjugation of protected BP with
deoxycholic acid was suggested in order to get new possible compound. Finally,
novel deoxycholic acid-protected ALN conjugate was synthesized. However,
complete deprotection of both synthesized final products wasn't realized.
Main benefits of presented work are the experimental part and the
proposed synthetic routes as well as review of mechanism of action and traditional
uses and novel applications of BPs. Nevertheless, the topic of synthesis of new
derivatives of BPs is really vast and remains opened for further development.
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2. List of abbreviations
Table 1: Abbreviations
ALN

Alendronate

aminoBP

Aminobisphosphonate

ANT

Adenine nucleotide translocase (mitochondrial)

Apppl

triphosphoric acid 1-adenosin-5′-yl ester 3-(3-methylbut-3-enyl) ester

azidoBP

Azidobisphosphonate

BP

Bisphosphonate

chloroBP

Chlorobisphosphonate

F or BAV

Bioavailability

FPP

Farnesyl diphosphate

FPPS

Farnesyl pyrophosphate synthase

GGPP

Geranylgeranyl diphosphate

GIT

Gastrointestinal tract

HA

Hydroxyapatite

HMG-CoA

3-hydroxy-3-methyl-glutaryl-CoA

N-BP

Nitrogen-containing bisphosphonate

OI

Osteogenesis imperfecta

PAM

Pamidronate

PP

Pyrophosphate

RT

Room temperature

TAM

Tumor-associated macrophages

* abbreviations of chemical compounds used in experimental part for synthesis are
listed in the Table 2. List of chemical reagents
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3. Introduction
In general, the bisphosphonates (BPs) are recently used and prescribed as
first-line drugs for the treatment of several bone diseases or common skeletal
disorders such as osteoporosis, metastatic bone disease and Paget's disease of
bone.
According to U.S. Surgeon General, low bone density and osteoporosis is
major health threat for millions of people all over the world, and it is estimated
that by 2020 half of Americans over the age of 50 could be at risk for fractures.[1]
This makes the topic so important recently. Ways to avoid such bone diseases are
prevention and treatment of osteoporosis. These ways gave us a class of highly
effective structurally related non-hormonal BP drugs, including FDA-approved
alendronate sodium which have huge benefits. There are two main downfalls
connected with the use of BPs; the poor oral bioavailability (F), since typically less
than 1% of the BP is absorbed from the gastrointestinal tract (GIT) and incidence
of upper GIT irritation.[2] Both downfalls may be solved by administrating the
active compound as a more orally bioavailable prodrug. This prodrug would
release active form of the BP in vivo along with innocuous byproducts. This
prodrug should also results in higher systemic exposure of parent drug.
The properties of N-myristoyl-alendronic acid are the main reason why ALN
was chosen for the synthesis and further development. After i.v. administration to
the rat, activated conversion of 25% of N-myristoyl-alendronic acid to its parent
alendronic acid was the first proof-of-concept of the prodrug strategy for ALN
derivatives.[3]
First priority of this work is to briefly review the clinical use of BPs and
discuss their novel applications. Topic of BPs is really vast, therefore this work is
focused mainly on the derivatives of aminobisphosphonates (aminoBPs) which
have the primary aminogroup in the linear alkyl chain, such as ALN and
pamidronate (Figure 2). The main goal of presented thesis was to synthesize a
prodrug of ALN which could be subsequently tested in vitro or in vivo. Prodrugs
with higher bioavailability can be probably provided by derivatization of any
functional groups of alendronic acid.
The synthesis of protected ALN and its intermediates is generally
challenging, requiring also long reaction times to reach reactions for completion. It
was problematic to adapt this process to large-scale synthesis and to get
intermediates for ''click'' chemistry and conjugation.
In the first part of the thesis general introduction and pharmacological
aspects of BPs as well as differences in the mechanism of action between
individual generations of BPs are discussed. As the name of thesis suggests also
traditional uses and novel applications are briefly summarized.
The second part is mainly focused on giving a resume of chemical
properties of ALN and chemical synthesis of desired compounds.
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4. Theoretical part

4.1 Bisphosphonates
BPs have been known for more than 100 years however for past 20 years
they were established as first-line drugs for bone diseases. BPs are organic
non-hydrolysable analogs of inorganic pyrophosphate (PP). PP can inhibit bone
resorption.[4] Inorganic PP is a byproduct in several physiological metabolism
processes and it can prevent calcification by binding to hydroxyapatite (HA) and
inhibit its dissolution.[5] However, PP is rapidly hydrolysed in vivo unlike BPs. The
main difference between PP and BP is the substitution of oxygen atom between
two phosphorus atoms by a carbon atom. The P-O-P (phosphonate-oxygenphosphonate) backbone is substituted to organophosphorous compound with
P-C-P (phosphonate-carbon-phosphonate) backbone having similar properties but
being more stable against enzymatic hydrolysis (Figure 1). The most important
attribute of BPs (same as PP) is their affinity to HA, which is a mineral form of
calcium apatite Ca5(PO4)3(OH). The BPs O-P-C-P-O moiety is capable of chelating
calcium ions in HA. In body, HA can be found in the bones and teeth and therefore
it represents a perfect target for BPs in the treatment of diseases associated with
these tissues.[6]

Fig. 1. General structures of pyrophosphate and BP
In Figure 2 can be seen early examples of BPs such as etidronate (1),
clodronate (2) and pamidronate (3), which have been used to treat diseases with
abnormal calcium metabolism. Some members of BP family are currently on the
market including ALN (4), ibandronate (5), and heterocyclic minodronate (6).[7]

Fig. 2. Examples of BPs from different generations with different side-chains
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BPs can be divided into three generations. BPs without nitrogen and with
short alkyl side-chain in their structure such as etidronate (1) and clodronate (2)
belong to the first generation. Second generation BPs have a linear alkyl chain and
contain terminal amino group in their structure, such as ALN (4) and pamidronate
(3). ALN has one methylene group more than PAM in its side chain. Finally, into
third generation of BPs belong nitrogen-containing molecules with cyclic sidechain such as minodronate (6), risedronate and zoledronate. These three
generations differ in their mechanism of action in cells and in their antiresorptive
potency.[8]
The BPs containing a nitrogen atom have almost completely replaced the
early generation BPs such as etidronate (1) and clodronate (2) in the treatment of
osteoporosis. Clodronate is still used for the treatment of cancer-related bone
disease such as adjuvant therapy for breast cancer.[9]

4.2 Pharmacological considerations and therapeutic use
General structure of BPs can be seen in Figure 1. The affinity to
hydroxyapatite can be increased if R1 is a hydroxyl group, such as in etidronate,
pamidronate and ALN. R2 substituent influences potency of BP (N-containing BPs
are generally more potent).[10]
BPs, structural analogs of pyrophosphate and strong chelators of metal ions,
can inhibit calcification of soft tissues, including skin, kidneys and blood vessels in
vivo. Furthermore, BPs can inhibit HA dissolution, which makes them
antiosteoporotic drugs in medical use.[11],[12] The pharmacological effect of BPs
lies in their ability to bind to bone minerals and in their biochemical effect on
osteoclasts. First, BPs accumulate in bone tissues and afterwards they are
delivered to osteoclasts by a specific release mechanism. The release mechanism is
uptake via fluid-phase endocytosis. Because of acidic environment in space
between bone and osteoclasts, bound BPs are released and then accumulated in
osteoclasts (Scheme 1).[13],[14]
Inhibitory activity of BPs after uptake by osteoclasts is exerted by two
different mechanisms which are structure-dependent.
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Scheme 1. Mechanism of action of N-BPs (for example ALN, PAM) and non-N-BPs
(clodronate, etidronate) on osteoclasts.[10]

The early generation BPs without nitrogen in their structure such as
clodronate act as analogs of PP. They are metabolized to a cytotoxic analog of ATP,
which inhibits the mitochondrial adenine nucleotide translocase (ANT) and
triggers apoptosis.[15],[16]
Nitrogen-containing BPs (N-BPs) such as ALN and PAM and newer
generation BPs affect osteoclasts with different mechanism which also leads to
apoptosis. Nitrogen containing BPs are 10-100 folds more potent than the firstgeneration BPs. They inhibit bone resorption through the inhibition of mevalonate
pathway (Scheme 1 and 2).[17]
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Scheme 2. HMG-CoA reductase pathway (mevalonate pathway): detailed
mechanism of action of nitrogen-containing BPs - inhibition of FPPS (blue fields
influence the bone resorption process).[18]
This mevalonate pathway is needed for protein prenylation, which leads to
the transfer of either a farnesyl or geranylgeranyl moiety to target proteins such as
Rho, Rac, Ras, or Rab. These proteins are important for cytoskeletal organization
and cell morphology. Without prenylated proteins the activity of osteoclasts is
decreased and apoptosis occurs.[19]
As shown in Scheme 1 and 2 the N-BPs are inhibitors of enzyme farnesyl
pyrophosphate synthase (FPPS).[20] When FPPS is inhibited, the amount of
farnesyl diphosphate (FPP, Farnesyl-PP) and geranylgeranyl diphosphate (GGPP,
Geranylgeranyl-PP) required for protein prenylation is decreased.
Geranylgeranylated proteins (e.g., Rab and Rho), but not farnesylated proteins
such as Ras, are essential for functional osteoclasts to resorb bone.[21] It was also
found that amounts of isopentenyl pyrophosphate (IPP) and triphosphoric acid 1adenosin-5′-yl ester 3-(3-methylbut-3-enyl) ester (ApppI), a cytotoxic ATP analog,
are increased after N-BPs administration. ApppI inhibits adenine nucleotide
translocase and triggers the apoptosis of osteoclasts by the same mechanism as
non-nitrogen-containing BPs.[22]
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BPs can alongside with inhibition of osteoclasts enhance human bone
marrow stromal cell proliferation and initiate osteoblastic proliferation.[23] BPs
not only have antiresorptive function but they are found to possess potential
antitumor and antiangiogenic properties as well.[18]

4.3 Pharmacokinetics
BPs are traditionally administered orally (p.o.) or intravenously (i.v.).
Despite orally administered BPs are absorbed through the whole gastrointestinal
tract (GIT), their average oral bioavailability is only 1–3 %. The negative charge of
BPs in physiological pH negatively affects the absorption. Also because BPs have
chelating ability, e.g. Ca2+ can form complexes with BPs in the GIT and therefore
BPs are being less likely absorbed. Therefore high dosages must be given orally.[2]
BPs are often more efficient when given parenterally.
Approx. 50% of the absorbed dose is rapidly eliminated by the kidney. Only
a small amount is eliminated via the bile. The second half is mainly distributed in
the bones. BPs have a long skeletal elimination half-live of up to several years.[24]
The P-C-P moiety in BP structure is non-hydrolysable. It was mentioned
above that only non-nitrogen-containing BPs, such as clodronate, can be
metabolized to cytotoxic ATP analogs.

4.4 Traditional clinical use of bisphosphonates
The main focus of BPs is the treatment of bone diseases. All BPs are based
on the same basic BP structure (Figure 1). Traditional clinical uses of BPs contain
Paget's disease, osteoporosis, bone metastases and hypercalcemia of malignancy
and pediatrics. Restenosis, treatment of periodontitis, treatment of recalcitrant
bacterial infections and also new investigational therapies can be considered as
novel applications.
As shown in Scheme 3, there are many different possible applications of BPs
which are briefly summarized in this and following chapters.
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Scheme 3. Biomedical applications of BPs. Applications are described in chapters
4.4, 4.5 and 4.7 with examples.[18]
4.4.1 Paget's disease
Paget's disease is a chronic pathology, abnormal bone architecture that
leads to enlarged and weak bone. It affects the bone turnover of one or few bones
and leads to bone pain, fractures etc. It affects about 3% of people above the age of
40.[25] Many different BPs are clinically approved for treating Paget's disease,
including ALN.[26]
4.4.2 Osteoporosis
Osteoporosis is a skeletal disease characterized by reduced bone density. It
results in a higher probability of fractures, especially of the hip, vertebrae and
distal radius. As opposed to Paget's disease, osteoporosis usually affects all the
bones in the body. Postmenopausal women have the highest incidence for
osteoporosis.[27]
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BPs are also employed in the prevention and treatment of corticosteroidinduced osteoporosis. Patients are co-treated with BPs for the time of the
glucocorticoid treatment.[28]
4.4.3 Bone metastases and hypercalcemia of malignancy
BPs have been tested as adjuvant treatment in patients with bone
metastases. BPs, especially zolendronate have shown reduced skeletal
complications, bone pain, osteolytic progression or fractures, and improved the
quality of life. Patients with metastases in up to 30% also develop hypercalcemia,
which is dangerous metabolic complication caused by high release of bone Ca2+
due to increased osteoclast activity. Its inhibition is a promising avenue for the
treatment of skeletal metastases. Namely pamidronate and zoledronate are
used.[29]
4.4.4 Pediatrics
Additionally, BPs are frequently used as off-label to treat children's bone
diseases, e.g. osteogenesis imperfecta (OI), osteoporosis, and cancer-related events
in pediatrics. For instance oral ALN proved to be equally effective as intravenous
pamidronate in milder forms of OI.[30]

4.5 Novel applications
BPs have been recently investigated and studied for the treatment of
different varieties of diseases. In the future they could be used in new indications.
In the following text there are some examples of possible novel applications of BPs.
4.5.1 Inhibition of restenosis
When blood vessels are blocked they can be opened by angioplasty. A
balloon catheter is introduced into the vessel and then inflated. Then stent is
inserted to keep and ensure the vessel is opened. But there is a danger of
restenosis which is promoted by inflammatory cytokines from macrophages. To
prevent such situation leukocytes can be depleted transiently with an antibody
against leukocyte common antigen.[31]
The encapsulation of BPs (e.g., clodronate or etidronate) into liposomes
improved their cytokine suppressing potency by more than 10 times in
macrophages. This has been demonstrated in rats and rabbits.[32]
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4.5.2 Treatment of periodontitis
Because HA is also a tooth component BPs have been investigated in
dentistry. After treatment of root canal, a smear layer (organic and inorganic
materials) covers the root canal. Removal of this layer increases the sealing
capacity of sealers and reduces bacterial survival. BPs have been successfully
tested in vitro/ex vivo to remove and prevent the smear layer by chelating
inorganic substances and inhibiting the resorbing activity of odontoclasts.[33]
4.5.3 Treatment of recalcitrant bacterial infections
Bacterial induced arthritis is high morbidity disease leading to rapidly
progressive bone resorption. It was shown that addition of BP zolendronate to
antibiotics and corticosteroids anti-inflammatory treatment reduced bone
resorption in Staphylococcus aureus-induced arthritis in a murine model.[34]
Certain BPs can inhibit the F plasmid conjugative relaxase in vitro. Bacteria
use this enzyme for conjugative transfer to acquire resistance against antibiotics.
Therefore BPs with such ability could be a new option to treat recalcitrant
bacterial infections.[35]

4.6 Adverse drug effects
It is difficult to establish adverse effects of BPs because clear correlations
are often missing due to co-medications or co-morbidities. BPs are considered as
safe drugs. The adverse reactions of BPs are described as low-grade, and they are
almost never severe. Their clinical benefits in the treatment surpass the risks
associated with the treatment.
In 2-10% of cases, gastrointestinal side effects (pain or discomfort) after
oral administration occurred. However, the pathophysiology of esophageal and
gastric erosions with N-BPs is not completely understood.[36],[37]
One of the most severe adverse event is BP-related osteonecrosis of the jaw,
but the incidence is low (from 1 in 10 000 to 110 000 to 10% in patients with
myeloma).[38] Underlying dental problems can occur. BPs are also linked to stress
fractures of the femoral shaft, but data are not always significant.[39]
Also other adverse effects have been reported, but the correlation of such
effects and BPs could not be confirmed because of co-morbidities and comedications.[18]
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4.7 Examples of advanced delivery strategies
4.7.1 Delivery of bisphosphonates
Because of the poor oral bioavailability of BPs many different delivery
systems and strategies have been investigated. Novel delivery approaches have
been investigated mostly in animal models. There are only a few exceptions in
human clinical trials.
As already mentioned, negative charge and hydrophilic nature of BPs, which
hamper their diffusion through cell membranes, are the main problems in oral
administration. Formation of unabsorbable complexes with calcium is also a
problem.[40] Therefore new strategies are being developed to improve oral
bioavailability, such as co-administration of BPs with the calcium chelator
EDTA,[41] or utilization of nanoparticles. When ALN was loaded into
microparticles composed of a methacrylic acid copolymer (Eudragit® L100-55)
and a mucoadhesive polymer (carbomer or chitosan), the cytotoxicity decreased
by 40%.[42]
Parenteral administration has also its limitations, mainly lower acceptance.
To avoid kidney damage, slow i.v. infusion is necessary. I.m. administration can
cause local tissue damage. Self-dissolving microneedles array with ALN showed
good BAV in rats (90%), but mild cutaneous irritation occurred.[43] Specialized
delivery systems have also been developed, e.g. intranasal administration have
been investigated.[44]
Another strategy lies in the delivery of encapsulated BPs to cancer tissue to
tumor-associated macrophages (TAM), which play a major role in growth of tumor
and metastasis by promoting tumor angiogenesis.[45]
ALN-conjugated cross-linked hydrogel was designed to chelate and
sequester the metal required for metalloproteinases activity in chronic wound
fluid to treat chronic wounds.[46]
BPs can be also used in orthopedic implants as coating agents. To improve
implant fixation immobilized BPs on the surface of HA-coated titanium was shown
to stabilize implants in osteoporotic rats.[47]
4.7.2 Bisphosphonates as anchoring agents
As mentioned before, BPs have also high binding affinities for metallic
surfaces, such as iron oxide. They can be used as linkers between such a metallic
surface and a targeting agent. The functionalization of ultra-small
superparamagnetic iron oxide nanoparticles (SPIONs) was investigated for
traumatic brain injury imaging.[48]
4.7.3 Bisphosphonates as targeting moieties
To achieve bone targeting, BPs have been conjugated with a variety of drugs
and carriers. Until now, only bone pain reduction and improvement of quality of
18

life in the treatment of tumor-induced bone disease have been observed with BPs
alone. So the concept of combining or conjugation of BPs with other
chemotherapeutic drugs or macromolecules is promising in improving therapeutic
outcomes. As well as decorating nanoparticles and liposomes with BPs.[18]
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4.8 Chemistry of aminoalkyl bisphosphonate ALN
ALN belongs to the second generation of BPs. It has a primary aminogroup
in linear alkyl side-chain (Figure 2). ALN is used in the treatment of osteoporosis.
In comparison to other BPs in terms of pharmacological properties, ALN has high
mineral affinity and intermediate effect to FPPS.[10]
The main reason why ALN derivative was chosen as the main topic of the
synthesis was the experiment in which N-myristoyl-alendronic acid was given i.v.
to rats. Activated conversion of 25% of acid to its parent alendronic acid was the
first proof-of-concept of the prodrug strategy for ALN derivatives.
In order to gain a prodrug of ALN with enhanced systemic exposure after
oral administration, it is necessary to find the best synthetic strategy. This should
be achieved by derivatization of functional groups of alendronic acid. Tetraalkyl
ALN, which no longer has zwitterionic character and therefore has increased
liphophilicity, was planned to be synthesized.
General appropriate synthesis leading to desired protected ALN and its
intermediates step-by-step:
1) Addition of triethyl phosphite (TEP) to an acyl chloride, called the
Michaelis-Arbuzov reaction. It is SN2 reaction of nucleophilic phosphite to
electrophilic halide resulting to phosphonate product (Scheme 4).[49]

Scheme 4. Michaelis-Arbuzov reaction
2) Nuclephilic addition of diethyl phosphite (DEP) to the carbonyl carbon of
α-ketophosphonate from previous reaction. This step is commonly referred to as
the Pudovik reaction (Scheme 5).[50] The weaker the base and the less polar the
solvent, the higher is the ratio of 1-hydroxy-1,1-BP product to the 1-phosphonate1-phosphate undesired byproduct and thus the higher is the overall isolated yield
of desired product.
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Scheme 5. Pudovik reaction
Steps 1), 2) and lately also 3) are combined in one-pot reaction. As the
1-hydroxy-1,1-BP tetraester is isolated, it is a stable product. However the reaction
conditions must be controlled because if the pH > 8 and/or temperature over 60 °C
are used in the reactions, 1-hydroxy-1,1-BP tetraester may isomerize to tetraalkyl
phosphono-phosphate (Scheme 9). Also tetraester of aminoBP with free OH- group
is unstable in any kind of solvents because the amino group act as a base and
therefore catalyzes the formation of tetraalkyl phosphono-phosphate structure.
This isomerization must be considered when designing ALN prodrugs in which all
four phosphonic OH– groups are substituted.[51] It was observed that tetraalkylALN doesn´t improve the systemic exposure of the parent drug ALN after oral
administration, because tetraalkyl-ALN is more rapidly rearranged than
hydrolysed to the parent drug. However, in the absence of a free OH- group,
undesired rearrangement cannot take place. The use of silicon-based protection
groups proved to be the most useful strategy for the preparation of ALN
derivatives.
Combination of solvent DCM with base DMAP was shown to be the optimal
conditions for steps 1), 2) and 3).
3) O-TBDMS protection of the Pudovik reaction product resulted in
protected 1-trialkylsilyloxy-1,1-bisphosphonate (Scheme 6).

Scheme 6. O-silylation of the Pudovik reaction product
4) ChloroBP protected by O-silylation can be subsequently converted to
azidoBP (Scheme 7).

21

Scheme 7. Preparation of AzidoBP

5) Quantitative reduction of azidoBP to protected ALN, which can be
subsequently deprotected or utilized for further reactions (Scheme 8).
Steps 1) to 5) are the first part of the synthetic work.

Scheme 8. Hydrogenation of azidoBP
Problems of first part of synthesis:
a) Rapid rearrangement of the desired tetraethyl 1-hydroxy-1,1-BP product
to the 1-phosphonate-1-phosphate byproduct under various reaction conditions.
According to Niemi, Turhanen, and co-workers this rearrangement takes place at
following conditions: at greater than pH 8 and/or at 60 °C and higher (Scheme 9).

Scheme 9. Rearrangement of the 1-hydroxy-1,1-BP to 1-phosphonate-1-phosphate
b) Position of the 4-amino group causes formation of complex mixtures of
intra- and intermolecular phosphoramides under many reaction conditions
(Scheme 10).[3]
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Scheme 10. Possible inter- and intramolecular overlaps to phosphoramide
compounds of 4-aminoBP under various conditions
Next part of the synthetic work is Cu catalyzed ''click'' chemistry. For the
linking of alkyne to BP targeting group the copper catalyzed alkyne-azide 1,3dipolar cycloaddition reaction, the “click” reaction, was chosen (Scheme 11).
AzidoBP, synthetic intermediate of ALN, was used as the azido component (Scheme
13).[52]

Scheme 11. Cu catalyzed ''Click'' reaction

Additionally the conjugation of deoxycholic acid with protected ALN
derivative is intended to be done (Scheme 14).
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5. Aim of the work
The aim of this research project was to prepare protected ALN derivatives
(7 and 8, Scheme 12), which can be used for "click" chemistry and conjugation
with biologically important molecules like bile acids, e.g. deoxycholic acid.

Scheme 12. Preparation of ALN derivatives 7 and 8 based on method published in
[3] and summarized in chapter 4.8
Derivatization of one of six functional groups of ALN would give us
compounds (prodrugs of ALN) of desired properties, which have higher
bioavailability after oral administration and reduced upper gastrointestinal tract
irritation. Aim of this work was derivatization of NH2 group. A prodrug should in
vivo release innocuous byproducts.[53]
Following research plan uses previously synthesized derivatives 7 for
"click" chemistry (Scheme 13) and 8 for the conjugation with deoxycholic acid
(Scheme 14).

Scheme 13. "Click" chemistry. Cu catalyzed alkyne-azide 1,3-dipolar cycloaddition
reaction of O-Silylated 3-azidopropyl-tetraethyl BP (7) with selected alkyne.
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Scheme 14. Conjugation of 8 with deoxycholic acid and following deprotection.
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6. Experimental part

6.1 List of chemical reagents
Table 2. List of chemical reagents
Reagent (abbreviation)

Manufacturer

CAS number

4-Chlorobutyryl chloride

Aldrich

4635-59-0

4-Dimethylaminopyridine (DMAP)

Sigma-Aldrich

1122-58-3

5-Hexynoic acid

Sigma-Aldrich

53293-00-8

Acetic acid

AnalaR NORMAPUR

64-19-7

Acetonitrile (ACN)

Aldrich

75-05-8

Bromotrimethylsilane (TMSBr)

Sigma-Aldrich

2857-97-8

Calcium chloride dihydrate

Merck

10035-04-8

Celite® 545

Merck

68855-54-9

Chloroform

Sigma-Aldrich

67-66-3

Copper (Cu powder)

Riedel-de Haen

7440-50-8

Copper(I) iodide

BDH

7681-65-4

Deoxycholic acid

Sigma-Aldrich

83-44-3

Dichloromethane (DCM)

AnalaR NORMAPUR

75-09-2

Diethylether

J.T.Baker

60-29-7

Dimethylformamide (DMF)

Merck

68-12-2

Ethanol

Altia Oyj

64-17-5

Ethyl acetate (EA)

AnalaR NORMAPUR

141-78-6

Hydrochlorid acid

AnalaR NORMAPUR

7647-01-0

Magnesium sulfate

Sigma-Aldrich

22189-08-8

Methanol

Fisher Scientific UK

67-56-1

N,N'-Dicyclohexylcarbodiimide (DCC)

Fluka

538-75-0

N-Hydroxysuccinimide

Fluka

6066-82-6

Palladium on carbon (Pd/C)

Sigma-Aldrich

7440-05-3
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Potassium permanganate

Merck

7722-64-7

Propargylalcohol

Fluka

107-19-7

Silica gel 60

Merck

7631-86-9

Sodium azide

Merck

26628-22-8

Sodium sulfate

Merck

7757-82-6

tert-Butyl dimethylsilyl chloride
(TBDMSCl)
Tetrabutylammonium fluoride
solution 1.0 M in THF (TBAF in THF)
Triethyl phosphite (TEP)

Aldrich

18162-48-6

Sigma-Aldrich

429-41-4

Sigma-Aldrich

122-52-1

Trifluoroacetic acid (TFA)

Fluka

76-05-1

Solvents used for reactions were used as supplied. When dry solvents were
required they were prepared by distillation over drying agents, kept in freezer and
used under dry argon medium.
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6.2 List of used devices
Vacuumbrand GMBH+Co KG, Wertheim, Germany
- Diaphragm Vacuum Pump, MZ 2C NT
- Pumping Unit Chemistry, Vacuum Pump Unit, PC
- 3002 Vario
Büchi, Switzerland
- Vacuum Controller V-805
- Rotavapor R-205
- Heating Bath B-490
Termarks - Leboratory drying oven
1H, 13C

and 31P NMR spectra were measured on a Bruker 500 Ultras Shield™
(Bruker AG, Fällanden, Switzerland).
- Bruker 500 Ultras Shield™
- Superconducting Ultra Shield™ NMR magnet system
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6.3 Synthesis of protected ALN and its derivatives
Synthesis of protected ALN was inspired by [3]
6.3.1 Step 1 - Preparation of diethylphosphite (DEP)

Scheme 15. Synthesis of DEP.
Triethylphosphite (TEP) (50 ml; 0.29 mol) was dissolved in ACN (100 ml).
H2O (5 ml) was added dropwise at RT while stirring intensely. Reaction mixture
was kept at 60 °C for 1 hour (Scheme 15). Then ACN was evaporated with rotary
evaporator. Crude product was transferred into smaller flask and purification was
done by distillation, bp. 186-187 °C. After distillation product was kept in the
freezer. Diethylphosphite (TE-050913-1) was needed for further reactions.
Yield = 61%
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6.3.2 Step 2 - Preparation of protected chloroBP from 4-chlorobutyryl
chloride and optimization of this synthesis

Scheme 16. Synthesis of chloroBP (TE-131113-1).
1000ml oven-dried round bottomed flask under inert atmosphere of argon
was charged with 4-chlorobutyryl chloride (18.6 g; 0.13 mol). Subsequently
triethyl phosphite (21.9 g; 0.13 mol) was added dropwise at 0 °C via syringe over 5
min while stirring intensely. Resulting mixture was allowed to reach RT and then it
was stirred for additional 15 minutes. Anhydrous methylene chloride (DCM) (390
ml) was added via canella. Diethyl phosphite (20.0 g; 0.145 mol) and
4-(dimethylamino)pyridine (16.2 g; 0.13 mol) were added sequentially. All
compounds dissolved immediately. Reaction mixture was stirred at RT for 1 hour
and tert-butyldimethylsilyl chloride (21.9 g; 0.145 mol) was added and the
reaction mixture was stirred overnight (20 h) at RT. After 20 hours reaction
mixture was washed with 0.1M aqueous HCl (2 x 350 ml), dried over sodium
sulphate and then concentrated. 66 g of slightly yellowish crude liquid product was
dried for 3 hours at 50 °C under high vacuum. Reaction product was obtained by
column chromatography (3 x 22 g) on silica gel using Silica gel 60 (eluent: EA :
MeOH, 95:5). According to NMR there was still DEP in the product. After column
chromatography the product was stirred again at 50°C on high vacuum for 7 hours
in order to get rid of DEP residue (Scheme 16).
Yield of TE-131113-1 = 23.0 g; 35%.
The procedure had to be optimized to obtain analytically pure product (at
least 95%) with higher yield.
Optimization of procedure for large scale synthesis:
1) After overnight stirring at RT, the whole reaction mixture was left for 6-8 hours
on high vacuum, stirring at 50 °C, in order to get rid of DEP.
2) Mobile phase EA : MeOH, 95:5 was used for the column chromatography
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1H

NMR (500 MHz, CDCl3) δ 4.28 – 4.13 (m, 8H), 3.55 (t, J = 5.8 Hz, 2H), 2.22 – 2.13
(m, 4H), 1.35 (t, J = 7.1 Hz, 12H), 0.91 (s, 9H), 0.21 (s, 6H).
13C

NMR (126 MHz, CDCl3) δ 78.12 (t, J = 157.0 Hz), 63.33 (t, J = 3.4 Hz), 63.18 (t, J =
3.4 Hz), 45.93, 33.93, 27.55 (t, J = 5.4 Hz), 26.20, 19.40, 16.87 (t, J = 2.9 Hz), 16.83
(t, J = 2.9 Hz), -2.16.
31P

NMR (202 MHz, CDCl3) δ 20.60.
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6.3.3 Step 3 - Preparation of azidoBP from chloroBP and its optimization

Scheme 17. Synthesis of azidoBP from chloroBP.
250 ml oven-dried round bottomed flask under atmosphere of argon was
charged with (TE-131113-1) (8.2 g; 0.017 mol), anhydrous DMF (90 ml) and
sodium azide (2.69 g; 0.041 mol) and the reaction was stirred at 75 °C for 2 h
(Scheme 17). Resulting mixture was combined with H2O (150 ml) and DCM (300
ml), organic layer was separated, washed with water (2 x 300 ml), dried with
sodium sulphate and concentrated. Then the residue was left on high vacuum for 4
h, 65 °C (in order to get rid of DMF). Analytically pure product (O-Silylated 3azidopropyl-tetraethyl bisphosphonate) without chloroBP starting material was
tried to be obtain by column chromatography on silica gel with mobile pahse EA :
MeOH (93:7), but with no effect – the ratio between Cl- and N3- product was 1:4.
According to NMR amount of Cl- derivative was calculated, 2 more equivalents of
sodium azide were added and reaction repeated.
Yield of TE-131113-2 = 21%,
ratio between Cl- and N3- was 1:22 according to NMR.
1H

NMR (500 MHz, CDCl3) δ 4.30 – 4.11 (m, 8H), 3.27 (t, J = 6.6 Hz, 2H), 2.19 – 2.05
(m, 2H), 2.04 – 1.94 (m, 2H), 1.35 (t, J = 7.0 Hz, 12H), 0.91 (s, 9H), 0.20 (s, 6H).
13C

NMR (126 MHz, CDCl3) δ 78.15 (t, J = 156.7 Hz), 63.35 (t, J = 3.4 Hz), 63.18 (t, J =
3.4 Hz), 52.25, 33.59, 26.18, 24.11 (t, J = 5.4 Hz), 19.41, 16.90 – 16.79 (m), -2.21.
31P

NMR (202 MHz, CDCl3) δ 20.62.
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6.3.4 Step 4 - Preparation of protected ALN

Scheme 18. Hydrogenation of azidoBP.
Hydrogenation of product TE-131113-2 (Scheme 18). A 100 ml oven-dried
round bottomed flask under inert atmosphere of argon was charged with azidoBP
TE-131113-2 (2.49 g; 4.96 mmol), anhydrous EA (55 ml) and palladium on carbon
(10% w/w, 330 mg) and the resulting mixture was hydrogenated under 100 psi of
hydrogen for 15 h. Resulting mixture was filtered through celite and concentrated.
There was still too much of azidoBP residue in the mixture. Amount of azidoBP
was calculated according to NMR and reaction was repeated. Analytically pure
product was obtained by column chromatography using MeOH : EA (1:1) as mobile
phase. (Product was detected by KMnO4 on TLC)
Yield of TE-121113-3 = 1.1 g; 47%.
1H

NMR (500 MHz, CDCl3) δ 4.28 – 4.12 (m, 8H), 2.69 (t, J = 7.1 Hz, 2H), 2.13 – 1.99
(m, 2H), 1.87 – 1.77 (m, 2H), 1.34 (t, J = 7.0 Hz, 12H), 0.91 (s, 9H), 0.20 (s, 6H).
13C

NMR (126 MHz, CDCl3) δ 78.54 (d, J = 156.8 Hz), 63.26 (t, J = 3.5 Hz), 63.04 (t, J
= 3.4 Hz), 43.08, 33.65, 28.30, 26.21, 19.40, 16.95 – 16.77 (m), -2.14.
31P

NMR (202 MHz, CDCl3) δ 20.88
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6.4 "Click" chemistry reactions with azidoBP as a starting material
''Click'' chemistry was inspired by [52]
6.4.1 Reaction of TE-131113-2 with 5-hexynoic acid using two different Cu
catalysts

Scheme 19. ''Click'' reaction with 5-hexynoic acid.
25 ml oven-dried flask under atmosphere of argon was charged with
azidoBP TE-131113-2 (200 mg; 0.4 mmol), 5-hexynoic acid (44.7 mg; 0.4 mmol),
anhydrous EtOH (10 ml) as a solvent and catalytic amount of a) Cu powder (51 mg,
0.8 mmol); or b) CuI (76 mg; 0.4 mmol) (Scheme 19). Reaction mixture was stirred
overnight (15 h) at 50 °C, filtered through celite and concentrated. Because a
starting material was still left in mixture, reaction was repeated, at reaction
temperature of 70 °C. Reaction mixture was mixed with H2O (20 ml), DCM (40 ml)
was added and then washed with H2O (2 x 40 ml). Reaction was not successful
with both catalyst.
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6.4.2 Reaction of TE-131113-2 with propargyl alcohol

Scheme 20. ''Click'' reaction with propargyl alcohol.
The same approach as in previous reaction was used. Propargylalcohol (23
mg; 0.4 mmol) was used instead of 5-hexynoic acid and a) Cu powder (51 mg, 0.8
mmol); or b) CuI (76 mg; 0.4 mmol). Reaction was successful with Cu powder.
Yield = 52%.
Reaction was repeated to get more product TE-091013-1 which was
afterwards used in the deprotection reaction (Scheme 21).
1H

NMR (500 MHz, CDCl3) δ 7.51 (s, 1H), 6.12 (s, 1H), 4.31 – 4.05 (m, 10H), 3.55 (t,
J = 5.8 Hz, 2H), 2.26 – 2.12 (m, 4H), 1.45 – 1.26 (m, 12H), 0.91 (s, 9H), 0.21 (s, 6H).
31P

NMR (202 MHz, CDCl3) δ 20.33.
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6.4.3 Deprotection of propargylated BP

Scheme 21. Deprotection of TE-091013-1.
50 ml dried flask under atmosphere of argon was charged with
TE-091013-1 (200 mg; 0.4 mmol), TMSBr (445 mg; 0.32 mmol - 250 mg; 0.18
mmol was not successful) and dissolved in anhydrous ACN (10 ml) and stirred at
RT for 3 h. After 3 h of stirring MeOH (7 ml) was added via syringe over 10 min and
then the mixture was stirred at RT for another 30 min. Resulting mixture was
concentrated. There was 250 mg; 0.45mol of product obtained by this approach,
but still with starting material. In order to purify the product, MeOH (20 ml) and
calcium chloride dihydrate (66 mg; 0.45 mol) in H2O (10 ml) was added. Reaction
mixture was kept in freezer for a week (Scheme 21). But according to NMR
deprotection of all four ethyl groups was not successful so we didn't continue in
further deprotection.
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6.5 Conjugation of protected ALN with deoxycholic acid
Conjugation with deoxycholic acid was inspired by [54]
6.5.1 First part – Activation of deoxycholic acid.

Scheme 22. Activation of deoxycholic acid
100 ml flask was charged with deoxycholic acid (600 mg; 1.5 mmol) which
was dispersed in anhydrous ACN (60 ml). Afterwards, N-hydroxysuccinimide (176
mg; 1.5 mmol) and N,N´-dicyclohexylcarbodiimide (DCC) (315 mg; 1.5 mmol) was
subsequently added. Reaction was stirred overnight (15 hours) at RT (Sheme 22),
resulting precipitate was filtered and liquid part was concentrated.
Yield of TE-261113-1 = 723 mg, quantitative
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6.5.2 Second part – Conjugation of deoxycholic acid with protected ALN

Scheme 23. Conjugation of activated deoxycholic acid with protected ALN
TE-261113-1 (723 mg; 1.5 mmol) was dissolved in anhydrous ACN (50 ml)
and protected ALN (726 mg; 1.5 mmol) in ACN (10 ml) was added to the mixture.
Reaction was left overnight (15 hours) at RT (Scheme 23). Resulting mixture was
concentrated and NMR showed number of different products. The product was
extracted to ether, but there was still no improvement. Analytically pure product
was obtained by column chromatography using EA : MeOH (4:1) as eluent.
Yield of TE-261113-2 = 440 mg; 34%.
1H

NMR (500 MHz, CDCl3) δ 5.76 (t, J = 4.2 Hz, 1H), 4.31 – 4.11 (m, 8H), 3.97 (s,
1H), 3.67 – 3.56 (m, 2H), 3.31 – 3.16 (m, 2H), 2.28 – 2.17 (m, 1H), 2.14 – 2.00 (m,
3H), 1.93 – 1.48 (m, 16H), 1.46 – 1.37 (m, 5H), 1.34 (t, J = 7.1 Hz, 12H), 1.30 – 1.23
(m, 3H), 1.21 – 1.02 (m, 2H), 0.98 (d, J = 6.2 Hz, 3H), 0.91 (s, 3H), 0.90 (s, 9H), 0.68
(s, 3H), 0.19 (s, 6H).
13C

NMR (126 MHz, CDCl3) δ 173.99, 73.44, 72.21, 63.39 (t, J = 3.5 Hz), 63.27 –
63.17 (m), 48.68, 47.43, 46.88, 42.51, 40.19, 36.88, 36.44, 35.65, 34.53, 34.09,
33.88, 33.63, 32.07, 30.91, 29.09, 27.83, 27.54, 26.55, 26.21, 24.28, 24.05, 23.57,
19.38, 17.92, 16.89, 13.17, 0.39, -2.05.
31P

NMR (202 MHz, CDCl3) δ 20.77.
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6.5.3 Third part – Deprotection of TE-261113-2

Scheme 24. Deprotection of ethyl- groups
a) Deprotection of ethyl-groups: Product TE-261113-2 (133 mg; 0.16
mmol) was dissolved in anhydrous ACN (20 ml) and TMSBr (120 mg; 0.8 mmol)
was added. After overnight (15 h) stirring at RT, MeOH (17 ml) was added.
Reaction mixture was stirred for additional 15 h and then concentrated (Scheme
24). According to 1H NMR 100 mg; 87% of product TE-111113-5 without ethylgroups was obtained.
31P

NMR (202 MHz, MeOD) δ 12.88.
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Scheme 25. Deprotection of TBDMS group
b) Deprotection of TBDMS group (Scheme 25): Product from previous
reaction under atmosphere of argon was dissolved in:
i) TE-111113-5 (100 mg; 0.14 mmol) + TBAF in tetrahydrofuran
(213 mg; 0.84 mmol). Reaction mixture was stirred at RT for 2 h and then
concentrated. In order to obtain product, mixture was dissolved in acetone and
kept in freezer overnight, but with no precipitation. Next possibility was to
dissolve product in H2O but again there was no improvement. According to NMR
no completely deprotected product was obtained.
ii) TE-111113-5 (50 mg; 0.07 mmol) + acetic acid : H2O (2:1) (6 ml),
left at RT, 15 h.
iii) TE-111113-5 (50 mg; 0.07 mmol) + acetic acid : H2O (2:1) (6 ml),
60 °C, 15 h.
iv) TE-111113-5 (50 mg; 0.07 mmol) + pure acetic acid (6 ml), 120
°C, 15 h. Product might be deprotected, but also decomposed because of harsh
conditions.
v) TE-111113-5 (50 mg; 0.07 mmol) + 0,2M HCl (1 ml) and MeOH (3
ml), RT, 15 h
vi) TE-111113-5 (50 mg; 0.07 mmol) + 1M HCl (1 ml) and MeOH (3
ml), RT, 15 h
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Different procedures of deprotection of TBDMS group were tried and results
measured on NMR, but none of them was completely successful.
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7. Results and discussion
The synthetic route leading to protected aminoBP derived from ALN was
optimized for large scale synthesis. The yields of different steps were in the range
from 21% to 45% in analytical purity at about 95% or higher. The reaction
products of these steps were essential for continuation in the synthesis.
The Cu catalyzed ''click'' reactions were tried with the intention of getting
new possible prodrugs. Reaction of propargyl alcohol and azidoBP with Cu powder
as catalyst was successful and led to heterocyclic derivative of protected BP which
is important model compound for further studies. However the deprotection did
not proceed completely and neither free deprotected product nor its calcium
complex was isolated.
Additionally, conjugation of protected BP with deoxycholic acid seems to be
promising. According to the literature such products have not been prepared yet.
The conjugate was successfully synthesized but the complete deprotection again
failed and deprotected conjugate wasn't obtained. Almost all methods used for
deprotection proved to be unsuitable, except for selective deprotection of ethylgroups with TMSBr under mild reaction conditions.
The deprotection part is definitely opened for further research as well as for
the development of new methods for synthesizing of new possible derivatives of
BPs which were partly discussed in theoretical part. In general, BP chemistry is
challenging, especially when protected BP derivatives are being prepared.
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8. Conclusion
In conclusion, new potential approaches of synthesis of new ALN prodrugs
were investigated. In theoretical part traditional uses and novel applications as
well as mechanism of action of different BPs classes were reviewed in detail. In
experimental part, new strategies were devised producing products in practical
and reproducible yields and purity. The detailed knowledge of the chemical and
physical properties of ALN derivatives enabled us to predict each class’s potential
to serve as prodrugs. Conjugates of deoxycholic acid with BPs seems to be
promising for the future development. However, the problems with deprotection
of prepared compounds appeared.
The research in the area of BPs is really vast and very important is the
suggesting of new routes of synthesis and preparation of new derivatives of BP.
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