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ABSTRACT 

Ahonen, Kari 
Solid state studies of pharmaceutically important molecules and their 
derivatives 
Jyvaskyla: University of Jyvaskyla, 2012, 65 p. 
(Department of Chemistry, University of Jyvaskyla, Research Report Series 
ISSN 0357-346X; 160) 
ISBN 978-951-39-4965-5 

The research described in this thesis provides important information about the 
solid state behavior of amides of bile acids with potential pharmaceutical 
activity. Polymorph/ solvate screening and structural characterization for nine 
bile acid derivatives consisting of bile acids with varying amounts of hydroxyl 
groups and a selection of small molecules combined via an amide linkage was 
performed. Two of the studied compounds were shown to be polymorphic, and 
hydrates/solvates were identified for six amides. Detailed structural 
characterization for the isolated solid state forms was performed using a wide 
selection of experimental methods, including single crystal and powder X-ray 
diffraction, solid state NMR spectroscopy, optical spectroscopy, and 
thermoanalytical methods. Information about the solid state structures of 
molecules with potential pharmaceutical activity is important, since different 
crystal forms may possess different chemical, physical, and pharmaceutical 
properties. 

Infinite crystal calculations were conducted for a series of three nitrogen 
heterocycles in order to compare the single crystal structures to SS-NMR data. 
Optimization of hydrogen atom positions was proven to be essential to 
reproduce the solid state NMR chemical shielding data starting from single 
crystal X-ray structures. Moreover, the ability of the NMR-CASTEP program to 
reliably predict SS-NMR chemical shifts for nitrogen heterocycles was 
demonstrated. 

Pharmacological applications of aminopyridines, basic aspects of 
polymorphism and its significance in pharmacology, and analytical methods in 
crystal form characterization are briefly summarized in the literature review. 

Keywords: bile acid, aminopyridine, solid state structural analysis, 
polymorphism, infinite crystal calculations 
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1 BIOLOGICAL AND PHARMACOLOGICAL 

PROPERTIES OF AMINOPYRIDINES AND BILE 

ACIDS 

1.1 2-Aminopyridine and its derivatives 

The main use of 2-aminopyridine (2-AP) is as an intermediate in the 
manufacture of a variety of pharmaceuticals.1 It is convulsant in humans and
lethal amounts can be absorbed through the skin.2 In the following paragraphs,
oxicams and antihistamines including 2-AP motif are discussed, followed by an 
introduction to other biologically active 2-AP derivatives. 

Oxicams are a group of non-steroidal anti-inflammatory drugs (NSAIDs) 
with an enolic acid functionality and a prolonged elimination half-life 
compared to traditional NSAIDs.3 NSAIDs are cyclooxygenase (COX) inhibitors
that metabolize arachidonic acid (AA) to prostaglandin (PG) H2 (Scheme 1).4

PGH2 is further converted to different PGs including PGE2, which is primarily 
associated with inflammation.5 COX-1 is constantly expressed in nearly all cell 
types, whereas expression of the COX-2 isoform is induced as a response to 
cellular stress.6 However, COX-2 is expressed in constant levels in some organs 
including certain areas of human brains.6,7 Unlike other NSAIDs, oxicams 
activate the phosphatidylinositol 3-kinase/protein kinase B (PI3K/ Akt) 
signaling pathway in human neuroblastoma cells8, a potential target in the 
treatment of Parkinson's disease (PD).9 

Piroxicam (Feldene®, 1) came into the U.S. market in 1982 and was 
Pfizer's best-selling drug in the late 1980s.10 The oral tablet form is mainly used 
for the symptomatic treatment of osteoarthritis and rheumatoid arthritis11, and 
the topical gel formulation is used in the treatment of pain conditions such as 
sprains and strains.12 It is suggested to be re-absorbed via enterohepatic
circulation13, although the multiple peak absorption mechanism has not been 
confirmed.14 The efficacy /safety profile of piroxicam has been evaluated to be
equal or even more favorable than that of traditional NSAIDs.15 Piroxicam is a 



12 

non-selective COX inhibitor with preference for the COX-1 isoform.16,17 

Inducible isoform COX-218 is considered a potential target in cancer 
chemoprevention19 and treatment20, and piroxicam has shown to be potent 
against colon cancer21,22 and urinary bladder cancer.23 Currently it is used as a 
veterinary drug against a variety of cancers.24,25 In addition, piroxicam has 
recently been studied for the acute management of migraine.26 Although 
piroxicam is relatively well tolerated15, it has gastrointestinal side effects27 and 
consequently several prodrugs have been developed to avoid these drawbacks. 

Ampiroxicam (2) is inactive as a COX inhibitor but is activated after the 
stomach, thereby avoiding adverse effects. The stability of the prodrug plays an 
essential role, since the too-labile droxicam (3) releases piroxicam in the 
stomach and the too-stable pivoxicam (4) does not completely metabolize 
before systemic circulation. 28 

In addition, piroxicam derivatives have been studied and developed for 
COX-2 inhibition over that of COX-1. As an example, the sulfonate derivative 5 
has a two-fold selectivity for COX-2 over COX-1.29 Tenoxicam (Mobiflex®, 6)
has been shown to have slightly better efficacy and safety profiles than 
piroxicam.30 In order to avoid gastrointestinal irritation, transdermal self­
adhesive films have been developed for tenoxicam.31 Furthermore, 
neuroprotective properties have been observed.32,33 Lornoxicam (Xefo®, 7) came 
into the market in 1995, and was available in parenteral and oral formulations.34 
It is more effective in relieving acute pain than tenoxicam35 and, unlike oxicams 
in general, it has a relatively short half-life.36 Its efficacy is similar to that of 
morphine with reduced side effects in the treatment of postoperative pain.37,38 
Because of the extremely bitter taste of lornoxicam, a taste-masking formulation 
has recently been developed, where the drug is only released in the acidic 
conditions of the stomach.39 Cinnoxicam (Sinartrol®, 8) has been studied for 
male infertility problems as a single agent40 and in combination with L-carnitine 
and acetyl-L-carnitine.41 It is hydrolyzed in acidic conditions to piroxicam.42 The 
structures of oxicams 1 - 8 with a 2-AP moiety are presented in Figure 1. 

O O 0 

HO=====:)-,:: 202 HO�
o Ho�9 

AA 

______., 6 _. 0
-::;;;- --=::: :::;;-

-0 ,::;;-

OOH OH 

Scheme 1. COX catalyzed synthesis of prostaglandins from arachidonic acid. 
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4 5 6 

7 8 

Figure 1. Oxicams with 2-AP moiety. 

Pyrilamine (mepyramine, neoartergan, 2786 R.P., 9)43 and tripelennamine 
(10) are Hi-receptor antagonists (antihistamines).44,45 These first-generation
antihistamines pass the blood-brain barrier (BBB), causing sedative side
effects46•. Tripelennamine has been misused intravenously in combination with
pentazocine ("T's and blues")47, or with paregoric, heroin, or morphine ("blue
velvet")48 for narcotic purposes. Both of these pharmaceuticals are also used in
veterinary medicine and are classified as doping substances in horse and camel
races.49,SO Antihistamines inactivate the Hi-receptors and, from a mechanistic
point of view, is has been suggested that the term "antagonist" should be
replaced with the term "inverse agonist".46 Four histamine receptors are known
to date and the Hi-receptor is involved in many pathological processes of
allergy.45 3H-enriched pyrilamine45, as well as a higher affinity ligand, i2SJ_

iodobolpyramine5i (11), and an irreversible ligand, i251_

iodoazidophenpyramine52 (12), have been used to identify the Hi-receptor
distribution in mammalian tissues. The structures of compounds 9 - 12
possessing affinity to the Hi-receptor and including a 2-AP moiety are
described in Figure 2.
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Figure 2. Compounds with affinity to the Hi-receptor with 2-AP moiety. 

In vitro and in silica studies have been conducted to evaluate 2-
aminopyridine derivatives as acetylcholinesterase (AChE) inhibitors, 
neuroprotective agents53, and neuronal nitric oxide synthase (nNOS) 
inhibitors.54 Several AChE inhibitors are in clinical use for symptomatic 
treatment of Alzheimer' s disease (AD)55 and 2-aminopyridine-3,5-dicarbonitrile 
derivatives represent a new potential group with this kind of activity53 (e.g., 
compound 13 shows selectivity over BuChE inhibition and neuroprotection of 
36 % in human neuroblastoma cells at 1 µM). 

Checkpoint kinase 2 (CHK2) regulates the transcription factor E2F-1, 
which induces the cell cycle arrest and apoptosis in response to DNA damage. 
As a therapeutic target, blocking CHK2 activity is considered to reduce 
functioning of E2F-1 and to make cancer cells more sensitive to chemotherapy.56 

High throughput screening of 2-aminopyridine derivatives as CHK2 inhibitors 
has been conducted; for example, compound 14 showed an ICso value of 92 (±18) 
nM against CHK2.57 

Glucokinase activators (GKAs) are a new group of compounds being 
studied for the treatment of type 2 diabetes mellitus (T2DM). Glucokinase (GK, 
hexokinase D) has a central role in glucose homeostasis in humans via two 
separate mechanisms. In the pancreatic p-cells phosphorylation of o-glucose by 
GK activates secretion of insulin and in the parenchymal cells of the liver 
insulin activates GK via a hepatic promoter of the GK gene to regulate glycogen 
synthesis and hepatic glucose production.58 GKAs GKAS0 (15) and GKA60 (16),

developed by Astra Zeneca, have shown high efficacy in viva. Unfortunately, 
these compounds have epididymal and testicular toxicity and therefore have no 
clinical value.59 GKAs can cause hypoglycemia due to GK activation in the 
pancreas and therefore hepatoselective GKA (17) has been developed by Pfizer. 
This compound is currently under clinical evaluation. It is designed to have low 
passive permeability and to act as a substrate for the organic anion transporting 
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polypeptides (OATPs) showing over SO-fold liver/pancreas ratio of tissue 
distribution. 60 

Nitric oxide (NO) is mainly synthesized in living organisms from L­
arginine catalyzed by NO synthases (NOSs) (Scheme 2).61,62 Three isoforms of 
NOSs are known, namely constitutive endothelium- and neuronal NOSs (eNOS 
and nNOS, respectively), as well as an inducible isoform, iNOS. NO has a wide 
variety of physiological signaling functions including cardiovascular 
homeostasis and neuronal signaling. In addition, iNOS releases large quantities 
of NO during inflammation and immunological defence.62 Because of the 
overproduction of NO by iNOS, it has been linked to neurodegenerative 
disorders, multiple sclerosis, stroke, cancer, as well as to many inflammatory 
diseases, specific iNOS inhibitors are highly eligible.63 4-Methyl-2-
aminopyridine (4M2AP, 18) is the most potent NOS inhibitor among the 
methylated 2-AP derivatives64, having a modest preference for iNOS over the 
other isozymes.65 The 6-propyl derivative of 4M2AP (19), for one, has around 10 
times higher potency than 4M2AP (ICso, iNOS = 15 nM, eNOS = 34 nM, nNOS =
23 nM). Furthermore, an iNOS selective inhibitor (20) has been developed (ICso, 
iNOS = 79 nM, eNOS >100 µM, nNOS = 6.3 µM).63 The structures of biologically 
active molecules 13 - 20 with a 2-AP moiety are depicted in Figure 3. 

L-arginine

0 0 

H2N)l N�O + NO
H NH3 

L-citrulline

Scheme 2. NO synthesis from L-arginine catalyzed by NOS. Isozymes eNOS 
and nNOS are Ca2+ -dependent, whereas iNOS is activated by 

cytokines and endotoxins. 62 
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Figure 3. Biologically active compounds with 2-AP moiety. 

1.2 3-Aminopyridine and its derivatives 

3-aminopyridine (3-AP) is used as an intermediate in chemical syntheses.1 A
few pharmaceutically important compounds with 3-AP moiety can be found in
the literature. In the following paragraphs cytostatic triapine and the 3-AP
riboses used as anti-infective agents against Haemaphilus influenza, are
introduced.

Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, 21) is a 
ribonucleotide reductase inhibitor and a promising anticancer compound.66,67 It 
binds iron, which is essential for cell proliferation as a part of ribonucleotide 
reductase, a rate-limiting enzyme in DNA synthesis.68 The therapeutic efficacy 
of a single agent triapine in phase I and II clinical trials69-73 as well as in 
combination therapy with gemcitabine74-76, with fludarabine77, with 
doxorubicin78, and with cytarabine79,80 against a variety of different cancer types 
has been modest. However, combination therapy with Cisplatin and radiation 

H
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against cervical cancer81, currently in phase II clinical trials82, has shown higher 
potency. The low cytotoxic activity of triapine may be induced by drug efflux 
via the multidrug resistance protein.83 Consequently, a terminally dimethylated 
derivative of triapine (KP1719, 22) has been synthesized and tested, showing 
higher cytotoxicity.84 

Haemophilus influenza (Hi) is a human specific Gram-negative bacterium. 
Six encapsulated strains are known, of which type b (Hib) is the most virulent.85

Diseases caused by Hib include meningitis, epiglottitis, and sepsis85, as well as 
osteitis, otitis media, cellulitis, pericarditis, and pneumonia.86 Non-encapsulated
(non-typeable) strains of Hi cause local inflammations in the upper and lower 
respiratory tract.85 Nicotinamide adenine dinucleotide (NAD+) is an essential 
extracellular growth factor for Hi, which is not able to synthesize and recycle 
NAD+.87 Consequently, two Hi growth inhibitors have been developed based 
on the inhibition of NAD+ utilization (23, 24).88 The structures of the 
ribonucleotide reductase inhibitors 21 and 22, as well as of the Hi growth 
inhibitors 23 and 24, are shown in Figure 4. 

21 

23 

Figure 4. Ribonucleotide reductase inhibitors 21 and 22, 
and Hi growth inhibitors 23 and 24. 

1.3 4-Aminopyridine and its derivatives 

Two main uses of 4-aminopyridine (4-AP, 25) are discussed in the following 
paragraphs, namely its use as a bird repellant (Avitrol) and as a medication for 
the symptomatic treatment of multiple sclerosis (MS) (Dalfampridine). 
Additionally, other experimental studies of the use of 4-AP to treat neurological 
disorders, and a selection of biologically evaluated 4-AP derivatives, are 
introduced. 
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Avitrol was first registered in 1972 as an avicide and it is currently used as 
a bait formulation against certain bird species, including pigeons, sparrows, 
and blackbirds.89 It can be considered as a "behavior repellent". Some members 
of the flock are exposed to the avicide, which manifests as agitation, 
hyperactivity, and distress calls before the fatal outcome. This is thought to 
frighten the other members of the flock, leading to an avoidance behavior 
towards the site of the event.90 Before the use of A vitrol, the birds are trained to 
feed at a specific site by pre-baiting with non-toxic baits in order to localize the 
"emotional shock" of the survivors.91 

MS is estimated to affect over a million people globally92 with large
geographic prevalence differences.93 It is primarily an inflammatory disorder of 
the brain and spinal cord, causing damage to myelin and axons. Both 
environmental and genetic factors trigger the disease; however, full disease 
mechanisms remain to be resolved. Many of the symptoms are non-specific, 
including tremor, cognitive impairment, and stiffness. Perhaps the most 
characteristic manifestations of MS are Lhermitte's symptom (an electrical 
sensation running down the spine or a thump triggered by neck flexion) and 
the Uhthoff phenomenon (symptoms worsen when the core body temperature 
increases, e.g., after a hot bath).94 

Dalfampridine (Ampyra) was approved by the U.S. Food and Drug 
Administration (FDA) for the treatment of MS on January 22nd 2O10.95 It acts by 
blocking the potassium channels in degenerated axons leading to promotion of 
axonal conduction in the CNS.96 Around 40 % of MS patients are responding to 
the symptomatic treatment of ambulatory disability (i.e., improving motor 
functions) with a dose of 10 mg twice daily97,98, and currently patients are being 
recruited to determine factors that will predict a response.99 4-AP has a narrow 
therapeutic index and therefore its formulation must enable slow and constant 
release of the pharmaceutical in order to avoid plasma concentrations above 100 
ng/mL.100 Adverse effects of dalfampridine are estimated to be acceptable up to 
a 20 mg twice daily dose101. However, overdosing caused by formulation errors 
has led to severe, even lethal, complications.102,103 Recently, 4-aminopyridine-3-
methanol (26) has in an animal model shown higher potency in the treatment of 
MS compared to 4-AP104, although safety remains to be evaluated.

The use of 4-AP in the treatment of spinal cord injury (SCI) has been 
disappointing.105 Namely, it has been estimated that a concentration 100 times
greater106 than that which is acceptable due to adverse effects107 would be
beneficial. Moreover, low tolerable doses have limited the use of 4-AP in animal 
models of Parkinson' s disease108 as well as patients with Lambert-Eaton 
myasthenic syndrome (LEMS) (an autoimmune disease in which 
neuromuscular weakness is caused by impaired acetylcholine release. Around 
60 % of patients also have small-cell lung cancer (SCLC).).109 Therefore, 
derivatives such as 26110 and carbamates (27)107,111 have been synthesized and 
shown to have a higher efficacy in the treatment of SCI. In addition, the 4-AP 
derivative 28 has shown very high potency in the animal model of Alzheimer' s 
disease, whereas a 10O-fold less potent derivative 29 has the advantage of being 
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considerably less toxic (LDso 87 versus > 4215 µmol/kg, respectively).112 4-AP
has also shown activity against other neurological disorders, such as 
myasthenia gravis (MG)113 (skeletal muscle weakness caused by autoimmune
attack against acetylcholine receptors (AChR) or non-AChR components of the 
postsynaptic muscle endplate)114 and spinocerebellar ataxia type 1 (SCA1)115 (an
inherited lethal disease in which motor coordination is lost due to the loss of 
Purkinje cells in the cerebellar cortex in response to a mutant protein116). The
outward K+ current is also related to the cell cycle in many normal and
malignant cell types117, and in vitro studies have revealed apoptotic activity of 4-
AP in malignant astrocytoma118 and leukemia cell lines.119 4-AP and its
biologically active derivatives 26 - 29 are described in Figure 5. 

NH2 

6 
N 

25 

Figure 5. 4-AP and its biologically active derivatives. In 27 R = Me, Et, or t-Bu. 

1.4 Bile acids 

Bile acids (BAs) have a wide variety of biological functions in the human body. 
Probably their most well-known function is the digestion and absorption 
enhancement of dietary lipids in the intestinal tract.120 A relatively new finding
is their function as signaling molecules121 that interact with, for example, FXR122-
124 and TGR5125,126 receptors as well as with muscarinic receptors.127-130

Primary bile acids in humans, cholic acid (CA) and chenodeoxycholic acid 
(CDCA) are steroidal compounds synthesized in the liver from cholesterol via 
neutral or acidic pathways. The neutral pathway produces BAs only in the liver, 
whereas the enzymes needed for the initial steps in the acidic pathway are 
present in many tissues. The intermediates produced are finalized in the 
liver.12° Interestingly, all of the enzymes needed for synthesizing CDCA via the
24(5)-hydroxycholesterol pathway have recently been identified in the brain.131 

After biosynthesis from cholesterol, C24 bile acids are conjugated mainly with 
glycine or taurine via N-acyl amidation (Scheme 3). Other recognized 
conjugations are sulfation or ester glucuronidation at C-24, ethereal conjugation 
at C-3, and N-acetylglucosamination at C-7. Bile acids are excreted to the 
gallbladder only in conjugated forms in order to avoid precipitation.132 In the 
colon, the primary bile acids are exposed to the microbial flora, which is able to 
dehydroxylate C-7, forming the secondary bile acids deoxycholic acid (DCA) 
and lithocholic acid (LCA).133 From the small intestine, over 95 % of bile acids
are re-absorbed and re-circulated to the liver, undergoing cycling called 
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enterohepatic circulation.134 Recent reviews provide a more comprehensive
examination of this subject.120,134,135 The general structure of C24 BAs, numbering
and ring symbols, as well as structures of glycine and taurine are presented in 
Scheme 3. A selection of mammalian natural C24 bile acids is listed in Table 1. 

glycine 

0 
H2N �S-OH 

II 

0 
taurine 

Scheme 3. Structure and numbering of the C24 bile acids combined with the 
structures of glycine and taurine, with which the BAs are mostly conjugated in 

the body. 

Table 1. A selection of C24 BAs naturally occurring in mammals. 

Trivial name A/B RJ, A ring Bring C&Dring 
Other 
substitu 

substituents substituents substituents 
ents 

Cholic 5p,3aOH 7aOH 12aOH None 

Allocholic 5a,3aOH 7aOH 12aOH None 

Deoxycholic sp,3aOH None 12aOH None 

Allodeoxycholic 5a,3aOH None 12aOH None 

Chenodeoxycholic 5p,3aOH 7aOH None None 

Ursocholic 5p,3aOH 7pOH 12aOH None 

Ursodeoxycholic 5p,3aOH 7pOH None None 

Lithocholic 5p,3aOH None None None 

(none proposed) 5p,3aOH None 15aOH None 

Lagodeoxycholic 5p,3aOH None 12pOH None 

a-Muricholic sp,3aOH 6pOH,7aOH None None 

P-Muricholic 5p,3aOH 6pOH,7pOH None None 

©-Muricholic sp,3aOH 6aOH,7pOH None None 

Murideoxycholic 5p,3aOH 6POH None None 

Hyocholic 5p,3aOH 6aOH,7aOH None None 

Hyodeoxycholic sp,3aOH 6aOH None None 

Vulpecholic 5p,3aOH,laOH 7aOH None None 
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(none proposed) sp,3aOH,1POH 7aOH None None 

(none proposed) sp,3aOH 7-oxo None None 

(none proposed) sp,3aOH 7-oxo 12aOH None 

(none proposed) sp,3aOH 7-oxo None 
None 
(.6.22) 

(none proposed) sp,3aOH 7pOH None 
None 
(�22) 

(none proposed) sp,3aOH 7aOH 12aOH 
23-(R)-
OH 

Phocaecholic sp,3aOH 7aOH None 
23-(R)-
OH 

Bitocholic sp,3aOH None 12aOH 
23-(R)-
OH 

Isolithocholic sp,3pOH None None None 

Isodeoxycholic sp,3pOH None 12aOH None 

Isochenodeoxycholic sp,3pOH 7aOH None None 

Isoursodeoxycholic sp,3pOH 7POH None None 

Isocholic sp,3pOH 7aOH 12aOH None 

Allochenodeoxycholic 5a,3aOH 7aOH None None 

Alloavicholic 5a,3aOH 7aOH 16aOH None 

(none proposed) sp,3aOH 7aOH 12oxo None 

Cygnocholic sp,3aOH 7a0H lSaOH None 

Avicholic sp,3aOH 7aOH 16aOH None 

A videoxycholic sp,3aOH None 16aOH None 

(none proposed) sp,3aOH 7aOH 12aOH,16aOH None 

(none proposed) sp,3aOH None 12aOH,16aOH None 

(none proposed) sp,lpOH,3aOH 7aOH None None 

(none proposed) sp,4pOH,3aOH 7aOH None None 

(none proposed) spoH,3aOH 7aOH None None 

(none proposed) sp,3aOH 7aOH 12aOH 
None 
(�22) 

Haemulcholic sp,3aOH 7aOH None 
22-(S)-
OH 

Abbreviations: A/B RJ, A/Bring juncture. Modified from reference 133. 

Ursodeoxycholic acid (UDCA, ursodiol) has been studied extensively to be 
exploited in treating a variety of pathological conditions. Other bile acids have 
not revealed significant medicinal potency and they are not discussed in this 
section. However, as additives in pharmaceutical preparations, different bile 
salts are permeation enhancers through BBB136, nasal mucosa137, and buccal 

mucosa.138 

UDCA was approved by the FDA in 1987 for the treatment of gallstones139, 

and in 1997 for the treatment of primary biliary cirrhosis (PBC)140, for which it is 
the only pharmaceutical available.141 The efficacy of UDCA in gallstone 
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(cholelithiasis) dissolution therapy is limited, since it only applies to cholesterol 
cholelithiasis with small size, and also because the risk of recurrence of 
gallstones after the treatment is high.142 No response has been observed with
patients with biliary colic awaiting cholecystectomy143, however, after bariatric
surgery, when the risk of gallstone formation is increased, UDCA has been 
shown to be beneficial.144 PBC is a progressive autoimmune disease that 
eventually leads to liver failure due to the destruction of the intrahepatic bile 
ducts. The cause of the autoimmune reaction directed to ubiquitous 
mitochondrial autoantigens leading to pathological changes only in the biliary 
epithelial cells, is not fully understood.145 UDCA, however, is reported to delay
the progression of early-stage PBC at a dose of 12 to 15 mg/kg/ day 145. It is 
currently the standard treatment for patients with PBC, with an estimated 
response rate of 60 - 65 %146, although the efficacy of the treatment is still
controversial.147 

Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease. 
In the majority of cases inflammatory bowel disease (IBD) precedes the 
development of PSC.148 Unlike PBC, which primai·ily affecls ntiJJlt:!-ageJ 
women145, most of the PSC patients are young or middle-aged men.148 The
benefits of low-dose (8 - 13 mg/kg/ day) UDCA treatment of PSC have been 
modest149, whereas the clinical efficacy of UDCA in 30 mg/kg/ day doses has
been reported to be more beneficial.150 However, recent studies of the high-dose
treatment of PSC have shown serious adverse effects151, as well as an increased 
risk for colorectal neoplasia.152 It has been suggested that, with high doses, the
unabsorbed UDCA enters the colon where it is modified by bacterial flora to 
hepatotoxic lithocholic acid (LCA), which then causes the adverse effects.151 

Colorectal cancer (CRC) is the second most common cancer type in 
women and the third most common in men153, causing an increasing number of
deaths worldwide153,154, although mortality rates differ greatly between
countries.155 CRC is generally classified as a single cancer type156, however,
since proximal and distal (divided by splenic flexure) parts of the colon have 
distinct physiology, molecular biology, and embryological origin, CRC should 
be differentiated into these subtypes.157 Furthermore, the clinical outcome of
CRC in these subtypes is different.157 Based on this background, it is not
surprising that controversial results have been obtained in studies using UDCA 
in CRC chemoprevention.158 In addition, the effectiveness of UDCA in
chemoprevention of colorectal adenoma progression has been shown to be 
gender-dependent.159 Taken together, UDCA may have a positive future in the 
chemoprevention of well-specified types of CRC. 

UDCA and its taurine (TUDCA) and glycine (GUDCA) conjugates have 
shown activity against many neurological dysfunctions. TUDCA is able to cross 
the BBB and accumulate in the brain160, and has shown neuroprotection in
Huntington's disease (HD)160, Alzheimer's disease161,162, and Parkinson's
disease.163 Furthermore, UDCA has shown neuroprotection against injuries
caused by Cisplatin164 and GUDCA against bilirubin-induced injuries.165 UDCA
has also been used in the treatment of autosomal recessive ataxia.166



2 POLYMORPHISM AND ITS SIGNIFICANCE IN 

PHARMACOLOGY 

2.1 Introduction 
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Polymorphism in chemistry is defined as the ability of a molecule or element to 
adopt at least two different crystal arrangements in the solid state, while having 
a single liquid and vapor state.167 Crystal arrangement in this definition refers 
to the repeating chemical units over a large volume (compared to the single 
chemical unit) described by a set of three-dimensional translationally periodic 
symmetry operations.168 As a concept, polymorphism was introduced to the 
scientific literature in 1788 by Klaproth, when calcium carbonate was observed 
to crystallize as calcite, vaterite, and aragonite.169 In 1832, Wohler and Liebig 
published the first paper describing polymorphism of an organic compound, 
benzamide. To address the complexity of polymorphism, it took 175 years to 
identify the metastable polymorph from the original publication.170,171 

Furthermore, the structure of the third polymorph of benzamide was not 
published until a few years ago172, and efforts to obtain in silica-predicted 
polymorphs are still in progress.173 In this section, different types of 
polymorphism are defined, followed by an introduction of one-component 
crystal growth in solution. Ritonavir as a pharmaceutical example of 
polymorphism is also discussed, as are the principal analytical methods in the 
research of polymorphism. 

Polymorphism of elements is termed "allotropism". Well known examples 
are allotropes of carbon, such as graphite, diamond, fullerenes, and carbon 
nanotubes. Molecular polymorphism can be characterized as "packing" or 
"conformational" polymorphism, related to the structural differences. From a 
thermodynamic point of view, polymorphs can be characterized as monotropes 
- when only one polymorph is stable at all temperatures below the melting
point - or as enantiotropes - when polymorphs are stable in different
temperature and pressure ranges.174 From the crystallization point of view,
concomitant or sequential polymorphism can be classified, i.e. polymorphs can
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be crystallized simultaneously or they can only be crystallized at different 
temperatures, respectively.175 "Tautomeric polymorphism" refers to species that 
interconvert rapidly in solution or melt, whereas the term "desmotropy" is used 
to describe slowly interconverting species.176 In addition, the concept of 
polymorphism encompasses multicomponent systems, where liquid or solid 
molecule(s) are incorporated into a crystal lattice.177 Solvates are crystalline 
solids, in which solvent molecules are present in the crystal structure. When the 
solvent molecule is water, the solvates are called hydrates.178 If the definition 
according to which polymorphs have identical elemental composition is adhere 
to, solvates and hydrates are less prone to polymorphism than single 
component compounds.179 Solvates and hydrates are also occasionally called 
"pseudopolymorphs", although this term is misleading and should be 
avoided.18° Co-crystals are composed of two or more neutral molecular species 
that are solids at ambient conditions1B1 and, as in the case of solvates and 
hydrates, they appear to have a low tendency to form polymorphs.182 
Unfortunately, the term pseudopolymorphism has recently been adopted in the 
field of co-crystals, where it has been used to describe c1yslals w ilh i:l Jifferent 
ratio of the components.183 Because salts are excluded from the definition of co­
crystals, their distinct crystal modifications are simply named polymorphs (e.g., 
two polymorphs of the antibacterial agent acrinol (30, Figure 6) are composed 
of 2-ethoxy-6,9-diaminoacridine and lactate).184 It should be noted that in the 
field of biology the term "crystal polymorphism" is used more widely to 
include hydrates with different stoichiometries.174,iss In physical pharmacy, for 
one, polymorphism refers to all kinds of solid formulations of active 
pharmaceutical ingredients (APis), including amorphous forms.186 

2.2 Crystal growth in solution 

For polymorphic systems, crystallization from a solution is essentially 
determined by a combination of thermodynamic and kinetic factors187, as well 
as fluid dynamics.188 The first step in the formation of crystalline material from 
solution is nucleation, which is defined as a process where atoms or molecules 
rearrange into a cluster large enough to grow irreversibly to the macroscopic 
scale.189 The driving force for nucleation is supersaturation, which can be 
expressed for non-ionic species with the following equations, 

/Jµ = µs - µc 

/Jµ = kTinS 
S = C/Ce 

(1) 
(2) 
(3) 

where 11µ is the chemical potential in Joules, subscripts sand care solution and 
crystal phases, respectively, k is the Boltzmann constant, T is the absolute 
temperature, S is the saturation ratio, and C/ Ce is the actual concentration 
divided by the solubility. When 11µ is positive, the solution is supersaturated 
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and the solutes are prone to form clusters.190 It should be noted that the use of 
antisolvents in crystallization creates local supersaturation areas due to fluid 
dynamics.191 The work (Win Joules) needed to form a cluster with n molecules 
for homogeneous nucleation (HON) is, 

W(n) = -nkTinS + ©(n) (4) 

where CX> (in Joules) is the total surface energy of the cluster (solid-solvent 
interface). If CX> = 0, then Eq. 4 simply describes the work for precipitation. In the 
case of heterogeneous nucleation (HEN), i.e., nucleation induced by the solid 
substrate (e.g., dust or a scratch in the flask), the nucleation barrier is 
substantially lower in comparison to that of HON. Obviously, the surface 
energy term in Eq. 4 becomes more complicated, since both the solid-solvent 
and the solid-solid interfaces have to be considered. An important practical 
consideration in crystallization experiments is the kinetic metastable zone of 
supersaturation (above solubility, but below critical supersaturation), in which 
crystallization is arrested for a certain time.190 This permits the four crystal 
growth processes of atoms or molecules: transport through solution, attachment 

to the surface, movement on the surface, and attachment to edges and kinks.189

2.3 Ritonavir - an example illustrating drug polymorphism 

Drug polymorphism has received extensive attention since the late 1960s192, 

when different polymorphs of chloramphenicol palmitate (31), a taste-masking 
prodrug of the antibiotic chloramphenicol, were observed to have distinct 
bioavailabilities.193 Drug molecules ordinarily have several functional groups in 
order to interact with the therapeutic target and a multitude of hydrogen 
bonding possibilities. Therefore polymorphs are known for most of the 
pharmaceutical compounds.194 Today, solid form screening is a regulatory 
requirement for new pharmaceuticals.195 

In the mid-1990s, ritonavir (ABT-538, 32) was shown to be an effective 
human immunodeficiency virus (HIV) protease inhibitor with high oral 
bioavailability.196 Consequently, semisolid capsule and liquid formulations 
(Norvir®) came into the market in 1998 by Abbott.197 Because of its dose-related 
adverse effects, it is now used in low doses as a pharmacokinetic enhancer with 
other protease inhibitors.198,199 During the drug development process of 
ritonavir, comprehensive polymorph screening was conducted, yielding only 
one crystal modification.200 Both of its formulations were derived from 
ethanol/water-based solutions and, at that time, no crystal form control for 
solutions was required by the International Committee on Harmonization (ICH) 
guidelines.201 After 240 semisolid patches were produced in 1998201, the 
dissolution tests started to fail and a thermodynamically more stable and much 
less soluble form II was identified.197 The manufacture of this drug was 
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terminated immediately197, and the financial losses for Abbott in Norvir sales in 
1998 are estimated to be 250 million uso.202 

Several examples illustrate the disappearance of the previously produced 
metastable polymorph from the market after the discovery of a more stable 
form.203 This was exemplified in the Abbot's Italian factory, where the 
production of ritonavir form I was successfully continued until a visiting 
scientist exposed the existence of form 11.197 Polymorphs of ritonavir were soon 
characterized to show conformational polymorphism around the carbamate 
linkage (Figure 7). The cis-conformation (form II) possesses a more stable 
packing arrangement, but its nucleation is energetically unfavored.201 A 
degradation product, cyclic carbamate (33), was identified to induce a 
heterogeneous nucleation resulting in form 11.200 As a consequence of these 
developments, reformulated, soft-gelatin-derived capsules of ritonavir were 
approved by the FDA in June 1999.204 In addition, the extended high­
throughput crystallization experiments conducted for ritonavir revealed a third 
polymorph along with hydrate and formamide solvate forms.205 The structures 
of acrinol (30), chloramphenicol palmitate (31), ritonavir (32), and an impurity 
(33) inducing crystallization of form II of ritonavir are presented in Figure 6.

30 

32 

33 

31 

OH 

H r\ '-��--Nyo�/ 

OJ_ 
NH 

Figure 6. Examples of polymorphic pharmaceutical compounds and an 
impurity 33 inducing crystallization of form 11 of 32. 



Form I 

Figure 7. Packing pattern of ritonavir (32) forms I (left) and II (right) with 
hydrogen bonding network shown with dashed lines. Reproduced by 

permission of The Royal Society of Chemistry.202 

2.4 Analytical methods in crystal form characterization 
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A variety of techniques is used in the research of solid state forms of 
pharmaceuticals, including solid state nuclear magnetic resonance (SS-NMR), 
infrared (IR) and Raman spectroscopies, single crystal and powder X-ray 
diffraction (XRD), as well as thermogravimetry (TG) and differential scanning 
calorimetry (DSC). Unambiguous characterization of the studied crystal forms 
usually requires a combination of these methods.2□6 

NMR spectroscopy gives detailed information about the local 
environment of the studied nucleus. In the solid state, no long range order is 
required (whereas this is a requirement of single crystal X-ray diffraction, for 
example), enabling the studies of amorphous solids alongside crystalline 
materials. Heterogeneous systems can also be studied and quantified to less 
than 1 % of the total sample. The main disadvantages include the relatively 
large sample amount needed, and in some cases, the long experimental times. 207

However, since SS-NMR is a non-destructive technique208, the sample can be 
reused after the measurement. In general, polymorphs are easily distinguished 
by visual inspection as shown in Figure 8, which presents the SS-NMR spectra 
of two polymorphs of carbamazepine.209 
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160 150 140 130 [ppm] 

Figure 8. 13C SS-NMR spectra of P-monoclinic (bottom) and trigonal (top) 
polymorphs of carbamazepine. According to results published by Harris and 

co-workers209, the polymorphs were isolated and the above spectra then 
measured in our laboratory. 

IR and Raman spectroscopies are complementary techniques based on 
transitions between quantized molecular vibrational energy states.210 The IR 
spectrum is produced by the infrared region of the electromagnetic radiation. 
When the frequency of the radiation exactly matches the frequency of the bond 
vibration (resonance), energy is absorbed. The requirement for IR activity is a 
change in the dipole moment of the bond and therefore only heteronuclear 
diatomic bonds and homonuclear bonds with uneven electron distribution in 
larger molecules give a signal in the IR spectrum. On the other hand, Raman 
activity is based on molecular polarizability, i.e., a change in the size or shape of 
the electron distribution, thus rendering the dipole moment unnecessary. A 
high energy photon produced by laser irradiation is absorbed and consequently 
released, leaving the bond in question at a higher vibrational level.211 Because of 
the very small quantity of sample needed for Raman spectroscopy, the 
technique is often used for a primary analysis of different crystal forms in high­
throughput (HT) crystallization experiments.212 

Single crystal XRD is considered the golden standard in structural 
elucidation.213 It is based on translational symmetry and therefore gives 
information only about crystalline material.214 The X-rays interact with electrons, 
and from the resulting reflections the unit cell and heavy atom positions can be 
calculated, permitting the elucidation of the 3-dimensional structure(s) of the 
molecule(s).215 Unfortunately, the electron-poor hydrogen atoms are often 
misplaced in single-crystal X-ray structures216, especially if hydrogen bonding is 
involved.217 However, the accurate positions of hydrogen atoms can be 
obtained by neutron diffraction217, or combining data from X-ray and SS-NMR 
experiments via computational methods.V Powder XRD, on the other hand, also 
gives information about the amorphous samples (broad maxima in diffraction 
patterns called "X-ray amorphous halos"), and it is used mainly for solid form 
identification. 218 
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TG measures mass properties of the sample, from which the 
decomposition temperature(s) can be obtained. From DSC data, the heat 
capacity, phase changes, and progression of possible reaction(s) can be 
obtained.219 Several types of DSC and TG curves can be obtained for 
polymorphic systems. Based on reference 220, six different cases are presented 
in the following: 

1) An exothermic transition for a monotrophic system or an endothermic
transition for an enantiotrophic system before melting of the high­
melting form in the DSC scan is seen, corresponding to a solid to solid
transition. No mass loss is observed in the TG scan for the lower
temperature transition.

2) Two exothermic transitions are seen in the DSC scan, while only one
decomposition is seen in the TG. This may correspond to the
crystallization of the lower-melting form from the melt to either a
monotropic or an enantiotropic higher-melting form, although a possible
isomerization should be ruled out by other analytical methods.

3) No conversions are observed in DSC scans, indicating that each crystal
form has its own melting point.

4) An endothermic peak in DSC is related to mass loss in TG before the
decomposition temperature corresponding to hydrate/ solvate forms.

5) When an exotherm is seen during or after the melting of the
hydrate/ solvate, a solvent free form has crystallized from the melt.

6) Solvates/hydrates with the same chemical composition but different
polymorphic form may exist. Examples of the DSC and TG curves of two
dihydrate forms of L-706,000-001 T, an antiarrhythmic compound, are
shown in Figure 9.221 
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Figure 9. TG (left) and DSC (right) scans of two dihydrate polymorphs of L-
706,000-00lT. Reproduced by permission of IOP Publishing Limited.221 
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3.1 Aim of this work 
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The main objective of this work was to study different crystal forms of bile acid 
derivatives consisting of bile acids with varying amounts of hydroxyl groups 
and a selection of small molecules combined via an amide linkage. Information 
about the solid state structures of molecules with potential pharmaceutical 
activity is important, since - as pointed out in the review of the literature part of 
this thesis - different crystal forms may possess different chemical, physical, 
and pharmaceutical properties. 

Isomeric aminopyridines have shown a wide variety of biological 
activities. Their conjugation with bile acids may be beneficial for bioavailability, 
targeting, and/ or activity. Indeed, the latter was proven for chenodeoxycholic 
and ursodeoxycholic conjugates of 4-aminopyridine, whose activities were 
tested in rat brain samples (unpublished results). The bile acid-aminoalkyl 
conjugates, on the other hand, probably do not possess direct pharmacological 
activities, but rather have the potential to act as low molecular weight gelators 
and consequently to serve as a formulation media for active pharmaceutical 
ingredients. Their ability to form gels in certain organic solvents has recently 
been proved in our laboratory.222 Obviously, the solid state forms of these 
conjugates may have an influence for the gel formation. 

An additional objective of this work was to evaluate the power of the 
GIP AW computational method as a bridge between the experimental single 
crystal XRD and SS-NMR data. Whereas positions of heavy atoms are 
accurately determined by single crystal XRD data, the positions of the hydrogen 
atoms cannot be determined from their diffraction. The influence of optimizing 
the hydrogen positions of single crystal XRD structure on the SS-NMR data was 
evaluated in papers IV and V. 
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3.2 Preparation of the target molecules 

Lithocholyl-N-(2-aminoethyl)amide (36) was synthesized as described in 
Scheme 4. Excess 1,2-diaminoethane was used in the synthesis and crystalline 
36 was obtained by precipitation from water followed by recrystallization from 
acetonitrile (AcCN).1 

� 
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0 OH 

#

''•. 0 

0
/ 

�

,,,. 0 N........_,__,._NH2 

,· A0.5h ,. A2d . 
HO' H HO' 

H Ho'° H 

34 35 36 

Scheme 4. The synthesis of lithocholyl-N-(2-aminoethyl)amide (36). 

Isomeric aminopyridines have shown a wide variety of biological 
activities. The isomeric aminopyridine derivatives of lithocholic acid were 
synthesized in a single-mode microwave (MW) reactor without solvent. Ten to 
twenty equivalents of aminopyridines were used and the reaction temperature 
varied between 230 and 250 °C (Scheme 5). Unreacted reagents were washed 
out with an aqueous alkaline solution and aminopyridine conjugates 37 - 39 
were purified by recrystallization from AcCN.11 A large excess of 
aminopyridines was needed to avoid formation of lithocholate ester as a by­
product, evidenced when three equivalents of 8-aminoquinoline were used in 
equal experimental conditions (unpublished results). 

Aminopyridine 
► 

MW 

HO' H HO' 
34 

H 
37-39 

II 
o �z

N ,__X,,.Y 37: X = N, Y = Z = CH 
H 

38: Y = N, X = Z = CH 

39: Z = N, X = Y = CH 

Scheme 5. The synthesis of isomeric aminopyridine derivatives of lithocholic 
acid (37 - 39). 

Bile acid 4-aminopyridine conjugates 50 - 54 were synthesized as 
described in Scheme 6. The TEA salt was filtered off and the solvent evaporated 
under reduced pressure. The unreacted 4-AP and BA were removed by 
washing with aqueous bicarbonate solution followed by refluxing in AcCN, 
and the resulting white powder was dried in vacuum.111 
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40, 45, 50: R1 = OH, R2 = R3 = H 

41, 46, 51: R1 = R2 = OH, R3 = H 

42, 47, 52: R2 ="""OH, R1 = R3 = H 

43, 48, 53: R2 = -oH, R1 = R3 = H 

44, 49, 54: R3 = OH, R1 = R2 = H 

Scheme 6. The synthesis of bile acid 4-aminopyridine conjugates 50 - 54. 

Solid state NMR experiments for isocytosine were conducted using fully 
15N-labeled isocytosine, whose synthesis is described in Scheme 7. The reaction 
mixture was poured onto ice and the pH of the resulting solution was adjusted 
to 9 before column chromatography. Compound 57 was recrystallized from 
water_IV 

� � � 
Scheme 7. The synthesis of fully 15N labeled isocytosine 57. 

2-Alkanamido-6-[lH]-pyridones 61 and 62 were synthesized by boiling 6-
amino-2-[lH]-pyridone (58) with acid chlorides 59 and 60 in pyridine for 6 
hours (Scheme 8). After washing with water and cold ethanol, the pure 
products were obtained by recrystallization from ethanol.V 

a¥""'• c,L"-0_""'_ ... -o
◊

��R 
58 59 - 60 N 

61 -62 

59, 61: R = ethyl 

60, 62: R = i-propyl 

Scheme 8. The synthesis of 2-alkanamido-6-[lH]-pyridones 61 and 62. 
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3.3 Polymorphfsolvate crystallization and analysis 

3.3.1 Lithocholyl-N-(2-aminoethyl)amide1 

Four different solid state forms were obtained for lithocholyl-N-(2-
aminoethyl)amide 36, of which three had solvent molecule(s) incorporated into 
the structure, namely p-xylene (36b), iso-propanol (36c), and diethyl ether (36d). 
Furthermore, 36 formed gel-like material in chlorobenzene (36e). All forms 
were obtained by dissolving 36 in boiling solvent after which the resulting 
solution was filtered and kept at RT. The anhydrous form of 36 (36a) was 
obtained from AcCN, THF, and 1,4-dioxane. The primary methods for 
analyzing the different crystal modifications of 36 were 13C- and 15N SS-NMR. 
Moreover, the anhydrous form 36a and the p-xylene solvate 36b were subjected 
to powder X-ray diffraction studies as well as to DMFIT simulations. 

Clear differences were observed in the 13C SS-NMR spectra of 36a - 36e, as 
illustrated in Figure 10. In addition to the distinct chemical shifts for the carbons 
of the core molecule, the solvate resonances of aromatic carbons in the cases of 
36b and 36e were visible at around 130 ppm, whereas in the cases of 36c and 
36d the methine and the methylene carbons at around 70 ppm, respectively, 
were overlapping with the C3 resonances of the core molecule. The 13C SS-NMR 
spectrum of the bulk synthetic product 36 showed several resonances for each 
carbon, indicating the existence of different polymorphic forms. Although no 
polymorphs were reported in paper I, the procedure reported in the paper for 
preparing and crystallizing the anhydrous form 36a resulted in another crystal 
modification as a result of the second synthesis as shown in Figure 11 
(unpublished results by author). This is not surprising, since usually the 
crystallization conditions cannot be reproduced exactly. 

The powder XRD analysis further confirmed that 36a and 36b were 
different crystalline structures. The DMFIT calculations were conducted for 
these forms, andwere based on spinning side band (SSB) analysis of the 
carbonyl carbon C24. Since the principal tensor component 622 is oriented close 
to the carbonyl bond, deshielding of 622 of 36b compared to that of 36a reflects a 
longer hydrogen bond C=o···H in the former.V This may result from an 
interaction between the solvent molecule and the carbonyl oxygen or a different 
packing pattern of the host molecule. Results of the DMFIT simulations are 
depicted in Table 2. 
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Figure 10. The 13C SS-NMR spectra of different solid state forms obtained for 
lithocholyl-N-(2-aminoethyl)amide 36a - 36e (a = anhydrous form, 

b = p-xylene solvate, c = iso-propanol solvate, d = diethyl ether 
solvate, e = chlorobenzene solvate). 

l 
Figure 11. The 13C SS-NMR spectrum of the anhydrous form 36a obtained from 

the second patch (unpublished results by author). 

Table 2. CSA tensor components (ppm) of the carbonyl carbon in 36a and 36b, 

assuming 811 > 822 > ◊33, 8;so = (811 + 822 + ◊33)/3, 1'] = (822- 811)/ (fo3 - 8iso), 
CSA = ◊33-8iso. 

Parameter 36a 36b 

811 245.4 243.2 

822 173.0 177.3 

033 88.6 94.0 

1'] 0.90 0.85 

CSA -80.4 -77.5

Oiso 169.0 171.5
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3.3.2 Isomeric aminopyridine derivatives of lithocholic acid11 

The different crystal modifications for the isomeric arninopyridine derivatives 
of lithocholic acid 37 - 39 were obtained from AcCN. 13C SS-NMR spectroscopy 
was used to differentiate these forms, and their spectra are shown in Figure 12. 
Furthermore, the single crystal X-ray structures of 37a and 39a, which are 
shown in Figure 13, were solved. Powder XRD patterns were measured for all 
of the samples, and in order to confirm the possible formation of a hydrate (no 
solvent resonances were seen in 13C SS-NMR spectra), TG analyses were 
conducted (Figure 14). 13C SS-NMR spectra were re-measured after six months 
to ensure the stability of the crystal forms. 

The single crystalline form of the 2-AP derivative of lithocholic acid (37a) 
was obtained by a slow crystallization from a dilute AcCN solution, whereas 
another form (37b) was crystallized quickly from a more concentrated AcCN 
solution. Due to the very low quantity of 37a obtained, its SS-NMR spectrum 
was not measured. Differences between forms 37a and 37b were confirmed by 
comparing the simulated powder diffradion pattern of 37a and the 
experimental powder XRD pattern of 37b with each other. Based on TG analysis, 
these forms were anhydrous polymorphs of 37. 

From AcCN and chlorobenzene the 3-AP derivative of lithocholic acid 38 
crystallized as a dihydrate (38a, Figure 14). However, the SS-NMR spectrum 
measured after six months was profoundly different, and a new anhydrous 
form 38b (Figure 12) was identified. 

In the case of the 4-AP derivative of lithocholic acid, slow crystallization 
from a dilute AcCN solution resulted in single crystals (39a). Another form 39b 
was crystallized quickly from a more concentrated AcCN solution, whereas 39c 
was obtained by a slow evaporation of AcCN into dryness. Based on TG 
analysis, 39a and 39b were anhydrous polymorphs, whereas 39c was a herni­
trihydrate. The 13C SS-NMR spectrum recorded for the sample of 39a after one 
month resulted in a spectrum equivalent to that of 39c. Due to the instability of 
the crystals at ambient conditions and low quantity, a 13C SS-NMR spectrum 
was not obtained for the fresh sample of 39a. Rietveld refinement conducted for 
39b showed conformational polymorphism in 39 (Figure 15). 
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Figure 12. 13C SS-NMR spectra of the different crystal modifications of the 
isomeric aminopyridine derivatives of lithocholic acid 37 - 39 (37 = the bulk 
synthetic product of the 2-AP derivative, 37b = the anhydrous polymorph of 

the 2-AP derivative, 38a = dihydrate of the 3-AP derivative, 38b = the 
anhydrous form of the 3-AP derivative, 39b = the anhydrous polymorph of the 

4-AP derivative, 39c = the hemitrihydrate of the 4-AP derivative).

Figure 13. The single crystal X-ray structures of 37a (lithocholyl-N-(2-
aminopyridyl)amide) and 39a (lithocholyl-N-(4-aminopyridyl)amide) with 

partial numbering. 
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Figure 14. The TG curves of the isomeric aminopyridine derivatives of 
lithocholic acid 37 - 39 (37b = the anhydrous form of the 2-AP derivative, 38a =

dihydrate of the 3-AP derivative, 38b = the anhydrous form of the 3-AP 
derivative, 39b = the anhydrous polymorph of the 4-AP derivative, 39c =

hemitrihydrate of the 4-AP derivative). 

Figure 15. The molecular structures of the polymorphic forms of lithocholyl-N­
(4-aminopyridyl)amide 39a (blue) and 39b (red). 

3.3.3 4-Aminopyridine conjugates of bile acids containing from two to three 
hydrnxy I gruupsIII 

Systematic crystallization experiments were conducted for a series of five 4-
aminopyridinc conjugates of bile acids other than lithocholic acid (50 - 54), 
resulting in a total of twelve different crystal modifications. In order to ensure 
the optimal crystallization conditions the following procedures were applied: i) 
"pro-solvent" (either ethanol or DMSO) was added step-by-step to the mixture 
if, despite ultrasonic treatment and/ or heating, the compound did not dissolve, 
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or ii) "anti-solvent" (either water or acetone) introduced step-by-step whenever 
the dissolution took place instantly. Solvents/solvent mixtures from which 
crystallization took place are summarized in Table 3. 

Table 3. A selection of solvents used to crystallize the 4-aminopyridine 
conjugates of bile acids containing two to three hydroxyl groups 50 - 54. Solvent 
mixtures are shown in parentheses. 

:::s: 
50 513 52 53 54 

n 

Synthetic 
50a 51a 52a 53 54 

product 
50a1 51d 52a 53a6 

Ethanol (2:1:2 ethanol: (1:1 ethanol: (2:1 ethanol: (4:3 ethanol: 54 

acetone:water) acetone) water) water) 
50a 51c 52a 53 

Methanol (4:1 methanol: (2:1 methanol: (2:1 methanol: (5:2 methanol: 54 

water) water) water) water) 

50a 
51c 52a 53 

1-Propanol (4:11-propanol: 
(1:11- (4:5 (2:5 

54 
propanol: 1-propanol: 1-propanol:

water) 
water) water) water) 

50a 
52a 53 54 

2-Propanol (4:12-propanol: -
(1:1 (1:1 (8:1 
2-propanol: 2-propanol: 2-propanol: 

water) 
water) water) DMSO)

51c, 51e4 Amorphous
2-Butanol 50b (2:1 2-butanol: - (3:1 2-butanol: 54 

water) water)
54 

Anisole 50c2 - Amorphous - (4:1 anisole: 
DMSO) 

50a 
51b, 51d4 

Amorphous, 
Amorphous 54 

Chloroform (6:1 chloroform: 
(4:1 

chloroform in 
(2:1 (4:1 

chloroform: chloroform: chloroform: 
ethanol) 

ethanol) 
the structure 

ethanol) ethanol) 
Amorphous, Amorphous, Amorphous, 

50a toluene in the toluene in the toluene in the 54 

Toluene (4:1 toluene: structure structure structure (4:5 toluene: 
ethanol) (2:1 toluene: (5:2 toluene: (5:3 toluene: ethanol) 

ethanol) ethanol) ethanol) 

50a 
51b 52a 53 54 

Acetonitrile (2:1 acetonitrile: 
(2:1 (2:lacetonitrile: (1:1 (1:2 

ethanol) 
acetonitrile: ethanol) acetonitrile: acetonitrile: 
ethanol) 52bS ethanol) ethanol) 

- = No clear results were obtained.
1 In addition to solvents presented in the table, form 50a was obtained from the following
primary solvents or their mixtures: acetone, THF, 1,4-dioxane, 1:1 DMF:acetonitrile, 2:1
xylene:ethanol, and 10:1 toluene:DMSO.
2 Obtained from 2 % w /v concentration.
3Gel was formed in 1,1,2,2-tetrachloroethane (2 % w /v).
4 Different forms were obtained in a second crystallization experiment. Form 51d was also
obtained from a 50:1 CHCh:ethanol solution. Form 51e was also crystallized from a 2:1 2-
butanol:ethanol solution.

_____________________________________________________________________

___________________________________
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5 Form 52b was obtained from a saturated acetonitrile solution and its existence confirmed by
solid state NMR. Despite of numerous attempts, we were not able to reproduce form 52b, 

resulting in an incomplete characterization of this form. 
6 Form 53a was also obtained from a 1:1 ethanol:acetone solution. 

Preliminary screening of the samples was performed by Raman 
spectroscopy. The existence of different crystal forms suggested by Raman 
spectra was confirmed by powder XRD analysis. Since only 10 - 20 mg of the 
sample was used for the preliminary crystallization experiments, larger 
amounts were crystallized for SS-NMR analysis. The chemical and structural 
integrity between these patches was confirmed by ATR-FTIR spectroscopy. 
Moreover, thermoanalytical methods (TG and DSC) were applied on the 
different crystal forms and thermal properties of compounds 50 - 54 are 
summarized in Table 4. 

Table 4. The thermal properties of compounds 50 - 54. 

Awt-% (TG) Solvate• Thermal transitions Dec 

exp. calc. Tds (L1Ii) T,. (L1Ii) Tg (L1Cp
) Td 

50a 4.32 3.70 w (1) 99 (123.60) b 222.1 (64.83) 104.7 (0.44) 300 

50b 8.65 7.33 b (½) 124 (58.73) 229.6 (45.60) 127.8 (0.18) 311 

50c 4.37 7.14 as(%) 134 (50.41) b 238.5 (45.91) 127.0 (0.60) 308 

51a an 275.8 (104.96) 139.9 (0.28) 323 

51b 7.03 6.92 w (2) 60 (97.02) b 277.5 (95.94) 140.9 (0.33) 319 

51c 4.59 3.59 w (1) 101 (104.33) 246.7 (65.14) 134.6 (0.31) 317 

51d 8.29 8.69 e (1) 136 (52.77) b 277.0 (100.44) 138.2 (0.36) 326 

51e 12.40 13.27 b (1) 125 (74.92) 277.9 (86.31) 139.3 (0.23) 330 

52a an 215.5 (59.82) 129.0 (0.28) 315 

52b 3.67 3.70 w (1) 84 (114.49) 143.8 (24.57) 128.9 (0.26) 316 

53 an 253.6 (99.90) 130.0 (0.33) 301 

54 an 260.7 (74.31) 132.8 (0.15) 296 

• = solvents are abbreviated as follows: w = water, b = 2-butanol, as = anisole, an = anhydrous, e 
= ethanol, and their mole fraction is in parentheses; T d, = desolvation T (0C), Tm = melting T (0C), 
Td = decomposition T (0C) and their enthalpies t.H a g-1); Tg = glass transition T taken from the
2nd heating scan and its i'.Cp a g-1 °C-1); b = recrystallization immediately after desolvation.

For Lhe deuxychulic acid conjugate 50 four different forms were observed. 
Of these four forms three distinct crystalline modifications were identified. 50a 

was a monohydrate whose SS-NMR analysis indicated that two non-equivalent 
molecules possibly existed in the asymmetric unit. This was suggested based on 
the doublet resonance patterns observed in the spectrum of 50a. 50b, for one, 
crystallized as a 2-butanol solvate along with traces of the hydrate 50a. Only 
single resonances were visible in the SS-NMR spectrum of 50b, including those 
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assigned for the solvent. Interestingly, the form obtained from anisole was 
dependent on the concentration used in the crystallization experiments. When a 
2 % w/v anisole solution of 50 was used, a semi-crystalline anisole solvate 50c 

was obtained, whereas the use of a 0.25 % w /v concentration resulted in the 
hydrate 50a. As can be seen in Figure 16, the carbonyl carbon of the semi­
crystalline anisole solvate 50c possesses a triplet resonance pattern in its SS­
NMR spectrum. The TG analysis supported the assumption that three distinct 
moieties may exist in the asymmetric unit, although the weight loss was lower 
than equal to 1 / 3 moles of anisole (Table 4), which may be caused by
amorphous content in the sample. The 13C SS-NMR spectra of the different 
crystal modifications of compound 50 are shown in Figure 16. 

150 50 [ppm] 

Figure 16. 13C SS-NMR spectra of the different crystal modifications of the 
deoxycholyl-N-(4-aminopyridyl)amide 50. 

The cholic acid conjugate 51 is able to crystallize in at least five different 
crystalline forms; including an anhydrous form 51a, a dihydrate 51b, a 
monohydrate 51c, an ethanol solvate 51d, and a 2-butanol solvate 51e. Since the 
SS-NMR spectrum of the aged hydrate 51c resembled that of the anhydrous 
form 51a, the XRD pattern was re-measured for the aged sample in order to rule 
out the possibility of a solid state phase transition from a kinetically stable to a 
thermodynamically more stable form. An XRD pattern of the hydrate equal to 
that of the original was produced, suggesting that care must be taken when 
interpreting the SS-NMR spectra and that the findings should preferably be 
confirmed by other methods. The 13C SS-NMR spectra of the crystal 
modifications of compound 51 are shown in Figure 17. 

An anhydrous form (52a) of the chenodeoxycholic acid conjugate 52 was 
obtained from five different solvent mixtures (Table 3). In addition, a hydrate 
52b was obtained from a saturated AcCN solution. Unfortunately, this form 
was isolated only once. The TG analysis showed that 52b has an exceptionally 
low melting point compared to the other conjugates (Table 4), which indicates a 
highly metastable nature for this form. The 13C SS-NMR spectra of forms 52a 
and 52b are shown in Figure 18. 
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150 50 [ppm] 

Figure 17. 13C SS-NMR spectra of the different crystal modifications of the 
cholyl-N-(4-aminopyridyl)amide 51. 

j'\_ A 
150 100 50 (ppm) 

Figure 18. 13C SS-NMR spectra of the different crystal modifications of the 
chenodeoxycholyl-N-(4-aminopyridyl)amide 52 (52a = anhydrous form and 52b 

= hydrate form). 

The ursodeoxycholic acid conjugate 53 and the hyodeoxycholic acid 
conjugate 54 crystallized as anhydrous forms regardless of the solvent systems 
used. Moreover, high quality crystals of conjugate 53 suitable for single crystal 
XRD experiment were obtained from ethanol/ acetone and ethanol/ water 
solutions. Crystal packing of compound 53 is shown in Figure 19. Hydrogen 
bonds N24-f

f 

.. 03 and 07-f
f .
. 024 organize the molecules into right-handed 

helical chains. 
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Figure 19. Crystal packing of ursodeoxycholyl-N-(4-aminopyridyl)amide 53. 

3.4 Computational studies of isocytosine and pyridine 
derivatives 

Intrigued by the versatile solid state modifications of the selected pyridine 
derivatives observed experimentally, and described above in Chapter 3.3, we 
decided to study the ability of the theoretical methods to reproduce the solid 
state NMR parameters starting from the single crystal XRD data. Quantum 
chemical SS-NMR chemical shielding calculations were performed for two 
pyridine-derived compounds as well as for isocytosine. The geometry 
optimizations and calculations of the SS-NMR parameters were performed 
using the DFT-based CASTEP (Cambridge Serial Total Energy Package) and 
NMR-CASTEP programs, respectively.223 The positions of the hydrogen atoms 
were optimized with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method224-

227 applying "ultrasoft" pseudopotentials228, keeping the heavy atoms and the 
lattice volume fixed. The gauge-including projector-augmented wave 
(GIP A W)229 procedure was used for the prediction of the magnetic resonance 
parameters. The electric field gradients and chemical shielding tensors were 
calculated for 13C and 15N nuclei for the geometry optimized structures and for 
the original X-ray structures. 
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3.4.1 CASTEP calculations for isocytosine1V 

Based on its X-ray structure230, neutral isocytosine crystallizes in a 1:1 ratio of 
two tautomers (Figure 20). The assignment of solid state NMR resonances of 
isocytosine was completed using NQS (non-quaternary suppression) and FSLG­
HETCOR (frequency-switched Lee-Goldburg heteronuclear correlation) 
experiments. The 13C and 15N NMR chemical shifts were calibrated using 
c;irhonyl (at 176.03 ppm) and amine (at 32.1 ppm) resonances of glycine, 
respectively. 

Figure 20. The two tautomers of isocytosine. Hydrogen bonds are shown by 
dashed lines. 

CASTEP calculations were conducted using a normal workplace PC, and 
because of its limited memory capacity, positions of hydrogen atoms were 
optimized step by step. Optimization was initiated with a plane wave cut-off 
energy of 270 eV and the resulting structure was used for the next optimization 
step with a higher cut-off energy. The final optimized structure as well as the 
NMR parameters were calculated with a cut-off energy of 440 eV. The absolute 
shielding values obtained by NMR-CASTEP calculations were compared to the 
experimental NMR chemical shifts using linear correlation. 

Compared to calculations performed for isolated isocytosine molecules or 
for isocytosine clusters, the GIP AW method was discovered to be able to 
reproduce the experimental data the most accurately. These calculations, which 
were based on the single crystal X-ray structure, however, were not accurate in 
predicting the chemical shifts of the nitrogens, which is why the positions of the 
hydrogen atoms were optimized. After the optimization, Lhe N-H bond le11gtlis 
were observed to have increased by a value of approximately 0.1 A, which 
considerably improved the accuracy of the predicted chemical shifts of the 
nitrogens (Table 5). 
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Table 5. The experimental and calculated NMR chemical shift data: A= 3-NH, 
B = 1-NH (for numbering see Figure 20), c- = calculated without hydrogen 
position optimization, c+ = calculated with hydrogen position optimization, /:,,. = 
chemical shift difference compared to the experimental value. 

Atom A !iAfc- !iAfc+ B /iB/c- /1B/c+ 

C2 156.9 -0.5 0.0 156.9 -3.7 -2.4

C4 166.9 -1.4 +0.2 173.0 -0.1 -1.0

CS 101.4 +1.7 +0.7 105.4 -1.1 +1.0

C6 156.9 -0.4 +2.1 137.6 -0.4 +2.7

Nl 195.5 +2.7 +2.1 122.1 -15.6 -0.1

N3 151.6 -10.6 -3.5 201.5 +4.5 -0.3

N4 82.2 -22.4 +0.1 78.8 -24.8 -1.0

3.4.2 CASTEP calculations for 2-alkanamido-6-[lH]-pyridonesV 

2-propanamido-6-pyridone 61 crystallized with two unequivalent molecules in
the asymmetric unit. This was also evidenced by SS-NMR spectroscopy, which
displayed double resonances with equal intensities in the spectrum (Figure 21,
Table 6). 2-lso-butanamido-6-pyridone 62 crystallized with only one molecule in
the asymmetric unit (Figure 21, Table 7).

Figure 21. Crystal packing of 2-propanamido-6-pyridone 61 (left) and 2-iso­
butanamido-6-pyridone 62 (right). Hydrogen bonds are shown by dashed lines. 

As in the case of isocytosine, the GIP AW method was used to calculate the 
NMR chemical shielding parameters for the X-ray structures (61a, 62a) as well 
as for the structures with optimized hydrogen positions (61b, 62b). The 
absolute shielding values obtained by NMR-CASTEP calculations were 
changed to chemical shifts using the values calculated for glycine. All CASTEP 
calculations were performed using the supercomputing environment provided 

___________________________________________________________________
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by CSC - IT Center for Science Ltd., and the same cut-off energies were used for 
the geometry optimizations and for the NMR calculations. The optimization 
was performed at a cut-off energy of 440 eV for 61b and 62b, but since this cut­
off energy seemed to underestimate the absolute shielding of the pyridine 
nitrogen in 62b, a cut-off energy value of 550 eV was used for 62c. This resulted 
in a fairly accurate estimation of the shielding for this nitrogen. Optimization of 
the structures, however, resulted in an underestimation of 10 ppm of the 
absolute shielding of the amide nitrogen donor of the hydrogPn bond, and 
therefore the N-H bond length was fixed between the non-optimized and 
optimized structures (Table 8, 61c, 62d). This was observed to result in a high 
correspondence between the theoretical and experimental values. As can be 
seen in Table 8, the principal tensor component fo2 was the most sensitive for 
hydrogen bonding. 

Table 6. Comparison of the SS-NMR chemical shift data. 61(exp.) =

experimental chemical shifts, 61a = calculated for the crystal structure, 61b =

calculated after optimization of the location of the hydrogen atoms, and 61c =

calculated for 61 b with a fixed NlHl • • 0 hydrogen bond length. The 13C and 
15N NMR chemical shifts were calibrated using carbonyl (at 176.03 ppm) and 
amine (at -347.4 ppm) resonances of glycine, respectively. 

Atom 61(exp.) 61a 61b 61c 

C2 145.8 143.5 145.7 145.0 

C2' 145.8 143.7 146.0 145.3 

C3 93.6 87.5 95.6 94.9 

C3' 93.6 87.7 95.6 94.9 

C4 145.1 142.9 146.5 146.3 

C4' 145.1 143.1 146.6 146.4 

CS 111.2 108.3 113.2 114.0 

CS' 112.1 110.2 114.8 115.5 

C6 162.5 161.3 160.1 160.1 

C6' 162.5 161.8 160.3 160.5 

C9 174.9 174.7 176.2 175.9 

C9' 175.2 175.4 176.8 176.6 

CH2 27.4 10.2 25.7 25.5 

CH2' 28.0 11.1 26.9 26.6 

CH3 7.5 -19.7 3.9 3.7 

CHJ' 7.9 -19.2 4.7 4.6 

Nl -222.7 -237.3 -220.6 -223.0

Nl' -221.2 -236.0 -223.2 -220.4

N8 -250.4 -255.4 -240.9 -251.4

N8' -248.2 -253.5 -238.7 -249.7

__________________________________________________________



47 

Table 7. Comparison of the SS-NMR chemical shift data. 62(exp.) = 
experimental chemical shifts, 62a = calculated for the crystal structure, 62b =

calculated after optimization of the location of the hydrogen atoms at a cut-off 
energy of 440 eV, 62c = calculated after optimization of the location of the 
hydrogen atoms at a cut-off energy of 550 eV, and 62d = calculated for 62c with 
a fixed NlHl • • 0 hydrogen bond length. The 13C and 15N NMR chemical shifts 
were calibrated using carbonyl (at 176.03 ppm) and amine (at -347.4 ppm) 
resonances of glycine, respectively. 

Atom 62(exp.) 62a 62b 62c 62d 

C2 145.3 144.4 146.8 146.8 146.1 
C3 94.9 90.0 97.3 97.2 96.6 
C4 142.4 139.7 143.2 143.2 142.9 
CS 111.0 107.4 112.6 112.5 113.1 
C6 160.3 158.2 156.7 156.6 157.0 
C9 179.1 180.7 180.4 180.3 180.0 
methineCH 35.4 24.7 35.3 35.1 34.7 
CI--IJ' 21.9 -3.9 20.8 20.7 20.7 
CI--IJ 18.6 -8.7 16.5 16.4 16.2 
Nl -223.1 -239.5 -212.9 -222.5 -222.8
N8 -250.2 -257.2 -241.1 -240.7 -252.1

Table 8. The effect of the hydrogen bond length (A) on the principal shielding 
tensor components (ppm). 

61a 61b 61c 62a 62c 62d 

NlHl··O 1.85/1.85 1.70/1.70 1.80/1.80 1.82 1.65 1.76 
611 175.1/175.6 164.3/164.4 174.7 /174.2 179.0 167.6 179.0 
622 151.8/152.7 124.8/126.1 142.9/143.7 153.4 124.4 143.0 
633 -29.3/-25.2 -36.0/-30.8 -31.8/-26.8 -23.9 -32.9 -28.8

_________________________________________________________________
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4 SUMMARY 

Lithocholyl-N-(2-aminoethyl)amide (36) was shown to have a tendency to 
incorporate solvent molecules into its structure. The crystallization studies 
yielded solvates with p-xylene (36b), iso-propanol (36c), diethyl ether (36d), and 
chlorobenzene (36e). Amides of isomeric aminopyridines and lithocholic acid, 
on the other hand, crystallized solely as anhydrous forms or hydrates. Within 
the series of the aminopyridyl amides two single crystal X-ray structures (37a, 
39a) and one structure based on powder X-ray data (39b) were solved. 
Furthermore, in order to investigate the thermal stability of the crystallized 
forms, SS-NMR spectra were re-measured after a period of time revealing two 
opposite phenomena: the metastable dihydrate 38a changed to an anhydrous 
form 38b, whereas the anhydrous form 39a changed to a hemi-trihydrate 39c. 

Systematic crystallization screening was conducted for five bile acid-4-
aminopyridine conjugates resulting in twelve different crystal modifications. 
These modifications were extensively studied by means of solid state NMR, 
Raman, and IR spectroscopies, powder and single crystal X-ray diffraction 
methods, thermogravimetry, and differential scanning calorimetry. The cholic 
acid conjugate 51 was proven to have the highest tendency to crystallize as 
different modifications, resulting in an anhydrous form 51a, a dihydrate 51b, a 
monohydrate 51c, an ethanol solvate 51d, and a 2-butanol solvate 51e. For the 
deoxycholyl derivative 50, three distinct modifications were identified. The 
chenodeoxycholyl derivative 52 crystallized as an anhydrous form together 
with a hydrate, whereas for the urso- and hyodeoxycholyl derivatives (53 and 
54, respectively) solely anhydrous forms were detected. 

Infinite crystal calculations were conducted for a series of three nitrogen 
heterocycles in order to compare the single crystal structures to SS-NMR data. 
Optimization of hydrogen positions of the X-ray structure turned out to be 
essential especially in the case of hydrogen bonds. Furthermore, the position of 
the amide proton needed manual adjustment in the case of 2-acylamino-6-[lH]­
pyridones (61, 62) in order to obtain accurate results. 
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The current work provides important information about the solid state 
behavior of amides of bile acids with potential pharmaceutical activity. Because 

different crystal modifications of one molecule may possess distinct physico­
chemical properties influencing, e.g., its stability over time or its bioavailability, 
it is essential to identify and characterize these forms. Moreover, the ability of 
the NMR-CASTEP program to reliably predict SS-NMR chemical shifts for 
nitrogen heterocycles was demonstrated. This can prove useful in interpreting 
complicated experimental problems where precise locations of hydrogen atoms 
of the molecule are required. 
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Erratum to I 

Table 2 CSA tensor components (ppm) of carbonyl carbon in 2 and 3

Parameter 2 3 

811 221.0 219.4 

822 170.4 175.3 

033 115.3 119.8 

l] 0.90 0.85 

d -80.4 -77.5

8iso 169.0 171.5

Should be: 

Table 2 CSA tensor components (ppm) of carbonyl carbon in 2 and 3

Parameter 2 3 

811 245.4 243.2 

822 173.0 177.3 

◊33 88.6 94.0 

l] 0.90 0.85 

CSA -80.4 -77.5

8iso 169.0 171.5

The term "polymorph" was incorrectly used in this paper, whereas "crystal 
form" would have been the correct term. 

__________________________________________________________
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