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Abstract

Risperidone is a second-generation antipsychotic used to treat psychiatric disorders such as
schizophrenia, bipolar disorder and autism. It targets dopamine D2 and serotonin 5-HT2A
receptors and has immunomodulatory properties. Multiple sclerosis is a chronic inflammatory
disease that affects over 2 million people worldwide and currently has no cure. Recent research
at Victoria University of Wellington has shown that risperidone is able to reduce disease
severity in mouse models of multiple sclerosis. Further research has demonstrated that
truncated and unsaturated analogues of risperidone have varying immunomodulatory effects in
immune cells.
The current research describes the synthesis and preliminary in vitro testing of four extendedlinker analogues of risperidone. Structure-activity relationship studies with neurotropic drugs
have shown that altering the length of the alkyl chain found in many of these compounds can
have significant effects on receptor binding profiles. Synthesis and cytokine production assays
of these analogues begin to provide further insight into how risperidone exerts its
immunomodulatory effects and may contribute to the development of new treatments for
multiple sclerosis.

“Completed it mate.”
Jay Cartwright
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1 Introduction
1.1 Risperidone
1.1.1 Background
Risperidone is an atypical antipsychotic drug, originally developed by Janssen Pharmaceuticals
in 1986 as a treatment for psychiatric disorders associated with schizophrenia.1 Its use has since
expanded to the management of bipolar disorder2 and irritability associated with autism.3 As
an atypical or second-generation antipsychotic, risperidone improved on the first generation of
antipsychotics by reducing adverse effects associated with treatment, particularly
extrapyramidal symptoms (EPS) like dyskinesia, akathisia, dystonia and parkinsonism.4 First
generation antipsychotics, such as Haloperidol, competitively block post synaptic type-2
dopamine (D2) receptors, resulting in their anti-hallucinogenic and anti-delusionary effects.5
However, this strong antagonism of the D2 receptor combined with a narrow therapeutic
window was found to be the cause of EPS associated with treatment.6 Second generation
antipsychotics target a wider range of receptors including D1-D5 receptors, type-2 serotonin
(5HT2) receptors and α1 adrenergic receptors with varying affinities. This broader range of
receptor affinities as well as a greater 5-HT2/D2 binding ratio is thought to be the reason for the
reduction in EPS associated with risperidone treatment.7
Structurally risperidone consists of a fluorinated benzisoxazole linked to a pyridopyrimidone
moiety by a piperidine ring and a two-carbon alkyl spacer. Risperidone shares some structural
features with other atypical antipsychotics (Figure 1).8 Paliperidone, a metabolite of
risperidone, has a high structural similarity to its parent molecule, the difference being a 9hydroxy moiety. This has also been developed by Janssen as a schizophrenia treatment.9 In
other antipsychotics, benzisoxazole or benzisothiazole structures are commonly linked to
another moiety by a piperidine or piperazine ring. Alkyl spacers of varying lengths are
frequently used to link these rings to another bulky group which have a large range of structural
variance.

Figure 1. Risperidone and structurally related atypical antipsychotics.

Recently the crystal structures of risperidone bound to the D2 and 5-HT2A receptors have been
elucidated.10-11 When bound to the D2 receptor, the benzisoxazole moiety of risperidone sits in
a deep hydrophobic binding pocket created by the side chains of transmembrane helices III, V
and VI (Figure 2). Of particular importance for binding are residues Thr119, Phe198, Phe382
and Trp386. When these residues were replaced individually by alanine, at least a ten-fold
reduction in binding affinity was observed. Another hydrophobic pocket is found to enclose
the pyridopyrimidone ring nearer to the entrance of the pocket. A salt bridge is also found to
form between Asp114 and the nitrogen of the piperidine ring, further stabilising binding. The
orientation of the pyridopyrimidone moiety in its unbound state significantly changes when
bound to the D2 receptor in order to make a hydrophobic contact with Trp100.

2

Figure 2. Top left, top down view of risperidone (yellow) bound in the pocket created by
transmembrane helices III, V and VI (not shown). Top right, risperidone bound to D2
receptor. Bottom, risperidone orientation when unbound vs bound to D2 receptor. Bottom
right, overlaid unbound (green) and bound (yellow). Adapted from Wang et al. Structure of
the D2 dopamine receptor bound to the atypical antipsychotic drug risperidone. Nature 555,
269.10

Similar interactions are found when risperidone is bound to the 5-HT2A receptor due to the
conservation of many residues between the two aminergic receptors.12 This is indicated by the
residues highlighted in green in Figure 3. As with the D2 receptor, alanine mutagenesis of
interacting residues in the benzisoxazole binding pocket results in a significantly reduced
binding affinity, noted by residues in red. Mutation of Trp336 in particular caused a 1000-fold
3

reduction in risperidone binding affinity. A salt bridge is also observed between an Asp residue
and the piperidine ring. This is expected as it is a conserved residue among aminergic
receptors.12

Figure 3. Left, 3-dimensional structure of risperidone bound to 5-HT2A receptor. Right,
interactions between risperidone and 5-HT2A. Adapted from Kimura et al. Structures of the 5HT2A receptor in complex with the antipsychotics risperidone and zotepine. Nature Structural
& Molecular Biology 26, 121.11

1.1.2 Pharmacokinetics and Receptor Affinities
Risperidone is most commonly taken orally as a tablet with dosages ranging from 0.5 to 6
mg/day for schizophrenia patients.13 It is also provided as a depot injection, a slow-release,
long-lasting form of administration.14 Following oral administration, bioavailability is
approximately 68% and maximal plasma concentrations are achieved after approximately 1
hour.3, 15 Plasma protein binding of risperidone to albumin and α-acid glycoprotein is 90%.3
Risperidone is primarily metabolised in the liver by CYP2D6, and to a lesser extent CYP3A4,
to give 9-hydroxyrisperidone (Paliperidone), an active metabolite.16-17 9-Hydroxyrisperidone
has a slightly reduced maximum plasma protein binding of 77%.3 Risperidone has a mean halflife of approximately 3 hours while 9-hydroxyrisperidone has a substantially longer mean half4

life of 24 hours.15 Efflux from cells is mediated by the ABCB1 transporter18 and excretion of
risperidone and its metabolites is primarily in the urine.3
Risperidone demonstrates very strong antagonistic affinity for 5-HT2A receptors (Ki < 1 nM in
vitro) and a strong affinity for D2 and α1 receptors (Ki < 10 nM in vitro).19-20 Antagonistic
activity has also been observed for dopamine type-1, 3, 4 (D1, D3, D4,) serotonin type 1A, 1C,
7 (5-HT1A, 5-HT1C, 5-HT7), α2 adrenergic and H1 histaminergic receptors both in vivo and in
vitro.21-22 Risperidone has also been shown act as an inverse agonist towards D2, 5-HT2A, 5HT2C and H1 receptors.23-24
Binding to D2 and D3 receptors in the limbic and cortical regions of the brain is thought to be
the source of risperidone’s therapeutic effects while binding to D2 receptors in the striatum may
be the cause of motor side effects.25 Studies in schizophrenic patients show that a 1 mg/day
oral dose results in a maximum D2 receptor occupancy of 50%26 while larger doses of 3 and 6
mg/day result in 72% and 82% D2 receptor occupancy respectively.27 5-HT2A receptor
occupancy was found to be greater, with 3 and 6 mg/day dosing regimens resulting in 83% and
95% receptor occupancy, respectively.27
Atypical antipsychotics in general have a greater 5-HT2A/D2 binding ratio compared to first
generation antipsychotics.28 Risperidone has a high 5-HT2A/D2 ratio of 21,

while only

ziprasidone (31) and clozapine (45) are higher.29 In contrast, the majority of first generation
antipsychotics have a 5-HT2A/D2 binding ratio less than one. Greater 5-HT2A antagonism has
been associated with an atypical drug profile and is required for treatment of the negative
symptoms of schizophrenia.22 Nonetheless, D2 antagonism is required for antipsychotic activity
and is responsible for treatment of the positive symptoms of schizophrenia. It has been
hypothesised that strong antagonism of 5-HT2A receptors alongside weaker antagonism of D2
receptors observed with atypical antipsychotics is responsible for the reduced incidence of EPS.

1.1.3 Side Effects
Risperidone produces a range of side effects when used in the treatment of schizophrenia. The
most commonly observed major side effects in clinical trials and Phase IV monitoring were
EPS-related events including tremor, dyskinesia and hyperkinesia.30-31 These side effects are
also common in patients being treated for bipolar mania.32 A common relationship observed
with antipsychotics is as D2 receptor occupancy increases, so does the likelihood of EPS. This
5

correlation is particularly strong when D2 receptor occupancy increases past 80%.33 This
increase in EPS occurs most commonly in patients taking larger doses of risperidone (6
mg/day) despite the near complete 5-HT2A receptor occupancy associated with treatment.34
Minor side effects frequently reported include sleepiness and moderate weight gain.35
Risperidone is a strong binder of 5-HT2A and H1 and antagonism of these receptors has been
associated with deep sleep and sedation respectively.36 Weight gain is also associated with H1
antagonism as well as 5-HT2C binding.36 Risperidone-associated weight gain has also been
correlated with altered levels of inflammatory factors when used in the treatment of
schizophrenia.37

1.2 Multiple Sclerosis and Cytokines
1.2.1 Multiple Sclerosis
Multiple sclerosis (MS) is the most common chronic inflammatory, demyelinating and
neurodegenerative disease in people under 40 with over 2.2 million cases reported worldwide
in 2016.38-39 It is an autoimmune disease caused by demyelinating lesions that accumulate
along the spinal cord and in the brain. This damage is caused by immune system attack on the
myelin sheath surrounding neurons. As over 200 alleles are associated with this multifactorial
disease it is not a simple condition.40 Demyelination causes relapses, reversible periods of
neurological deficits that affects a person’s movement and bladder and bowel function and can
last for days or weeks. The disease can be classified as relapsing, characterised by relapses at
irregular intervals with complete or incomplete recovery.41 In a minority of cases disease is
progressive.41 This is characterised by symptoms worsening over time with acute periods of
relapse, sometimes without full clinical recovery.

1.2.2 Current Treatments
Current treatments, such as Natalizumab and BG-12, aim to reduce the rate of these relapses
and the growth of new lesions. Natalizumab works by reducing T-cell trafficking to the central
nervous system, one of the possible causes of inflammation.42 However, after public release it
was found to increase the chances of patients developing progressive multifocal
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leukoencephalopathy and now carries a black box warning.43-44 BG-12 reduces the rate of
disease progression by activating the Nrf2 antioxidant response pathway,45 as well as
potentially suppressing pro-inflammatory cytokine production or associated downstream
pathways.46 It is currently used to treat relapsing forms of MS. Vitamin D has even been
suggested to lower the risk of MS although there is some disagreement over its efficacy.47-50

1.2.3 Cytokines and Multiple Sclerosis
Cytokines are a broad category of small proteins important for cell signalling. They are unable
to cross lipid bilayers so rely on interactions with cell surface receptors to initiate intracellular
signalling cascades. They are predominantly produced by T helper cells and macrophages.51
Many cytokines are associated with pro- and anti-inflammatory pathways, or both, as listed in
Table 1. T helper cells produce interleukin (IL)-2, IL-4, IL-5, IL-10, IL-13, tumour necrosis
factor-α (TNF-α), IFN-γ and transforming growth factor-β (TGF-β).52-53 As well as some of
the previously mentioned cytokines, macrophages also produce IL-1β, IL-6 and IL-23.54

Table 1. Cytokines and their related pathways.
Associated

Cytokine

Refs.

Pro-inflammatory

TNF-α, IFN-γ, IL-1β, IL-2, IL-6, IL-12 IL-15, IL-17, IL-18

51, 55-58

Anti-inflammatory

TGF-β, IFN-α, IL-2, IL-4, IL-6, IL-10, IL-11, IL-13

51, 55, 58-59

Pathways

Uncontrolled production and secretion of pro-inflammatory cytokines has been widely
observed in cases of MS and is suspected to be one of the causes of inflammation associated
with the disease. In particular, dysregulation of IFN-γ, TNF-α, IL-12 and IL-6 has been
demonstrated to be important in the progression and severity of disease. To study these effects,
experimental autoimmune encephalomyelitis (EAE) is often used as an animal model for MS.60
EAE is commonly used in mice or rats where the condition is artificially induced by
immunisation with myelin-derived antigens.61
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IFN-γ can be considered a pro-inflammatory cytokine because of its regulatory activity towards
TNF-α and nitric oxide. IFN-γ expression has been shown to begin at the onset of central
nervous system (CNS) inflammation, increase at the peak of disease in EAE and subside during
remission.62 Overexpression of IFN-γ results in demyelination throughout the CNS.63
Surprisingly, IFN-γ knockout mice were also found to be susceptible to EAE induction.64 These
knockout mice exhibited large amounts of CNS inflammation and a further progressed form of
EAE. This led to the suggestion that IFN-γ is not vital for induction or continuation of EAE. In
humans, increased levels of IFN-γ have been observed in patients with progressive forms of
MS.65 This dysregulation of IFN-γ production is suspected to be important in the transition of
MS from a relapsing to a progressive form of the disease.
TNF-α is a pro-inflammatory cytokine produced by immune cells as well as astrocytes and
neurons. Artificially increased TNF-α levels in mice results in a prolonged disease period for
EAE and more severe infiltration of the spinal cord by immune cells.66 Injection with antiTNF-α antibodies prior to TNF-α treatment resulted in a dose-dependent reduction in disease
severity suggesting a direct correlation between TNF-α levels and EAE severity. In transgenic
mice, induced TNF-α expression resulted in a chronic inflammatory, demyelinating disease in
100% of subjects.67 Extensive T-cell infiltration was observed particularly in the meninges of
the brain and the parenchyma of the CNS. Again, this was preventable by introduction of TNFα antibodies. In humans, MS lesions have been associated with significantly increased levels
of TNF-α which is expressed by macrophages and microglia found in chronic lesions.68-69 High
cerebrospinal fluid levels of TNF-α have also been associated with severity and progression of
MS, particularly in patients with a chronic progressive form of the disease.70
IL-12 is involved in the differentiation and proliferation of T cells and produced primarily by
monocytes and dendritic cells. In rat models that had recovered from induced EAE,
administration of IL-12 was able to induce a relapse in disease.71 This was observed as an
increase in CNS lesions, which coincided with increased macrophages peripheral to the
surrounding blood vessels. Nitric oxide synthase, catalyst of nitric oxide production, was also
upregulated in macrophages. Increased levels of nitric oxide and its metabolites have since
been associated with progression of MS.72 In humans, IL-12 is found to be upregulated in the
lesions and not in other areas of the brain of MS patients.73 Inhibitors of IL-12 production are
now used for treatment of relapsing forms of MS.74-75
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IL-6 can act as a pro- and anti-inflammatory cytokine whose production in monocytes and
macrophages is stimulated by IL-1.76 Upregulation of IL-6 in the CNS coincides with the
induction phase of EAE in murine and rat models.77-78 Elevated plasma levels of IL-6 have also
been observed in MS patients.79 In the brain of MS patients, IL-6 levels are found to be
elevated.80-81 This is localised to macrophages and astrocytes found within lesions. Schönrock
et al.80 noted that the number of IL-6 expressing cells was greatest in inactive demyelinated
lesions with large numbers of oligodendrocytes, suggesting that IL-6 may also play a role in
remyelination.

1.3 Risperidone, Inflammation and Cytokines
Multiple studies show that some of the psychosis related symptoms observed in schizophrenia
cases develop from neuroinflammation and immune system dysregulation. Risperidone
treatment has been shown to have anti-inflammatory effects by modulation of cytokine profiles
and cellular immune responses.
Atypical antipsychotics including risperidone have been shown to suppress production of
proinflammatory cytokines while also upregulating production of the anti-inflammatory
cytokine IL-10 in LPS-treated mice.82 Further research in rats shows risperidone also decreases
LPS-induced production of pro-inflammatory cytokines IL-1β and TNF-α, as well as MAPK
and NF-κB.83 Risperidone treatment also restored activity of anti-inflammatory pathways
usually suppressed by LPS treatment.
A small-scale study in schizophrenia patients treated with risperidone showed changes in
cytokine levels after 3 months of treatment.84 Most notably, IL-10 levels increased while IFNγ levels decreased. As IL-10 is a suppressor of IFN-γ, this was an unsurprising connection, but
it is unclear if IFN-γ suppression was directly caused by the upregulation of IL-10 or other
unspecified mechanisms. These modifications in cytokine levels were also seen in nonresponders to risperidone treatment, indicating the effect was unlikely to be entirely related to
a specific psychopathological state.
Cytokine levels were also found to be altered in children with autism who were prescribed
risperidone to manage irritability associated with their condition.85 Changes in plasma proinflammatory cytokine levels were more pronounced in responders to treatment vs nonresponders. This indicates a relationship between a patient’s psychopathological state and the
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effect risperidone treatment has on their cytokine levels. This is contrary to the study previously
described in schizophrenia patients.84
In patients with first episode paranoid schizophrenia, serum levels of IL-2, IL-6, IL-18 and
TNF-α were found to be significantly reduced after 1 to 6 months, demonstrating an
immunosuppressive effect in schizophrenia patients involving pro- and anti-inflammatory
cytokines.86 Another study showed an initial anti-inflammatory effect where levels of IL-1β,
IL-6, and TNF-α decreased in the first month but reverted to baseline levels at the end of a 6month risperidone treatment period.37 However, baseline levels of these pro-inflammatory
cytokines were greater in schizophrenia patients vs the control group. Juncal-Ruiz et al.87
suggested that the difference in baseline levels of these cytokines may be as a result of prior
exposure to antipsychotic drugs because their study showed no difference in baseline levels of
IL-1β, IL-6 and TNF-α between healthy volunteers and drug naïve schizophrenia patients.
Risperidone has been shown to inhibit the IFN-γ induced production of nitric oxide and proinflammatory cytokines in microglia.88 Haloperidol showed a much lesser inhibition of these
pathways, leading to the suggestion that risperidone’s wider aminergic receptor binding profile
could be responsible for its improved inhibitory activity.

1.4 Alkyl Spacer Effects in Drug Molecules
A common structural motif in drug molecules, particularly those targeting the dopamine and
serotonin receptors, is an extended alkyl spacer connecting two different moieties. Often in the
development of a drug, structure-activity relationship studies will modify the length of alkyl
spacers as this can drastically alter receptor binding profiles. This can be as a result of the
increased flexibility afforded by a longer chain.
For example the N-acylethanolamine acid amidase (NAAA) inhibitory potency of pyrrolidine
amide derivatives synthesised by Zhou et al.89 increased with chain length and flexibility.
However, the increased length also reduced their selectivity for NAAA when compared to
analogues with more restricted linkers.89
More specifically in neurotropic drugs targeting the various dopamine and serotonin receptors,
the distance between two different moieties, linked by an alkyl chain and often with a nitrogencontaining 6-membered ring, has been shown to have large effects on receptor binding profiles.
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Multiple studies investigating the structure-activity relationships of compounds targeting 5HT7 have found that longer alkyl linkers correlate to an improved binding affinity for 5-HT7.
Development of selectivity over other serotonin and dopaminergic receptors has also been
possible from the introduction of these modifications. Volk et al.90 found that a four-carbon
alkyl spacer was optimal for 5-HT7 binding with minimal off target binding to 5-HT1A (Figure
4). Three- and five-carbon spacers were also investigated but exhibited strong off-target
binding and reduced 5-HT7 binding respectively. The efficacy of the four-carbon compound
was confirmed in vivo. This was also consistent with prior work on structurally similar
compounds where a four-carbon alkyl spacer was found to be superior in terms of 5-HT7
affinity and specificity.91 Further study of 5-HT2A, 5-HT6 and 5-HT7 antagonists showed a fourcarbon alkyl spacer to provide an improved binding affinity for these receptors compared to a
three-carbon spacer compound (Figure 5).92 Interestingly, introducing a semi-rigid fouralkylene spacer into the compound further improved the molecule’s binding affinity for 5-HT7.
This is likely because adding rigidity to the molecule will lock it into a more bioactive
conformation. Upon interaction with 5-HT7, less conformational rearrangement is then required
for it to bind.

Figure 4. Oxindoles targeting 5-HT7 synthesised by Volk et al.90

Figure 5. Quinoline- and isoquinoline-sulfonamides synthesised by Zajdel et al.92

The flexibility afforded by an extended alkyl linker when compared to more conformationally
restricted linkers has also been investigated. Bojarski et al.93 found a tetramethylene linker to
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be optimal for 5-HT7 binding and specificity when compared to more conformationally
restricted linkers such as alkenes and cyclohexanes (Figure 6).

Figure 6. Arylpiperazines synthesised by Bojarski et al.93

Smid et al.94 investigated the effects of altering the alkyl linker length while optimising a
molecule for D2 receptor binding (Figure 7). Compounds were tested for D2 receptor binding
and serotonin reuptake inhibition in vitro and in vivo. In vitro experiments show the threecarbon compound to have a superior binding profile for the D2 and serotonin reuptake
inhibition. The four- and five-carbon variants had a slightly increased binding affinity for D2
but also significantly reduced serotonin reuptake inhibitory activity.

Figure 7. Piperazines synthesised by Smid et al.94

1.5 Previous Studies at Victoria University of Wellington
1.5.1 Risperidone Reduces Disease Severity in EAE
Researchers at VUW examined the effects of risperidone treatment on EAE on mice.95
Following induction of EAE, mice were treated with risperidone orally at either 1 or 3
mg/kg/day via their drinking water. No obvious adverse effects were observed except for
moderate weight gain as previously reported.
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Severity of disease was found to be reduced in a dose-dependent manner as measured by a
reduction in the size and number of spinal cord lesions, which decreased with treatment
compared to control.95 However, the incidence of disease was similar between treated and
untreated subjects.
Risperidone treatment altered the production of specific cytokines measured in the peripheral
lymphoid organs.95 Significantly decreased levels of IL-2, IL-4, IL-13 and IL-17a were
observed while IFN-γ production was unaffected, indicating that risperidone modulates
antigen-specific T-cell responses.
In vitro testing with IFN-γ-primed bone marrow derived macrophages (BMMΦ) showed that
risperidone altered their ability to bias naïve T-cells.95 Risperidone had a direct
immunomodulatory effect on BMMΦ. A reduction in pro-inflammatory cytokine levels and an
altered ability for BMMΦ to bias naïve T-cells was observed. Little effect was observed on
activation of macrophages in vivo during EAE. Risperidone reduced the activation of microglia
and macrophages in the CNS.
Use of D1 and D2 antagonists did not cause inhibition of pro-inflammatory cytokines.95 This
lead the authors to suggest that risperidone’s immunomodulatory activity is achieved through
a unique and yet to be described mechanism, independent of D1 and D2 antagonism. As the
concentration of doses administered were physiologically comparable to those used for
schizophrenia treatment, it was suggested that they could have a therapeutic use for
inflammatory diseases like MS. The safety, toxicity and side effects of risperidone are well
understood which would also make further investigation in humans more straight forward.
Risperidone and clozapine have since been used in Phase Ib/IIa trials to assess the possibility
of their being repurposed to treat MS.96

1.5.2 Immunomodulatory Activity of Risperidone Analogues in Macrophages
To further investigate the immunomodulatory activity of risperidone, VUW researchers
synthesised truncated analogues of risperidone and used them in structure-activity relationship
studies.97 Their aim was to discern what components of the molecule were responsible for the
immunomodulatory effects of risperidone.

13

Analogues investigated were the truncated benzisoxazole (3) and the ring-open variant oxime
(4), unsaturated pyridopyrimidone (2) and truncated pyridopyrimidone analogues (5,6,7)
(Figure 8).97 These were synthesised using known methodologies and their ability to modify
the production of pro-inflammatory cytokines IL-6, IL-12, TNF-α and monocyte chemoattractant protein 1 (MCP-1) in primed macrophages was assessed. Their activity was
compared to unmodified risperidone (1). Cytokine assays showed that only the unsaturated
risperidone (2) and ring closed benzisoxazole (3) modified cytokine levels in RAW 264.7
macrophages and BMMΦ.

Figure 8. Risperidone analogues synthesised by VUW researchers.97

Risperidone was shown to upregulate production of IL-10 and suppress production of IL-12
and MCP-1.97 The unsaturated analogue 2 reduced production of IL-12 and MCP-1 to a lesser
extent and had no measurable effect on IL-10 production. The truncated benzisoxazole 3 was
more effective at suppressing production of IL-12 and MCP-1 compared to 2 but also showed
no effect on IL-10 production. MTT assays showed that the unsaturated analogue 2 was less
toxic than risperidone, with no change in macrophage cell viability at concentrations of up to
100 µM. At similar concentrations, risperidone treated cell viability was approximately 30%
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less than control. The truncated benzisoxazole 3 was more toxic than risperidone in
macrophages, particularly at lower concentrations (20 µM). This increase in toxicity observed
with 3 and the subsequent reduction in cell number may be the cause of the reduction in
cytokine production. As the oxime 4 did not have any effect on cell viability or cytokine
production, it is likely the benzisoxazole moiety is required for immunomodulatory activity.
The truncated pyridopyrimidone analogues (5,6,7) had no observable effect on cytokine
production or macrophage viability, however the pyridopyrimidone moiety appears to be
important for immunomodulatory activity as demonstrated by risperidone 1 and the unsaturated
analogue 2 compared to the truncated benzisoxazole 3.

1.6 Project Aims
The aim of this project is to synthesis two extended linker analogues of risperidone (Figure 9).
Analogues 8 and 9 have three- and four-carbon alkyl spacers, respectively. RAW 264.7 cells
will then be treated with analogues 8 and 9 and the cytotoxicity and pro-and anti-inflammatory
cytokine production associated with treatment will be assessed. This will allow for the
mechanism of action responsible for the anti-inflammatory activity of risperidone to be
explored.

Figure 9. Three- and four-carbon linker analogues of risperidone.

1.6.1 Synthetic Chemistry
Synthesis of two extended-linker analogues of risperidone (8 and 9) will require the use of
commercially available starting materials. This builds on earlier work by Durrant who
generated three- and four-carbon linker benzyl-protected pyridopyrimidones as precursors for
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these analogues.98 Durrant’s research explored catalytic hydrogenation for benzyl deprotection
but was found to be unsuccessful after multiple attempts. This project aims to utilise the
methodology developed by Durrant to synthesise the protected pyridopyrimidones, establish a
suitable method for O-debenzylation and complete the synthesis of risperidone analogues 8
and 9.
In the synthesis of truncated and unsaturated analogues of risperidone, Zareie et al.97 employed
known methodology for the synthesis of the benzisoxazole fragment (Scheme 1). Acetylation
of the amine starting material was followed by a Friedel-Crafts acylation. This was followed
by generation of an oxime (4) that was used in a nucleophilic aromatic substitution reaction to
afford benzisoxazole 3. This chemistry is well established and was used in the synthesis of
risperidone itself so was expected to be straight-forward.

Scheme 1. Proposed synthesis of benzisoxazole 3.

Durrant’s synthesis of extended linker coupled benzyl protected pyridopyrimidones differs
from methodology used in the commercial production of risperidone which employs a cyclic
starting material that does not require protecting groups for pyridopyrimidone synthesis.98 The
synthetic route developed by Durrant for the extended-linker analogues involved benzyl
monoprotection of alcohol functionality in the first step. Two different starting materials were
required: 1,3-propanediol for the three-carbon analogue and 4-chlorobutanol for the four16

carbon analogue. The choice of the latter is due to the unavailability of 1,4-butanediol, which
is a controlled substance in New Zealand as it is a prodrug for the class B narcotic GHB.99
Benzyl protection of these starting materials required two different methods. A silver oxide
mediated method was used for selective monoprotection of 1,3-propanediol and while an acidcatalysed method was used for benzyl protection of 4-chlorobutanol (Scheme 2). Appel and
Finkelstein reactions were then required to yield iodoalkanes 15 and 16, respectively, in
preparation for subsequent alkylation reactions with ethyl acetoacetate. The alkylated products
17 and 18 afforded from these reactions were then subject to condensation with 2aminopyridine. These reactions yield extended linker coupled pyridopyrimidones 19 and 20.

Scheme 2. Proposed synthesis of extended linker coupled pyridopyrimidones 19 and 20.

Palladium-catalysed hydrogenation was then required to afford saturated pyridopyrimidones
21 and 22. Durrant98 suggested the use of catalytic hydrogenation for saturation of the pyridine
ring could simultaneously remove the benzyl protecting group and afford alcohols 23 and 24.
Unfortunately, this method only hydrogenated the pyridine ring, delivering 21 and 22 (Scheme
3). Therefore, debenzylation is required in a separate step.
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Scheme 3. Outcome of Durrant’s Pd-catalysed hydrogenation reactions.98

Multiple methods have been employed for the cleavage of benzyl ethers in the literature. TiCl4
facilitates Lewis acid-mediated deprotection under mild conditions and can provide good
selectivity, particularly in the total synthesis of natural products.100-102 Hydrogenolysis by
transfer hydrogenation may also be suitable as reactions can be carried out in MeOH, a solvent
that 21 and 22 are soluble in.103-104 Oxidative cleavage of benzyl ethers can be achieved with
DDQ, as this reagent has been applied to debenzylation in the synthesis of a range of substrates,
including steroids, heterocycles and highly functionalised natural product.105-107 The use of
photoirradiation at 365 nm has also been demonstrated to aid in O-debenzylation of simple
substrates.108 In the current work, DDQ, TiCl4 and Pd/C catalysed hydrogenolysis under more
forcing conditions were explored for deprotection of 21 and 22 as these methods were expected
to be compatible with the functional groups present in the molecules and will afford 23 and 24
(Scheme 4).

Scheme 4. Proposed DDQ-mediated deprotection of 21 and 22.
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Following deprotection, alcohols 23 and 24 will be subject to Appel reactions similar to those
previously described (Scheme 5).97 This will provide iodides 25 and 26 which will then be
coupled with benzisoxazole 3 using procedures established for the synthesis of risperidone,
yielding the required three- and four-carbon extended linker analogues of risperidone (8, 9).

Scheme 5. Proposed synthesis of analogues 8 and 9.

1.6.2 In Vitro Assays
The cytotoxicity of analogues 8 and 9 will be explored using MTT assays according to
methodology described by VUW researchers.97 Flow cytometry can also be utilised to assess
cell viability. IL-6 and IL-12p40 from cell culture supernatants will be measured using
sandwich ELISA (Enzyme-Linked Immunosorbent Assay) according to previously established
methodology.97 IFN-γ, TNF-α, MCP-1 and IL-10 will be measured using a cytokine bead array
mouse inflammatory kit according to previously established methodology.97
RAW 264.7 cells were chosen for assessment of cell viability, as well as pro- and antiinflammatory cytokine production. Prior research has shown this cell type to give comparable
results to BMMΦ when used in studies on risperidone and truncated analogues.97 Macrophages
are known to drive inflammatory processes that cause damage in this disease and BMMΦ have
been used in MS studies.109 Furthermore, some MS treatments are effective due to the way in
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which they modulate macrophage responses in the CNS, thus making BMMΦ a good in vitro
model.110-111 Therefore, the related RAW 264.7 cells, readily available in our lab, are expected
to provide a reasonable model for obtaining preliminary results.
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2 Synthesis of Risperidone Analogues
2.1 Retrosynthesis
Synthesis of the extended linker analogues 8 and 9 relies on SN2 coupling of the benzisoxazole
fragment (3) and the extended linker coupled pyridopyrimidones 25 and 26 (Scheme 6).
Synthesis of 3 will require a Friedel-Crafts acylation, formation of an oxime and ring closure
through a nucleophilic aromatic substitution. Integration of the extended linkers will be
required at the beginning of the synthesis with an alkylation to ethyl acetoacetate, the product
of which will be subject to a condensation reaction with 2-aminopyridine. Generation of the
desired analogues 8 and 9 will couple the benzisoxazole with a pyridopyrimidone in a basemediated SN2 reaction.

Scheme 6. Retrosynthesis of extended linker analogues of risperidone.

The first disconnection at the amine, as well as the three disconnections of benzisoxazole 3,
should be applicable in the synthesis of analogues 8 and 9 as they have been applied to the
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commercial synthesis of risperidone. Furthermore, the addition of one and two methylenes in
analogues 8 and 9, respectively, does not introduce new functionality so should not hinder these
reactions. The disconnections described for the extended linker coupled pyridopyrimidones 25
and 26 have been established as viable routes and have the possibility of being applied to
synthesis of analogues with longer alkyl spacers.

2.2 Synthesis of the Benzisoxazole Fragment
To begin, attention was centred on the synthesis of benzisoxazole 3 following established
methodology.97 This route begins with acetylation of the amine starting material, followed by
conversion of the carboxylic acid to an acyl chloride, a Friedel-Crafts acylation, formation of
an oxime, and concludes with a ring closure through nucleophilic aromatic substitution
(Scheme 7). This route will be described in detail below.

Scheme 7. Synthetic route to yield benzisoxazole 3.

2.2.1 Isonipecotic Acid Acetylation
Commercially available isonipecotic acid was used as a starting material and was acetylated
using acetic anhydride (Scheme 8). Formation of the N-acetylated product (10) was confirmed
by the 1H and
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C NMR spectra which were consistent with those previously reported.97
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Interestingly, in the 1H NMR spectrum, eight different shifts (one integrating for two protons)
are observed for the nine protons in the piperidine ring although only five might be expected
due to the apparent symmetry of the molecule. This is likely due to the product being present
as a mixture of nitrogen rotamers (Figure 10). The piperidine ring is likely to adopt an energy
minimised chair conformation with the -CO2H group found equatorial to reduce 1,3-diaxial
interactions. In this conformation, two rotamer structures are possible at the amide where the
oxygen will be oriented perpendicular relative to the ring system. These two conformers, or
rotamers,112 appear to be present in equal amounts in solution which would account for the 1H
spectrum observed.

Scheme 8. Acetylation of isonipecotic acid.

Figure 10. Possible nitrogen rotamers of 10.

2.2.2 Friedel-Crafts Acylation of 10
The N-acetylated product was then reacted with neat thionyl chloride to provide the
corresponding acid chloride (11) (Scheme 9). This activated the acid for the subsequent
Friedel-Crafts acylation. To avoid hydrolysis, the acid chloride intermediate was immediately
subjected to the Friedel-Crafts acylation with 1,3-difluorobenzene using AlCl3 as the Lewis
acid. The fluorine atoms of 1,3-difluorobenzene stabilise the ring by resonance and act as
ortho/para directors for the reaction while the steric hindrance caused by the fluorine atoms
prevents formation of the ortho/ortho regioisomer, resulting in the observed formation of only
the desired product. The Friedel-Crafts acylation product was immediately treated with 6 M
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HCl to cleave the acetate group which provided the desired amine HCl salt (12), with 1H and
13

C NMR data consistent with those previously reported.97

Scheme 9. Friedel-Crafts acylation of 10.

Analysis of the 1H NMR spectrum clearly showed the introduction of aromatic protons with a
triplet of doublets at 7.88 ppm (1H) and a multiplet at 7.10 ppm (2H). Cleavage of the acetate
group was also confirmed by the loss of the methyl shift at 2.10 ppm. The loss of the molecules
rotameric properties was also observed in the 1H NMR spectrum, where the axial and equatorial
protons at the 9- and 10-positions of the piperidine ring now have four shifts instead of seven
distinct signals (Figure 11). A significant downfield shift of the proton at C-8 from 2.69 ppm
to 3.62 ppm was noted, caused by the deshielding of the aromatic ring.

Figure 11. Comparison of 1H NMR spectra of N-acetylated acid 10 and Friedel-Crafts
product 12.
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The 13C NMR spectrum showed the loss of the carboxylic acid functionality at 179.4 ppm and
the presence of a ketone further downfield at 201.7 ppm. The aromatic carbons are seen to
couple to the two fluorines, causing splitting of the 13C NMR signals similar to what is observed
in 1H NMR with neighbouring protons. Standard
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C NMR pulse sequences utilise C-H

decoupling to prevent this peak splitting. C-F decoupling is not usually employed, thus splitting
due to carbon-fluorine coupling is observed in the 13C spectrum. In the case of 12, each carbon
covalently bonded to a fluorine exhibits splitting into a doublet of doublets at 166.1 ppm and
162.1 ppm, both of which have one large J-coupling of approximately 255 Hz and a smaller Jcoupling of approximately 14 Hz (Figure 12). The larger coupling being between the carbon
and the attached fluorine while the finer splitting is likely a three-bond coupling to the fluorine
on the meta-position.

Figure 12. Splitting of 13C peaks caused by fluorine coupling to neighbouring carbons in
product 12.

2.2.3 Oxime Formation
Synthesis of oxime 4 from ketone 12 utilised hydroxylamine hydrochloride with excess
pyridine and methanol as solvents (Scheme 10). The Z-oxime (4) was obtained as a mixture
with its E-isomer (27) (0.35:1 Z:E ratio) based on comparison of the integrals of the aromatic
peaks in the 1H NMR spectrum. This ratio varied but was always in favour of the formation of
the E-oxime. Recrystallisation from MeOH enabled isolation of the desired Z-oxime 4 as white
needle-like crystals. The supernatant was treated with acetic acid in t-butanol to convert the
remaining E-isomer to further Z-isomer. A 4:1 mixture of Z:E isomers was found in the crude
reaction mixture. The E-isomer is essentially unreactive in the subsequent aromatic substitution
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step due to the hydroxyl group being positioned away from the fluorinated carbon. Recycling
of the E-isomer is desirable synthetically as it maximises the amount of Z-isomer obtained,
improving the overall yield. This E to Z conversion reaction was only repeated once as the
yield acquired was sufficient for the following steps.

Scheme 10. Synthesis of Z-oxime 4.

The most notable change in the 1H NMR spectrum upon oxime formation was an upfield shift
of the proton of C-8 from 3.62 ppm to 2.91 ppm, likely due to reduction in deshielding with
conversion from a ketone to an oxime. The NMR data were consistent with those previously
reported.97 HRMS also supported this assignment.
Mechanistically, formation of the oxime begins with attack of NH2OH at the carbonyl (Scheme
11). Proton transfer, followed by the loss of water results in the formation of both E- and Zisomers, with a preference for the E-isomer based on sterics. After separation, treatment of the
E-isomer with a weak acid causes isomerisation (Scheme 12). This proceeds via protonation
of the oxime, leading to a resonance structure with a single C-N bond that is rotatable. In this
way, rotation about the C-N bond, followed by deprotonation of the amine triggering
reformation of the C=N bond, will yield a mixture of E- and Z-isomers. Preferential formation
of the Z-oxime under acidic conditions may be as a result of hydrogen bonding to the fluorine,
stabilising this conformation before reformation of the C=N bond.
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Scheme 11. Proposed mechanism of oxime formation.

Scheme 12. Proposed mechanism of oxime isomeric conversion.

2.2.4 Benzisoxazole Ring Closing
Completion of the benzisoxazole fragment utilised aqueous KOH to deprotonate the oxime,
inducing a nucleophilic aromatic substitution (Schemes 13 and 14) Any residual E-oxime will
likely be unreactive due to the unfavourable orientation of the hydroxyl group.

Scheme 13. Synthesis of benzisoxazole 3.
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Scheme 14. Proposed mechanism of benzisoxazole formation.

Benzisoxazole 3 was fully characterised using 1H,

13

C, COSY, HSQC and HMBC NMR

spectroscopy as full NMR assignment is not available in the literature (Table 2). Structural
determination will also aid in characterisation of the final risperidone analogues and help define
key HMBC correlations that are required to confirm the final condensation reactions have been
successful.
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Table 2. Tabulated NMR spectroscopic data (500 MHz, CDCl3) for benzisoxazole 3.
13C

Position

δ
(ppm)

mult.

1H

JCF

δ

(Hz)

(ppm)

3J

HH

mult.

(Hz)

COSY

HMBC

C-1

122.7

CH

d, 11.1

7.68

dd

8.6, 5.1

2

3, 4, 5, 6, 7

C-2

112.4

CH

d, 25.2

7.04

td

8.9, 2.3

1

3, 4, 5, 6

C-3

164.1

C

d, 250.4

-

-

-

-

-

C-4

97.6

CH

d, 26.8

7.23

dd

8.6, 2.3

-

2, 3, 5, 6

C-5

164.0

C

d, 13.5

-

-

-

-

-

C-6

117.4

C

-

-

-

-

-

-

C-7

161.4

C

-

-

-

-

-

-

C-8

35.1

CH

-

3.19

tt

11.7, 3.7

9a, 9b

7, 9

C-9

31.7

CH2

-

a) 2.04

dd

12.9, 3.3

8, 9b

8, 9, 10

-

b) 1.93

qd

11.8, 4.0

8, 9a, 10a

8, 9, 10

-

a) 3.23

dt

12.4, 3.6

9b, 10b

8, 9, 10

-

b) 2.81

td

12.1, 2.8

10b

8, 9, 10

C-10

46.6

CH2

The first peak assigned was the 13C shift at 164.1 ppm. This has a large JCF-coupling (250.4
Hz), typical of a fluorinated aromatic carbon,113-114 therefore it was designated as C-3. The
aromatic peaks observed in the 1H NMR spectrum at 7.23 ppm and 7.04 ppm were identified
as the protons at positions neighbouring C-3 based on the two-bond JCF-couplings (26.8 Hz
and 25.2 Hz, respectively) observed in the 13C spectrum. The 1H shift at 7.23 ppm has no COSY
correlations so can be assigned as the proton at C-4. COSY correlations are observed between
the 1H shifts at 7.68 ppm and 7.04 ppm which can be assigned as C-1 and C-2, respectively.
The 13C shift that represents C-1 has a small JCF-coupling (11.1 Hz), likely due to a three-bond
coupling to the fluorine. A similar small JCF-coupling (13.5 Hz) is observed for the 13C shift at
164.0 ppm so can be assigned to C-5. The HSQC shows this position is unprotonated, providing
further evidence for its assignment.
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The triplet of triplets at 3.19 ppm in the 1H NMR spectrum can be assigned to the proton on C8, as the splitting observed would be caused by separate coupling to the neighbouring axial and
equatorial protons. The 1H shift at 3.19 ppm exhibits HMBC correlations to the 13C shift found
at 161.4 ppm. The proton at position C-1 also has an HMBC correlation to this 13C shift. Due
to these correlations, this carbon can likely be assigned as C-7. Strong deshielding from the
neighbouring nitrogen would also account for the downfield shift observed. The protons of C1, C-2 and C-4 all exhibit HMBC correlations to the 13C shift at 117.4 ppm. This aromatic shift
is found further upfield when compared to carbons C-5 and C-7. As all other aromatic shifts
have been assigned, this shift can be assigned to C-6.
The piperidine ring is likely to adopt a low energy chair conformation, resulting in different
environments for the axial and equatorial protons at positions C-9 and C-10. This is seen in the
HSQC spectrum where the

13

C shifts at 46.6 ppm and 31.7 ppm both have two hydrogens

bonded, each with distinct environments. The COSY spectrum shows the proton of C-8 to have
a correlation to the 1H shifts at 2.04 ppm and 1.93 ppm, both bound to the

13

C methylene at

31.7 ppm. Therefore it can be assigned as C-9. The 1H shift at 1.93 ppm exhibits a COSY
correlation to the protons at 3.23 ppm. The HSQC spectrum shows these protons to be attached
to the carbon at 31.7 ppm in the 13C NMR spectrum which can therefore be assigned as C-10.
The 1H shift at 2.81 ppm is assigned as the other proton of the C-10 methylene based on the
HSQC spectrum.

2.3 Synthesis of Extended Linker Pyridopyrimidones
Synthesis of the extended linker pyridopyrimidones required the use of two different starting
materials, 1,3-propanediol and 4-chlorobutanol, for synthesis of the three- and four-carbon
analogues, respectively (Scheme 15). Benzyl protection of the alcohol functionality was to be
followed by Appel and Finkelstein reactions, respectively, in preparation for alkylation with
ethyl acetoacetate. The alkylated ethyl acetoacetates 17 and 18 would then be subjected to
condensation reactions with 2-aminopyridine to give unsaturated extended linker coupled
pyridopyrimidones 19 and 20. Pd/C catalysed hydrogenation can then be used to saturate the
pyridine ring. As previous work also unsuccessfully attempted to use Pd/C for Odebenzylation, an alternative method was required.98 DDQ, TiCl4 and Pd/C catalysed
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hydrogenolysis under more forcing conditions was planned to be used to facilitate this
deprotection as it should be compatible with the functionality of the pyridopyrimidones.

Scheme 15. Proposed synthetic route tetrahydropyridopyrimidones 23 and 24.

2.3.1 Preparation of the Three-Carbon Alkylated Ethyl Acetoacetate
Synthesis of the three-carbon analogue (8) began with monoprotection of 1,3-propanediol
using benzyl bromide and Ag2O as per the methodology employed by Durrant (Scheme 16).98,
115

Synthesis of 13 was successful with a quantitative yield and high ratio of mono:diprotected

product (1:0.07), calculated by comparison of the integrals of the benzylic peaks in the 1H
NMR spectrum. It is proposed that high selectivity for monoprotection is achieved by
coordination of the two oxygen atoms with the silver atom (Scheme 17).115 Internal hydrogen
bonding increases the acidity of only one of the hydroxyl protons, allowing for its
deprotonation, thus creating a good nucleophile for attack on benzyl bromide.
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Scheme 16. Benzyl protection of 1,3-propanediol.

Scheme 17. Proposed mechanism of Ag2O mediated 1,3-propanediol.

The presence of a benzylic CH2 singlet at 4.53 ppm in the 1H NMR spectrum alongside the
appearance of a complex multiplet at 7.40-7.27 ppm confirmed the benzyl protection was
successful. Shifts in the alkyl chain protons were also consistent with literature data.116 This
product was able to be used without further purification as the dual-protected alcohol should
be unreactive in the subsequent step.
An Appel reaction was then utilised to convert the protected diol 13 to the iodoalkane 15 in
preparation for the following alkylation reaction (Scheme 18). Applying the methodology
reported separately by Muñoz and Durrant, alcohol 13 was treated with PPh3 and imidazole in
Et2O.98, 117 Subsequent addition of CH3CN aided in solubilisation of the PPh3. Iodine was added
at 0 °C, then the reaction allowed to warm to room temperature and stir for 6 hours. Following
workup, the desired iodide 15 was obtained in a 74% yield and was used without further
purification in the subsequent step.

Scheme 18. Appel reaction of 13.
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The Appel reaction begins mechanistically by the attack of PPh3 on iodine, forming a
phosphonium salt while the imidazole is able to deprotonate the alcohol (Scheme 19). The
resulting alkoxide can then displace the iodine of the phosphonium salt. The free iodide can
break the carbon-oxygen bond via an SN2 reaction, yielding the desired haloalkane product 15,
driven by the favourable formation of a phosphine-oxygen double bond. As this method stated
that iodine be added last, the phosphonium salt will only form upon I2 addition.

Scheme 19. Proposed Appel reaction mechanism.

Analysis of the 1H NMR spectrum of 15 showed the peak at 3.79 ppm of alcohol 13,
representing the protons neighbouring the unprotected hydroxyl, exhibited an upfield shift to
3.31 ppm in the product due to a reduction in deshielding afforded by the less electronegative
iodine. In the

13

C NMR spectrum, the shift representing the substituted carbon moves from

62.2 ppm in alcohol 13 to 3.6 ppm in the iodide product 15 (Figure 13). These data are
consistent with those previously reported.117
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Figure 13. Comparison of 13C NMR spectra of alcohol 13 and iodide 15. Highlighted in
green are the terminal carbon shifts.

Following the methodology reported separately by Hasserodt and Durrant, the substituted ethyl
acetoacetate 17 was synthesised from iodoalkane 15 (Scheme 20).98, 118 This method required
addition of freshly cut sodium to anhydrous ethanol. Subsequent refluxing was followed by the
addition of ethyl acetoacetate, then iodoalkane 15. After 2.5 hours the reaction was cooled,
filtered through a silica plug twice then purified by column chromatography. A 40:1
CH2Cl2:EtOAc solvent system was employed following the methodology of Durrant.98
Compound 17 was isolated with a respectable 57% yield although some co-eluting impurities
were found in the 1H NMR spectrum, attributed to streaking caused by the combination of
CH2Cl2 as the mobile phase, the stationary phase and compound 17.

Scheme 20. Alkylation reaction of 15 with ethyl acetoacetate to give 17.

Mechanistically, the addition of sodium to anhydrous ethanol was required first to form sodium
ethoxide. Subsequent addition of ethyl acetoacetate leads to the formation of the enolate via
deprotonation at the α-position. Addition of the iodoalkanes allows for nucleophilic attack in
an SN2 type reaction to afford the desired alkylated products.
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Formation of the three-carbon alkylated product 17 was confirmed by NMR spectroscopy and
HRMS analysis, the data of which were consistent with those previously reported.118 Notably,
the appearance of 13C shifts at 203.4 ppm and 169.9 ppm was indicative of a ketone and ester,
respectively (Figure 14). The triplet at 3.31 ppm in the 1H NMR spectrum in iodoalkane 15
was replaced with a quartet at 1.95 ppm in 17, indicative of a loss of iodine and the formation
of a new covalent C-C bond to a methine. The presence of two methyl peaks in the 1H NMR
spectrum, a singlet at 2.21 ppm and a triplet at 1.26 ppm, provide further evidence that the
alkylation was successful. These data are consistent with those previously reported.98, 118

Figure 14. Comparison of 13C NMR spectra of iodide 15 and alkylated product 17.
Highlighted in green are shifts indicative of ketone (left) and ester (right) functionalities.

2.3.2 Preparation of the Four-Carbon Alkylated Ethyl Acetoacetate
Due to the unavailability of 1,4-butanediol, 4-chlorobutanol was used and an alternative Bnprotection method was employed for protection of the four-carbon linker analogue. Following
Durrant’s methodology, the alcohol functionality of 4-chlorobutanol was protected using
benzyl trichloroacetimidate and catalytic triflic acid (Scheme 21).98 A 4:1 ratio of 14:alcohol
was obtained following silica plug filtration of the base-quenched reaction mixture. The
product was contaminated with a small amount of residual trichloroacetimidate based on the
integration (8H) of the aromatic region of the 1H NMR spectrum. The presence of the benzyl
protecting group was confirmed by the appearance of a benzylic CH2 singlet at 4.51 ppm in the
1

H NMR spectrum. Shifts in the alkyl chain protons matched those previously reported.119 This
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process likely begins mechanistically with protonation of the imine, giving an electrophilic
cation (Scheme 22). This charged species will readily react with the alcohol, yielding a benzyl
ether (14) and trichloroacetamide as a byproduct.

Scheme 21. Benzyl protection of 4-chlorobutanol.

Scheme 22. Proposed mechanism of benzyl protection of 4-chlorobutanol.

A Finkelstein reaction was then employed for halide substitution of 14 in anticipation of the
subsequent alkylation step as the iodine is a superior leaving group to chlorine (Scheme 23).
Compound 14 was taken up in dry acetone with NaI and refluxed for 27 hours to provide the
desired iodoalkane 16 as an orange oil. Similar to the synthesis of 15, an upfield shift in the
protons attached to the halogen bonded carbon was observed in the 1H NMR spectrum, from
3.57 ppm in chloroalkane 14 to 3.21 ppm in the iodide product 16. This change was again
expected due to the reduced deshielding afforded by the less electronegative iodine. These data
are consistent with those previously reported.119

Scheme 23. Finkelstein reaction of 14.
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The methodology utilised for the synthesis of 17 was applied to the synthesis of the four-carbon
linked ethyl acetoacetate 18 (Scheme 24). Chromatographic isolation of the four-carbon
product 18 employed 9:1 hexanes:EtOAc which proved to be more successful in separation of
a pure product. Despite a crude yield of 80%, a disappointing 11% yield was achieved
following purification. Surprisingly, after several hours under high vacuum, a large portion of
18 was lost with no change in the intensity of the yellow colour of the oil. This loss of volume
could be attributed to possible volatility of the product.

Scheme 24. Alkylation reaction of ethyl acetoacetate to give 18.

The four-carbon alkylated product 18 was first synthesised by Durrant but full structural
assignment remained ambiguous.98 Therefore the structure of 18 was fully assigned based on
the NMR data as follows. These data are also available in Table 3 alongside the numbering
system used for position assignments.
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Table 3. Tabulated NMR spectroscopic data (500 MHz, CDCl3) for alkylation product 18.
13C

Position

δ
(ppm)

1H

mult.

δ (ppm)

mult.

3J

HH

(Hz)

COSY

HMBC

C-1

70.0

CH2

3.46

t

6.4

2

2, 3, PhCH2

C-2

29.6

CH2

1.63

m

-

1, 3

1, 3, 4

C-3

24.3

CH2

1.38

m

-

2, 4

4, 10

C-4

28.1

CH2

1.86

m

-

3, 5 (weak)

2, 3, 5, 6, 8

C-5

60.0

CH

3.40

t

7.4

4

3, 4, 6, 8

C-6

203.4

C

-

-

-

-

-

C-7

28.9

CH3

2.21

s

-

-

5, 6

C-8

169.9

C

-

-

-

-

-

C-9

61.4

CH2

4.19

qd

7.1, 0.9

10

8, 10

C-10

14.2

CH3

1.26

t

7.1

9

9

Ar

138.6

C

-

-

-

-

-

Ar

128.5

CH

7.36-7.26

m

-

Ar

Ar

Ar

127.8

CH

7.36-7.26

m

-

Ar

Ar

Ar

127.7

CH

7.36-7.26

m

-

Ar

Ar

PhCH2

73.0

CH2

4.48

s

-

-

1, Ar

The COSY spectrum confirms a four-carbon chain with methylene peaks found at 3.46 ppm,
1.86 ppm, 1.63 ppm and 1.38 ppm in the 1H NMR spectrum (Figure 15). The triplet at 3.46
ppm in the 1H NMR spectrum is likely at position C-1 due the increased deshielding of the
neighbouring oxygen atom and splitting caused by coupling to the two protons at C-2. The 1H
shift at 1.63 ppm exhibits COSY correlations to the protons at C-1 and the shift at 1.38 ppm.
This would place these shifts at positions C-2 and C-3, respectively. The protons at C-3 also
have a COSY correlation to methylene protons at 1.86 ppm in the 1H NMR spectrum, therefore
assigning it at C-4. The C-4 protons have a COSY correlation to a single proton at 3.40 ppm in
the 1H NMR spectrum, placing it at C-5 and the internal end of the chain. The 1H NMR
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spectrum shows two methyl groups present at 2.21 ppm, as a singlet, and 1.26 ppm, as a triplet.
Based on these multiplicities, they can be assigned to C-7 and C-10, respectively. The protons
of C-10 also exhibit a COSY correlation to two protons at 4.19 ppm in the 1H NMR spectrum
which can be assigned to C-9. The two most downfield shifts in the 13C NMR spectrum at 203.4
ppm and 169.9 ppm are typical of a ketone and an ester, respectively. An HMBC correlation
from the protons of C-9 to the 13C peak at 169.9 ppm allows it to be assigned as C-8. Therefore,
the 13C peak at 203.4 ppm must be the carbonyl at C-6. The methyl of C-7 also has a strong
HMBC correlation to C-6, providing further evidence for this assignment. The CH2 singlet at
4.48 ppm in the 1H NMR spectrum is typical of benzylic protons and also exhibits a three-bond
HMBC correlation to C-1, confirming the benzyl protecting group remained intact. A complex
multiplet integrating for five protons in the aromatic region provide further evidence for this
assignment.

Figure 15. Key COSY and HMBC correlations of 18.

2.3.3 Condensation of 17 and 18 with 2-aminopyridine
Prior work by Durrant found that methodology for condensation of a linker with 2aminopyridine in the synthesis of risperidone was not transferable to condensation reactions
with the alkylated ethyl acetoacetates 17 and 18.98 Durrant trialled a range of reaction
conditions and reagents, ultimately finding ammonium acetate to be an effective reagent for
the reaction that was performed neat (Table 4). This method proved to be very simple and
reproducible (Scheme 25).
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Table 4. Reaction conditions investigated by Durrant toward the condensation of 17 and 2aminopyridine to form 19.98
Entry

Method

Time

Temp. °C

Outcome (Yield)

1

P2O5

Overnight

160

17

2

p-TsOH / Toluene

48 Hrs

Reflux

17 and 19

3

P2O5

Overnight

170

By-product and 17

4

p-TsOH / Xylene

Overnight

Reflux

17 and 19

5

NH4O2CCH3

2 Hrs

120

17

6

H3PO4 85%

4 Hrs

120

17

7

H3PO4 100%

4 Hrs

120

17

8

p-TsOH / Xylene

Overnight

Reflux

19 (57%)

9

P2O5

Overnight

180

By-product and 17

10

NH4O2CCH3

Overnight

180

19 (85%)

11

NH4O2CCH3

3.5 Hrs

180

19 (74%)

12

p-TsOH / Xylene

Overnight

Reflux

19 (42%)

13

NH4O2CCH3

2.5 Hrs

250

19 (63%)

Scheme 25. Condensation of 2-aminopyridine with 17 and 18.

Synthesis of the three-carbon pyridopyrimidone 19 using this method was simple, timeefficient and high yielding, affording a product without additional purification steps required.
A plausible mechanism for formation of pyridopyrimidones 19 and 20 begins with attack of
the primary amine at the carbonyl (Scheme 26). Subsequent formation of an imine leads to
cyclisation by nucleophilic attack, resulting in the loss of ethanol. Deprotonation at the αposition causes aromatisation via the loss of water, yielding 19 and 20. Alternatively, this
process may begin with attack of the pyridine at the carbonyl of the ester, leading to a
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favourable loss of ethanol. Cyclisation by nucleophilic attack of the amine at the carbonyl,
followed by proton transfer results in the loss of water and the formation of an imine.
Aromatisation can then proceed to afford the desired product. It is also possible that imine
formation could proceed first, followed by formation of the α,β-unsaturated ketone and again,
the desired product attained after cyclisation.

Scheme 26. Possible mechanisms of the condensation of 17 and 18 with 2-aminopyridine.

Small and impure samples of these condensation products were found to have unusual NMR
behaviour, possibly due to the pH of the sample or salt impurities present. Following workup
of the condensation reaction, the 1H NMR spectrum of the crude product showed only one of
the four pyridine ring protons to be fully resolved while the three remaining pyridine ring
protons were not observed as distinct peaks (Figure 16). The shifts representing the alkyl chain
and methyl group were present in their expected positions. Nonetheless, HRMS analysis
showed the desired product 19 to be present, prompting chromatographic purification.
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Figure 16. Comparison of 1H NMR spectra of 2-aminopyridine condensation crude reaction
mixture (top) and purified (bottom) 19. Pyridine ring shifts are highlighted in green

TLC analysis of the crude product showed a distinctly bright purple spot under 254 nm UV
light, a likely property of the product 19 due to its extensive conjugation. This spot was quite
broad in 9:1 EtOAc:acetone, therefore 0.5% triethylamine was added to the solvent system,
giving a more compact band. Purification by flash chromatography employing the
aforementioned solvent system yielded 19 with NMR spectroscopic data that agreed with those
previously reported.98 This time a larger sample (>10 mg) was submitted for 1H NMR analysis
and all of the expected peaks were clearly resolved. This suggests that accurate NMR analysis
of these pyridopyrimidones is sensitive to concentration or purity. Full structural assignment
of 19 and 20 was ambiguous in the literature.98 Therefore, the structure of 19 was fully assigned
based on the NMR spectroscopic data in Table 5.

42

Table 5. Tabulated NMR spectroscopic data (500 MHz, CDCl3) for pyridopyrimidone 19.
13C

1H
3J

HH

Position

δ (ppm)

mult.

δ (ppm)

mult.

C-1

127.1

CH

8.95

d

C-2

114.8

CH

7.03

C-3

134.9

CH

C-4

125.7

C-5

COSY

HMBC

7.0

2

2, 3, 5, 8

t

6.8

1, 3

1, 4

7.61

ddd

9.0, 6.5, 1.4

2, 4

1, 5

CH

7.53

d

8.8

3

2, 5

148.5

C

-

-

-

-

-

C-6

161.5

C

-

-

-

-

-

C-7

115.7

C

-

-

-

-

-

C-8

158.0

C

-

-

-

-

-

C-9

22.4

CH3

2.51

s

-

-

6, 7

C-10

23.7

CH2

2.81

t

7.5

10

6, 7, 8, 11, 12

C-11

28.4

CH2

1.91

m

11, 12

7, 10, 12

C-12

70.0

CH2

3.55

t

6.3

11

10, 11, PhCH2

Ar

138.7

C

-

-

-

-

-

Ar

128.4

CH

7.35-7.22

m

-

Ar

Ar

Ar

127.7

CH

7.35-7.22

m

-

Ar

Ar

Ar

127.6

CH

7.35-7.22

m

-

Ar

Ar

PhCH2

72.9

CH2

4.50

s

-

-

12, Ar

(Hz)

Two pathways of COSY correlations are found, one for three shifts representing the alkyl
chain, which is consistent with the starting material 17, and the other connecting four protons
that would be present in the pyrimidine ring.
The aromatic protons found at 8.95 ppm, 7.03 ppm, 7.61 ppm and 7.53 ppm in the 1H NMR
are likely the protons of the pyrimidine based their downfield shifts and COSY correlations.
The doublet at 8.95 ppm in the 1H NMR is likely at position C-1 as it experiences strong
deshielding from the neighbouring aromatic nitrogen and has only one COSY correlation. The
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1

H shift at 7.03 ppm has a COSY correlation to the proton at C-1 as well as the proton found

at 7.61 ppm, placing these shifts at C-2 and C-3, respectively. The proton of C-3 also has a
COSY correlation to the doublet found at 7.53 ppm in the 1H NMR which would place this
shift at C-4.
HMBC correlations from the protons of C-1, C-3 and C-4 are observed to the 13C shift at 148.5
ppm, providing evidence for its assignment as C-5. No HMBC evidence is observed for the
proton of C-2 to C-5, which is not unexpected as a four-bond correlation is less likely.
The methyl singlet at 2.51 ppm in the 1H NMR has no COSY correlations, therefore must be
C-9. HMBC correlations from the protons of C-9 to 13C shifts at 161.5 ppm and 115.7 ppm are
likely three and two-bond correlations, respectively. The more downfield shift is likely C-6
which means the 13C shift at 115.7 ppm is likely C-7. The protons of C-10 and C-11 also make
three and two-bond HMBC correlations, respectively, to C-7, providing further evidence for
its assignment. HMBC correlations are observed from the protons of C-10 to the 13C shift at
158.0 ppm, assigning it as the carbonyl at C-8. A weak HMBC correlation is found from the
protons of C-1 to this proposed carbonyl position, providing further evidence for its
assignment.
Similar signals were observed for the four-carbon linked pyridopyrimidone 20 and thus the
assignments were made accordingly (Figure 17). The main point of difference was two upfield
multiplets in the 1H NMR spectrum at 1.75 ppm and 1.67 ppm assigned to C-12 and C-11,
respectively, based on COSY correlations through the alkyl chain.

Figure 17. Numbered carbon environments for pyridopyrimidone 20.

2.3.4 Pd/C Catalysed Hydrogenation of Pyridopyrimidones 19 and 20
Pd/C catalysed hydrogenation of heterocyclic substrates is a well studied area of medicinal
chemistry due to the importance of these structures as pharmacophores.120-121 Hydrogenation
of pyridine-based rings is possible under mild conditions.122 Selective hydrogenation of
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quinolones is achievable with the use of more specialised Pd/C-based catalyst supports.123 The
use of catalytic Pd/C under a hydrogen atmosphere can also be utilized for hydrogenative Odebenzylation in the synthesis of hydrogenated pyridopyrimidines.124 Extensive literature
searches found the only application of Pd/C catalysed hydrogenation on a pyridopyrimidone
system was in the commercial synthesis of risperidone.125 This patent describes it to be a
resource efficient and high yielding process forgoing the use of organic solvents.
Hydrogenation of the pyridine ring of 19 and 20 was required before deprotection. Prior work
by Durrant planned to use Pd/C catalysed hydrogenation to obtain hydrogenated and
deprotected pyridopyrimidones 23 and 24 in one step.98 Unfortunately, this method only
yielded hydrogenated products. These reactions required a Fischer-Porter vessel, allowing for
high pressures (5 atm.) and relatively fast reaction times (24 hours). Regrettably, this apparatus
was unavailable so a Schlenk tube with a hydrogen balloon attached was used in its place when
first trialled on 19 (Scheme 27). This set up did not facilitate high pressures so a longer reaction
time was expected, with periodic refilling of the H2 balloon required. After four days, TLC
analysis showed a small amount of 19 remained and the formation of a slightly more polar, less
UV active species. A reduction in UV activity was expected due to the reduction in conjugation
of the anticipated product. Careful chromatography allowed for isolation of the required
hydrogenated pyridopyrimidone 21. This procedure was repeated for hydrogenation of the
four-carbon pyridopyrimidone 22, with similar observations of reduced polarity and UV
activity upon TLC analysis.

Scheme 27. Hydrogenation of 19 and 20.

Structural elucidation of 21 utilised 2D NMR spectroscopic data for assignment of all 13C and
1

H shifts. The 1H NMR spectrum showed a large upfield shift for the protons at positions C-1

to C-4, from > 7 ppm in 19 to 3.90 ppm, 1.94 ppm, 1.84 ppm and 2.86 ppm, respectively. These
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assignments are supported by the COSY and HSQC spectra. This change is expected to be an
effect of the reduced conjugation of the system.
Interestingly, the relative 13C shifts of C-6 and C-8 appear to switch (Figure 18). In the HMBC
spectrum of 19, the proton of C-1 has a three-bond correlation to C-8 and the protons of C-9
exhibit a two-bond correlation to C-6. Evidence in the HMBC spectrum of 21 suggests that C6 experiences a slight upfield shift to 158.1 ppm while C-8 shifts downfield to 162.7 ppm in
the 13C NMR spectrum. In the HMBC spectrum of 21, C-1 no longer has an HMBC correlation
to C-8 while C-9 maintains its two-bond correlation to C-6 (Figure 19). C-10 maintains its
HMBC correlation to C-8, confirming these assignments.

Figure 18. Comparison of 13C shifts of C-6 and C-8 in 19 (top) and 21 (bottom).

Figure 19. Comparison of 13C shifts of C-6 and C-8 in 19 and 21.

A study of non-alkylated pyridopyrimidones found that in unsaturated pyridopyrimidones like
19, the imine carbon (C-6) will have the furthest downfield 13C shift, followed by the amide
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carbon.126 The structural assignment of non-alkylated pyridopyrimidones remains ambiguous
in the literature.127-128 It is postulated the changes in chemical shifts observed in the 13C NMR
spectrum of 21 are caused by a resonance effect as the unsaturated pyridopyrimidone can exist
in three resonance structures due to the extensive conjugation of the system (Figure 20). In a
saturated substrate, such as 21, the electrons will be more localised as the system is less
conjugated. The carbonyl carbon will be more deshielded than the imine as a result, causing
the observed “switch” of chemical shifts.

Figure 20. Possible resonance structures of 19.

Repetition of the hydrogenation of 19 employed different equipment due to the unavailability
of the Schlenk tube at the time. A wider 50 mL round bottom flask with a hydrogen balloon
attached was used instead (Figure 21). Compared to the Schlenk tube, the volume of the
reaction mixture relative to the size of the flask was much smaller. It was expected that vigorous
stirring would increase the surface area of the reaction mixture, allowing for more efficient
incorporation of H2 gas into solution. After five days, TLC analysis showed the presence of the
expected hydrogenated species, as well as a much more polar species (Rf = 0.1, 5:1
EtOAc:acetone) only visible under 254 nm UV light. Purification of this mixture yielded the
hydrogenated product 21 (12%), as well as the hydrogenated and debenzylated
pyridopyrimidone 23 (56%). (Figure 22). NMR analysis showed 21 to be lacking the
characteristic CH2 peak at ~ 4.5 ppm in the 1H NMR spectrum as well as the complex multiplet
at ~ 7.3 ppm found in previous Bn-protected pyridopyrimidones. Slight shifts were observed
for peaks in the alkyl chain which was confirmed to remain intact by COSY correlations.
Connectivity to the pyridopyrimidone was verified by HMBC correlations similar to those
previously

discussed.

HRMS

confirmed

tetrahydropyridopyrimidone 23.
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Figure 21. Photo (left) and schematic (right) of apparatus used for second hydrogenation
attempt.

Figure 22. Comparison of 1H NMR spectra of 19 (top), tetrahydropyridopyrimidone 21
(middle) and deprotected tetrahydropyridopyrimidone 23 (bottom). Highlighted are
unsaturated pyridine shifts (green) and benzylic shifts (yellow).

This result was surprising as Durrant’s experiments with higher H2 pressures did not yield any
deprotected product.98 Interestingly, benzyl ether hydrogenolysis using Pd/C can be inhibited
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in the presence of added ammonia, ammonium acetate or pyridine.129 However, It is unlikely
that ammonium acetate is the reason for the lack of deprotection observed by Durrant as any
residual ammonium acetate would have been removed during the aqueous workup of the
previous step.
Mechanistically it is expected that the palladium catalysed hydrogenative debenzylation
occurred via a catalytic cycle beginning with the aromatic ring π-stacking with the palladium
catalyst (Scheme 28). Pd0 then inserts into the C-O bond. Addition of H2 gas to the system
allows for hydrogen transfer, releasing the debenzylated alcohol and toluene as a byproduct,
thus reducing PdII and resetting the cycle.

Scheme 28. Mechanism of palladium catalysed hydrogenative O-debenzylation.
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2.4 Debenzylation Attempts
An efficient route for O-debenzylation was required for synthesis of the two analogues. Early
work by Durrant found that deprotection by means of catalytic hydrogenation was a dead end
despite multiple attempts.98 However, hydrogenation of 19 in the current research found that
the use of a larger reaction flask caused partial deprotection and afforded a mixture of 21 and
23. Unfortunately, the deprotection was slow and did not go to completion after five days,
therefore a more efficient route was sought. Deprotections of 19 and 22 with DDQ and TiCl4
were attempted. These substrates were chosen because large stocks were available thanks to
prior work by Durrant.98 This allowed for multiple small scale deprotection attempts without
the pressure of limited material. Tests on substrates with varying conjugation and different
alkyl chain lengths could also establish if the order of hydrogenation, then deprotection was
strictly required.

2.4.1 DDQ-mediated Deprotection Attempts
DDQ was trialled first for debenzylation of 19. While DDQ is known to be an effective agent
for oxidative cleavage of the more labile p-methoxylbenzyl (PMB) and p-methylbenzyl (MBn)
protecting groups,130-132 DDQ-mediated O-debenzylation is often slower.107,

133

The first

deprotection attempt on 19 using 3 equivalents of DDQ was difficult to monitor by TLC due
to the apparent formation of multiple byproducts. 1H NMR analysis of the crude reaction
mixture after 24 hours indicated only approximately 1:12 conversion based on the integration
of the new benzaldehyde peak at 10.03 ppm, relative to the existing benzylic shift at 4.51 ppm.
The appearance of shifted peaks with a similar splitting pattern to 19 suggested that DDQ was
effective for O-debenzylation, albeit rather slowly.
This prompted another attempt, increasing the amount of DDQ to 20 equivalents. The solubility
of DDQ was poor so it is unlikely the total quantity was dissolved in the reaction. 1H NMR
analysis after 24 hours showed an increase in benzaldehyde formation. The appearance of a
triplet at 2.87 ppm suggested transformation of 19 into a new species. Gradient flash
chromatography (5:1 EtOAc:acetone then 1:1 EtOAc:acetone) was employed, yielding 19 (4
mg, 15%) as well as another far more polar product (1 mg). The 1H NMR spectrum of this
polar species showed an apparently debenzylated product that was lacking the characteristic
benzylic peak at 4.51 ppm and the complex multiplet in the aromatic region. Surprisingly, only
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one of the protons (C-1) of the pyridine ring was observable (Figure 23). 2D NMR confirmed
this observation as no COSY correlations were found in this region. These shifts should be
retained in the product, suggesting that while deprotecting 19, DDQ was also interacting with
the substrate in an undesired way and causing degradation.

1

3 4

2

DDQ product

Figure 23. Stacked 1H NMR of protected alcohol 19 (top) and unknown DDQ-mediated
deprotection product (bottom).

These results demonstrate that DDQ was unlikely to be suitable for debenzylation of the
pyridopyrimidone substrates. Long reaction times resulted in only partial deprotection, as well
as formation of unidentifiable byproducts. Therefore, other methods of debenzylation were
investigated.

2.4.2 TiCl4-mediated Deprotection Attempts
Attention was then turned toward the use of TiCl4 as an alternative method of deprotection.
TiCl4 is known to be rapidly debenzylate benzyl ethers, making it an appealing alternative to
DDQ.134 TiCl4-mediated debenzylation has been used in the total synthesis of monocillin VII,
a macrolactone containing a ketone and a pyran ring.135 Treatment with 10 equivalents of TiCl4
provided the expected product in an impressive 89% yield. Within the research group, TiCl4
was used for debenzylation in the final steps of syntheses of TAN-2483B analogues.136 These
highly functionalised compounds were isolated in yields of 56 – 72% following ten minute
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reaction times. Interestingly, in the synthesis of leucascandrolide A, TiCl4 was successfully
used to facilitate allylation of an intermediate compound without deprotection of a benzyl
ether.137 Unfortunately, no literature was available on the reactivity of pyridopyrimidones in
the presence of TiCl4.
The first use of TiCl4 to debenzylate 19 using 5 equivalents of TiCl4 was difficult to monitor
by TLC as the acid continued to react on the silica. Following aqueous workup, TLC analysis
of the crude reaction mixture showed a broad, 254 nm UV active species at Rf = 0.22 (1:1
EtOAc:acetone), which was subsequently separated by column chromatography. Initial 1H
NMR analysis of one isolated fraction showed only one of the pyridine protons to be present,
similar to what was found with the DDQ debenzylation attempt. Upon combination of all
fractions containing the same pure compound, all of the expected proton shifts were present,
signifying successful deprotection (Figure 24). This suggested that accurate NMR analysis of
27 is sensitive to concentration. Consequently, it also suggests the previous deprotection using
DDQ may have been successful, but due to the small quantity isolated (1 mg), accurate NMR
analysis was not possible.

3

1

4

2

Figure 24. Stacked 1H NMR spectra of one fraction of chromatographed TiCl4 reaction
product (top) and combined fractions of TiCl4 reaction product (bottom).

The 1H NMR spectrum of 27 showed the alkyl chain peaks to have shifted by up to 0.08 ppm
when compared to 19. The 2D NMR data confirmed the connectivity of the alkyl chain to the
pyridopyrimidone remained unchanged. The

13

C NMR spectrum showed the loss of phenyl
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ring shifts and the shift characteristic of benzylic position at 72.9 ppm, indicative of successful
deprotection. A broad -OH stretch at 3231 cm-1 was noted in the IR spectrum of 27 that was
not present in the starting material. HRMS supported these observations, confirming the
desired product had been isolated in a 49% yield.
Mechanistically it is proposed this reaction begins with attack of the oxygen on the titanium,
leading to loss of a chlorine (Scheme 29). The free chlorine can then attack the benzylic
position, breaking the C-O bond and forming benzyl chloride as a result. Subsequent hydrolysis
will provide the deprotected alcohol.

Scheme 29. Proposed mechanism of TiCl4-mediated deprotection.

The success of the deprotection of 19 prompted an attempt towards deprotection of 22.
Employing the aforementioned procedure, chromatographic separation with a more polar
solvent system (acetone + 0.5% triethylamine) yielded the anticipated alcohol 24 (41%). The
success of the TiCl4 deprotection method on both saturated and unsaturated substrates changed
the aim of the project from synthesis of two analogues to four analogues. These four variants
having three- and four-carbon alkyl linkers and the pyridopyrimidone being either saturated or
unsaturated (Figure 25). The use of additional analogues in biological assays will hopefully
provide more insight into the immunomodulatory mode of action of risperidone.

53

Figure 25. The four proposed risperidone analogues.

Deprotection of 19 was scaled up, with a more exhaustive extraction method providing a
cleanly debenzylated product in a slightly improved yield (53%). Scale up of the deprotection
of 22 also had an improved yield (66%). The aforementioned method was applied to the
deprotection of 21 and 20 (Scheme 30). Observations in the NMR data similar to previous
deprotected products confirmed the success of these debenzylation reactions.

Scheme 30. TiCl4-mediated benzyl-deprotection of pyridopyrimidones 19, 20, 21 and 22.
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2.5 Completion of the Synthesis of 8, 9, 28 and 29
With the four deprotected pyridopyrimidones in hand, an Appel reaction was required to
replace the hydroxyl with an iodide group in preparation for the final base-mediated coupling
reactions (Scheme 31). Following the methodology of Zareie et al., approximately 2
equivalents of PPh3 and 1.5 equivalents of iodine were to be added to acetonitrile at 0 °C.97
The pyridopyrimidone can then be added and the reaction heated at reflux overnight. Following
workup, the iodide product was to be used immediately in the subsequent coupling with amine
3. Chromatographic purification of the Appel product would be avoided to prevent possible
degradation on silica gel.

Scheme 31. Proposed synthesis of analogues 8, 9, 28 and 29 via Appel reactions yielding
iodides 25, 26, 31 and 32.
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2.5.1 Synthesis of Four-Carbon Saturated Analogue 9
During the Appel reaction of 24 toward synthesis of 9, it was demonstrated that the addition of
iodine to the dissolved PPh3 resulted in the formation of a precipitate (Scheme 32). This is
likely a phosphonium salt formed via a similar mechanism to the earlier Appel reaction (see
Section 2.3.1). The reaction was halted after 19 hours as reaction monitoring by TLC analysis
was impossible due to streaking of the triphenylphosphine oxide byproduct (Figure 26).
Addition of triethylamine to the mobile phase did not allow for resolution of individual species
as it had in previous steps. Fortunately, the prescribed aqueous workup removed the PPh3O
byproduct and afforded iodide 26 in a reasonable yield.

Scheme 32. Synthesis of analogue 9.
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Figure 26. Triplicate TLC analysis (acetone + 0.5% triethylamine) of crude reaction mixture
pre-workup for Appel reaction on 24. Stained with ceric ammonium molybdate. 254 nm UV
active spots are outlined in red.

The 1H NMR spectrum of 26 showed the presence of a small amount of PPh3O (1:40) which
was expected to be unreactive in the subsequent step. The biggest change when comparing the
1

H NMR spectra of alcohol 24 and iodide 26 was the moderate upfield shift of the halogen

neighbouring protons. A shift from 3.71 ppm in alcohol 24 to 3.21 ppm in iodide 26 was
observed with a small change in the J-couplings of these triplets (6.2 Hz and 6.9 Hz,
respectively). These observations are similar to those noted in the synthesis of two-carbon
linker pyridopyrimidones by Zareie et al.97
Iodide 26 was immediately subjected to a coupling reaction with the benzisoxazole-linked
piperidine 3. Using approximately equimolar amounts of iodide 26, amine 3 and K2CO3, the
mixture was heated at reflux. After six hours, TLC analysis was unconvincing due to the
presence of multiple products. Four UV active species were present as well as two that stained
with ceric ammonium molybdate dip (Figure 27). TLC analysis the following day showed that
the addition of further K2CO3 (0.5 equivalents) had not pushed the reaction to completion. As
a result, the reaction was halted, the aqueous workup followed and the crude reaction product
analysed by NMR spectroscopy. Future syntheses withheld the addition of extra base due to its
ineffectiveness.
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Figure 27. Quadruplicate TLC analysis (acetone + 0.5% triethylamine) of the crude reaction
mixture of the coupling reaction towards 9. Stained with ceric ammonium molybdate. 254 nm
UV active spots are outlined in red.

The 1H NMR spectrum of the crude reaction mixture showed the presence of similar shifts to
those of the two fragments 3 and 26, albeit slightly shifted. The largest change in chemical
shifts were noted for protons located nearest to the point of coupling, the amine. In particular,
the piperidine ring protons of 3 and the terminal protons of the alkyl chain of 26, exhibited the
greatest change in shifts.
The peaks representative of the piperidine ring protons were found to be much less resolved
than all other shifts found in the crude mixture. Comparing the 1H NMR spectra of
benzisoxazole 3 and analogue 9 showed the triplet of triplets and doublet of triplets,
representing H-8′ and H-10′a respectively, to be significantly less resolved in crude reaction
mixture (Figure 28). This effect had been noted in the earlier 2-aminopyridine condensation
step where some peaks did not resolve with impure samples. A slight upfield shift was also
noted for protons H-8′ and H-10′a in the crude product. HRMS analysis confirmed the presence
of the desired product 9 with a found mass of 439.2512 that matched the calculated value for
C25H32FN4O2+ [M+H]+ 439.2504 with Δ = 1.9 ppm.
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10′

8′

Crude (9)

Figure 28. Stacked 1H NMR spectra of benzisoxazole 3 (top) and crude condensation product
9 (bottom), focussed on shifts representative of positions C-8′ and C-10′.

TLC analysis of the crude reaction mixture revealed a distinctly flat spot visible under 254 nm
UV irradiation. Isolation of this species utilised diol-functionalised silica gel in a pipette
column to avoid acid-mediated degradation associated with traditional silica gel. Fortunately,
clean separation was achieved to afford the first analogue (9).
COSY NMR analysis demonstrated that connectivity was maintained throughout the alkyl
chain, as well as in the pyridine ring of the pyridopyrimidone. HMBC correlations within the
fused heterocycle were similar to those previously discussed (see Section 2.3.3). Connectivity
of the piperidine ring to the benzisoxazole was confirmed by HMBC and COSY correlations
as previously discussed (see Section 2.2.4). NMR analysis of the whole product confirmed that
the coupling was successful, with an HMBC correlation from the protons of C-13 to C-10′
(Figure 29).
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Figure 29. Expansion of HMBC spectrum of 9 with the key correlation circled.

Again, it was found that weakly concentrated NMR samples did not allow for adequate
resolution of all peaks, similar to previous analyses of small quantities of 19 and 27. In an
attempt to circumvent this issue the use of D2O was trialled in place of the usual CDCl3.
Surprisingly, 1H NMR analysis in D2O provided a more resolved spectrum (Figure 30),
however poor solubility did not allow for collection of

13

C and 2D NMR spectra from this

sample. Instead, larger quantities (> 10 mg) of analogue 9 were found to provide well-resolved
spectra in CDCl3.
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Figure 30. Comparison of 1H NMR spectra of analogue 9 in D2O (top) and CDCl3 (bottom).

2.5.2 Synthesis of Analogues 8, 28 and 29
Synthesis of analogues 8 and 29 employed the same procedure as for synthesis of analogue 9
(Scheme 33). Appel reaction of 23 and 30 yielded iodides 25 and 32, the formation of which
was confirmed by HRMS. These iodide products were used immediately in coupling reactions
with 3. Chromatographic separation as previously described yielded the desired analogues 8
and 29. Fortunately, adequate quantities were synthesised for full structural elucidation by
NMR spectroscopy. The 1H NMR spectra of both 8 and 29 showed similar shifts in peaks to 9,
when compared to the starting material (Figure 31).
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Scheme 33. Synthesis of analogues 8 and 29.

PPh3O

Figure 31. Stacked 1H NMR spectra of benzisoxazole 3 (top), iodide 25 (middle) and
analogue 8 (bottom). Residual PPh3O is highlighted in red.
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Synthesis of 28 was less efficient. Two attempts of the Appel reaction on this substrate resulted
in only partial conversion of the alcohol to the iodide 31 (2:1 and 0.32:1 27:31 by comparison
of integrals in the 1H NMR spectrum). These mixtures were used in the subsequent coupling
reaction without further purification as it was expected the alcohol would be unreactive. The
hydroxyl proton would likely be less labile than the amine proton of benzisoxazole 3. However,
if the alcohol were to react with the iodide, a dimeric product (33) could form (Scheme 34).
Fortunately, the coupling with 3 proceeded smoothly and no dimeric product was identified
(Scheme 35). The final analogue 28 was isolated in sufficient quantity (10.3 mg, 67%) for
definitive NMR analysis.

Scheme 34. Possible products of an alcohol (27) and iodide (31) mixture in the final
condensation reaction.
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Scheme 35. Synthesis of analogue 28.

The transformation of all four substrates from an alcohol to an iodide showed some consistency
in the observed 1H NMR shifts (Table 6). The halogen-neighbouring protons of three-carbon
iodides 25 and 31 experienced an upfield shift of 0.27 ppm and 0.28 ppm, respectively. Similar
protons in four-carbon iodides 26 and 32 experienced upfield shifts of 0.50 ppm and 0.49 ppm,
respectively. These protons in all four iodides were found to have J-couplings of 6.9 Hz, larger
than in the alcohol in all cases.

Table 6. Comparison of terminal triplet shifts and J-couplings of Appel starting materials and
products.
Alcohol δ (ppm)

Iodide δ (ppm)

Difference δ (ppm)

(3JHH Hz)

(3JHH Hz)

(3JHH Hz)

3-Carbon Saturated

3.49 (5.9)

3.22 (6.9)

- 0.27 (+ 1.0)

3-Carbon Unsaturated

3.54 (5.8)

3.26 (6.9)

- 0.28 (+ 1.1)

4-Carbon Saturated

3.71 (6.2)

3.21 (6.9)

- 0.50 (+ 0.7)

4-Carbon Unsaturated

3.72 (6.3)

3.23 (6.9)

- 0.49 (+ 0.6)

Analogue
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With the synthesis of analogue 28 complete, four risperidone analogues had successfully been
generated (Scheme 36). According to the methodology of West, samples of analogues 8, 9, 28
and 29 were quantified by NMR using nitromethane as an internal standard.138 10mM solutions
of each analogue were made in DMSO in anticipation of the biological testing to follow.

Scheme 36. Synthesis of analogues 8, 9, 28 and 29.
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3 In Vitro Assays
To investigate the in vitro activity of the four synthesised risperidone analogues, 8, 9, 28 and
29 were added to the culture medium of LPS-stimulated RAW264.7 macrophages at increasing
concentrations. Zareie et al. previously found risperidone to cause a modest decrease in MTT
metabolism in RAW264.7 cells treated at concentrations of 80 µM or greater.97 Cytokine levels
of the supernatant were also measured by ELISA according to the methodology of Zareie et
al.97 Anti-inflammatory cytokine production was demonstrated to be significantly increased at
risperidone concentrations of 60 µM and above. Pro-inflammatory cytokine production was
found to be significantly decreased at risperidone concentrations as low as 20 µM. The current
research uses risperidone as a positive control for comparison of the results from assays of 8,
9, 28 and 29. In the MTT assay, risperidone results were comparable to the findings of Zareie
et al. except for at concentrations of 80 and 100 µM where the decrease in MTT metabolism
was to a lesser degree than previously observed. This observed difference could be due to
dilution of the stock risperidone solution with DMSO, instead of 0.1 M acetic acid as previously
used. ELISA results with risperidone treatment were comparable to previous work.97

3.1 MTT and ELISA Assay Results
3.1.1 MTT Assay Results
Treatment with three-carbon unsaturated analogue 28 resulted in similarly non-toxic activity
to risperidone regarding its effect on MTT metabolism at concentrations up to 80 µM (Figure
32). At 100µM, treatment with 28 appeared to cause a small reduction in MTT metabolism
compared to risperidone.
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Figure 32. RAW264.7 cell viability measured by MTT assay. Presented as a percentage of
vehicle control. RAW 264.7 cells were plated at 50,000 cells/well, primed with IFN- (20
U/mL), and stimulated with LPS for 24 hours in increasing concentrations of analogues 8, 9,
28, 29 and risperidone at 1% DMSO. Shown are means and SEM of triplicate wells from one
experiment.

Surprisingly, treatment with saturated three-carbon analogue 8 resulted in a significant increase
in MTT metabolism at concentrations of 60 µM and above when compared to the vehicle
control. This apparent increase may be as a result of the readings lying outside the optimal
range of the optical density reader. This may mean that MTT metabolism was not increased as
a result of treatment with 8. However, it is unlikely that MTT metabolism is negatively affected
by 8.
Treatment with four-carbon saturated analogue 9 caused a large and significant decrease in
MTT metabolism at concentrations of 80 µM and above. Compound 29 was found to
significantly inhibit MTT metabolism at concentrations of 40 µM and greater.
In summary, varied effects on cell viability were seen with the four analogues 8, 9, 28 and 29.
The four-carbon linker analogues 9 and 29 led to decreased MTT metabolism, with the
unsaturated analogue 29 shown to be the greatest inhibitor of MTT metabolism compared to
all other treatments at concentrations of 40 µM and above. The three-carbon linker analogues
8 and 28 behaved in a similar manner to risperidone itself, with little decrease in cell viability
as seen by MTT metabolism.
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3.1.2 IL-12 ELISA Results
At concentrations of 40 µM and greater, all analogues significantly inhibited production of proinflammatory cytokine IL-12 when compared to control (Figure 33). In comparison to
risperidone treated cells at concentrations of 60 µM and greater, analogue treatment resulted in
significantly greater inhibition of IL-12 production. The attenuation of IL-12 production
observed in the supernatant of 9 and 29 treated cells may be a result of the reduction in cell
viability inferred from the MTT assay. Thus, fewer living cells are present to produce this
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inflammatory cytokine.
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Figure 33. IL-12 in the supernatant measured by ELISA.

The results for risperidone treatment were comparable to those of Zareie et al. who
demonstrated IL-12 production to be reduced linearly upon treatment with risperidone at
concentrations of up to 60 µM.97 At concentrations greater than 60 µM no further change in
IL-12 production was observed. Risperidone is proven to be a suitable positive control for this
experiment.
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3.1.3 IL-10 ELISA Results
The ELISA results of treatment with the risperidone analogues on quantities of antiinflammatory cytokine IL-10 were varied (Figure 34). Treatment with three-carbon linker
analogues 8 and 28 resulted in no significant change in IL-10 production when compared to
vehicle control across all concentrations tested. Treatment with four-carbon analogues 9 and
29 treatment at 20 µM and 40 µM concentrations resulted in a significant increase in IL-10
production, greater than 200% of control. This was significantly more than the increase
observed for risperidone (1). At 60 µM, the level of IL-10 production is comparable to
risperidone treatment while concentrations of 80 µM and greater resulted in levels of IL-10
comparable to vehicle control.
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Figure 34. IL-10 in the supernatant measured by ELISA.

3.2 Discussion
3.2.1 Cell Viability
These results show that, like risperidone, neither of the three-carbon linker analogues inhibits
MTT metabolism and therefore, have no negative effect on cell viability. Interestingly, fourcarbon linker analogues 9 and 29 were found to significantly reduce cell viability at
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concentrations of 80 µM and 40 µM, respectively. These results will need to be verified by
flow cytometry.
The suppression of MTT metabolism associated with 9 and 29 treatment is apparently due to
the longer alkyl spacer in these compounds. These four-carbon linker analogues have two
additional methylenes, compared to risperidone, separating the piperidine and the
pyridopyrimidone moieties. This longer alkyl chain has more rotatable bonds which increases
the flexibility of these molecules and expands the number of structural conformations these
molecules can adopt. A greater number of conformations may increase the number of protein
binding sites accessible to these molecules.
A flexible molecule can adopt different conformations, allowing it to access more than one
dissimilar binding site. An example of this is acarbose, an antidiabetic drug that adopts different
conformations to inhibit the activity of both glucoamylase and 4-α-glucanotransferase (Figure
35).139-140 The binding affinity of acarbose for each protein is different due to the variations in
the amino acids and their positions in the active site. Extending the linker of risperidone may
have a similar effect and allow for off-target protein binding. This promiscuity could result in
inhibition of multiple key metabolic pathways, thus explaining the reduction in cell viability
associated with 9 and 29 treatment.

Figure 35. Acarbose binding site alignments in 4-α-glucanotransferase and glucoamylase.
Binding sites are highlighted in red and ligands are presented in orange. Adapted from Haupt
et al. Drug Promiscuity in PDB: Protein Binding Site Similarity Is Key. PLOS ONE 2013, 8
(6), e65894.141
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Alternatively, a longer alkyl chain could make the ligand compatible with proteins that have
similar binding sites and open up new therapeutic areas. For example, the antiviral drug
brivudine inhibits virus replication by binding to thymidine kinase.142 Brivudine can also bind
to human heat shock protein (HSP), conferring potential anticancer activity.143 The active sites
of these proteins share five residues in similar positions, including two phenylalanines that are
crucial for π-stacking interactions in the binding pocket.
It is plausible that the conformational flexibility of 9 and 29 may allow for binding to many
proteins with structurally similar active sites, similar to brivudine. The increased toxicity of 29,
compared to 9, at lower concentrations may be attributed to the increase in π-stacking
interactions possible with the unsaturated pyridopyrimidone. Inhibition of multiple key
metabolic pathways as a result of this promiscuity could explain the observed reduction in cell
viability. Alternatively, reduced MTT metabolism may be due to direct inhibition of the
enzymatic reduction of MTT to formazan.

3.2.2 Immunomodulatory Activity
Compounds 8 and 28 induced suppression of IL-12 production follows a similar concentrationdependent curve as risperidone treatment. This suggests a similar mode of action between 8,
28 and risperidone. Compounds 8 and 28 did not affect IL-10 production significantly while
even at low concentrations, both four-carbon analogues 9 and 29 demonstrated significant IL10 amplification properties. Compared to control, a 200% increase in IL-10 production was
observed at sub-toxic concentrations.
Compared to risperidone, an IL-12 suppression response was associated with 8 and 28 while
an increase in IL-10 production was associated with 9 and 29. These observations may be a
result of enhanced binding of the analogues within the active site of a protein afforded by the
extended linker. As the mode of action associated with the immunomodulatory activity of
risperidone is unknown, the types of binding interactions possible can only be postulated.
A range of binding pocket interactions could be possible, including adjacent, shallow and deep
pocket interactions. An adjacent pocket allows a bivalent ligand, such as risperidone, to bind
in the main active site as well as an adjacent pocket simultaneously.10 A shallow pocket ligandprotein interaction is less likely as these are usually associated with protein-protein
interactions.144 Deep, hydrophobic pockets in a protein are very common sites for small
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molecules to bind as the large amount of hydrophobic residues present favour interactions with
organic molecules.145-147
The extended linker of an analogue may allow for a second pharmacophore to be favourably
positioned to make an adjacent pocket interaction. For example, the benzisoxazole
pharmacophore of risperidone binds in a deep hydrophobic pocket in the D2 receptor, and the
pyridopyrimidone extends into an adjacent binding pocket.10 The benzisoxazole moiety of 9
was not modified so this would allow it to access the same hydrophobic pocket of the D2
receptor as risperidone. However, ligand-protein interactions in the extended binding pocket
are likely to change due to the increased distance between the piperidine ring and the
pyridopyrimidone moiety (Figure 36). Key stabilising interactions, such as those with Trp100,
may be lost and result in a less stable binding interaction. Alternatively, the pyridopyrimidone
moiety may extend into a different binding pocket that creates a more stable ligand-protein
interaction. The potential π-stacking interactions of unsaturated analogues 28 and 29 would
also alter the binding profile of these compounds in an adjacent pocket.
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Figure 36. Overlay of 9 (green) and risperidone (red), demonstrating their proposed positions
in relation to a tryptophan residue (yellow) in the D2 receptor.

If the pharmacophore were to bind in a deep hydrophobic pocket of an unknown protein, a
longer alkyl spacer may reduce unfavourable drug-protein interactions if the unbound moiety
resided outside the binding pocket (Figure 37). In this proposed situation, risperidone may
have weaker ligand-protein interactions due to the steric hindrance caused by the non-binding
moiety at the entrance of the pocket. This could explain the enhanced IL-12 suppression
attributed to 8 and 28.
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Figure 37. Proposed deep-pocket ligand-protein interactions of 8 (top) and risperidone
(bottom).

A longer alkyl spacer may also prevent unfavourable intramolecular interactions within the
ligand when binding to protein. A protein with a wide, shallow binding pocket could restrict
the size of the molecule it is able to accommodate (Figure 38). Flexibility about the alkyl chain
may be required for the pharmacophore to establish strong ligand-receptor interactions whilst
minimising unfavourable intramolecular interactions. Analogues with longer alkyl spacers
have an increased number of rotatable bonds. Therefore, a molecule like 9 would be more likely
to have a strong binding interaction with a protein. If such a protein were part of the IL-10
pathway, this could explain the enhanced IL-10 production observed.
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Figure 38. Proposed shallow-pocket ligand-protein interactions of 8 (left) and risperidone
(right).
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4 Summary and Future Work
4.1 Summary
Four risperidone analogues (8, 9, 28, 29) were successfully synthesised (Scheme 37),
exceeding the initial aim of generating two analogues (8, 9). This project was a continuation of
Durrant’s preliminary work, from which a method was required for deprotection of the benzylprotected hydrogenated pyridopyrimidones 21 and 22.98 Interestingly, here, catalytic
hydrogenation was found to be applicable for debenzylation, contrary to previous reports. This
method was rather slow so, fortunately, TiCl4 was subsequently found to be a suitable reagent.
TiCl4-mediated deprotection was also demonstrated to be applicable to formation of
unsaturated pyridopyrimidones 27 and 30. This allowed for synthesis of four analogues, now
including unsaturated variants 28 and 29. Fortunately, the Appel and coupling reactions to
follow were straight-forward and all four analogues were generated.
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Scheme 37. Overall synthetic route for risperidone analogues 8, 9, 28 and 29.

Preliminary immunomodulatory studies were also performed. In vitro assays of analogues 8,
9, 28 and 29 in RAW264.7 cells found both four-carbon analogues (9, 29) to be cytotoxic while
8 and 28 had no observable effect on cell viability, similar to risperidone. Suppression of IL77

12 production was observed with all four compounds, however for 9 and 29 this may be as a
result of cytotoxicity. Analogues 8 and 28 suppressed IL-12 production to a greater extent than
risperidone. Analogues 9 and 29 greatly amplified IL-10 production at low concentrations
while 8 and 28 had no effect on IL-10 production at all concentrations tested. Unfortunately,
time did not permit for further repetitions of these assays nor measurement of IFN-γ, TNF-α,
MCP-1 and IL-6 production in RAW264.7 cells and BMMΦ. These will be followed up in the
near future.

4.2 Future Work
The successful synthesis of four risperidone analogues and their in vitro assay results
encourages further investigation into the potential of risperidone and these analogues as
immunomodulatory agents.
Additional in vitro testing is required to corroborate the results observed in the current research.
Due to time constraints the proposed ELISAs to detect IL-6, TNF-α, IFN-γ and MCP-1 were
not completed. Assays revealing the effects of the synthesised analogues on the profiles of
these signalling molecules in RAW264.7 and BMMΦ cells will further reveal potential
immunomodulatory activity. The strong increase in IL-10 production associated with low (subtoxic) concentrations of four-carbon analogues 9 and 29 is of particular interest due to their
more potent anti-inflammatory effect when compared to risperidone. Similar experiments
using lower concentrations of these analogues will provide more detailed information of the
anti-inflammatory effect associated with 9 and 29 treatment.
Optimisation of the TiCl4 deprotection of the benzyl ether in the synthesis of the
pyridopyrimidone fragment could improve the overall yield by modifying the reaction times
and workup conditions. Alternatively, the DDQ debenzylation method could be trialled again,
using larger quantities for NMR analysis to confirm whether this reagent is applicable to
deprotection of a pyridopyrimidone system. The Pd/C catalysed hydrogenation-Odebenzylation should be repeated to confirm the reproducibility of the deprotection and to
optimise for higher yields. A dual hydrogenation and debenzylation step would prevent the
need for a separate deprotection as well as the associated purification, reducing the number of
steps and potentially increasing the overall yield.
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Alternative routes towards synthesis of the current analogues could be also more efficient
stepwise and thus, improve the overall yield. A Stille reaction could be used for integration of
the extended alkyl chain onto a pyridopyrimidone substrate, removing the need for protecting
groups altogether.127 However, the use of tin reagents may be unfavourable due to the current
trends towards green synthesis so a Suzuki reaction could be applied instead.
Synthesis and testing of higher homologues, such as those with five- and six-carbon linkers
(34, 36 and 35, 37, respectively) would be informative (Figure 39). The methodology applied
to the synthesis of three-carbon analogues 8 and 28 should be transferable due to the availability
of diol starting materials for both proposed analogues and the lack of additional functionality.

Figure 39. Proposed five- and six-carbon linker analogues of risperidone.

Structure rigidification is a common approach in the optimisation of drugs.148 Further
modification of the current three- and four-carbon analogues with a more restricted linker
would also provide more structure activity relationship data with in vitro testing. Differentially
positioned E- and Z-alkenes (38 - 41) could aid in the elucidation the mode of action of these
compounds (Figure 40).
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Figure 40. Proposed rigidified analogues of 8.

Furthermore, the synthesis of biotin-linked risperidone and analogues for use with affinity
chromatography could aid in discovery of new ligand-protein interactions. Attachment of a
biotin tag to the benzisoxazole and pyridopyrimidone moieties separately could help in
identification of protein targets with varying affinities for these two potential pharmacophores.
Molecular modelling could then be used to identify putative binding pockets for target proteins
captured, furthering our understanding of the activity of risperidone and its analogues.
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5 Experimental
5.1 Synthetic Chemistry Experimental
5.1.1 General Methods
Unless otherwise noted, the following general conditions were applied. Reactions were
performed under an atmosphere of dry argon using standard syringe techniques. Reaction
solvents (CH2Cl2, Et2O) were dispensed from an Innovative Technologies Inc. PureSolv™
solvent purification system. Dry acetone was stored over activated 3Å molecular sieves for 24
hours before use. Molecular sieves were activated by drying under high-vacuum at 350

°C

for 4 hrs. Workup solvents were used from the bottle as received from the supplier. All water
was distilled and reaction glassware was oven dried at 130 °C overnight, assembled hot and
cooled under vacuum. Reagents were purchased from Sigma-Aldrich unless otherwise
specified. NMR spectra were collected on a JEOL JMTC-500/54/JJ NMR spectrometer at 22
± 1 °C with a field strength of 11.74 T. 13C NMR were proton-decoupled. Chemical shift (δ) is
reported in parts per million (ppm) to the nearest 0.01 ppm for 1H and 0.1 ppm for 13C. 1H and
C NMR spectra in CDCl3 were referenced to residual solvent peaks with 1H NMR (CHCl3) δ

13

= 7.26 ppm and 13C NMR (CDCl3) δ = 77.16 ppm. 1H spectra in D2O were referenced to the
residual solvent peak (D2O) δ = 4.79 ppm. 13C spectra in D2O were unreferenced. Multiplicities
are described as d (doublet), t (triplet), q (quartet), quin. (quintet, m (multiplet), br. (broad) and
apparent (app.). Where identifiable, impurity peaks are not reported. Full spectral data are
available in the supplementary information. Atom numbering in this section is for the purposes
of description only and does not necessarily reflect the IUPAC name. Mass spectra were
collected on an Agilent 6530 LCMS QToF using ESI and were processed using Mestrelab®
MestreNova (V. 14.0.0) and Agilent® MassHunter (V. B.06.01).

Infrared spectra were

collected using neat samples on a Bruker Alpha FTIR ATR spectrometer and are reported in
cm-1. All chromatography was with hexanes b.p. 40-60 °C, ethyl acetate, CH2Cl2 and acetone,
with 0.5% triethylamine, on silica and TLC staining was with ceric ammonium molybdate
unless otherwise noted.
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5.1.2 Procedures and Experimental Data
1-Acetylpiperidine-4-carboxylic acid (10)

To a solution of isonipecotic acid (4.124 g, 31.9 mmol) and CH2Cl2 (65 mL), acetic anhydride
(3.40 mL, 36.0 mmol) dissolved in CH2Cl2 (6.5 mL) was added dropwise. The reaction was
stirred at room temperature for 23 hours, then concentrated in vacuo. The resulting white solid
was recrystallised from ethanol to afford acid 10 as a white powder (2.439 g, 14.2 mmol, 45%).
m.p. 181.2 – 183.0 °C
1H

NMR (500 MHz, D2O) δH 4.25 (dtd, J = 13.3, 3.9, 1.8 Hz, 1H), 3.90 (dtd, J = 13.9, 4.0, 1.8

Hz, 1H), 3.22 (ddd, J = 14.3, 11.6, 2.9 Hz, 1H), 2.86 (ddd, J = 13.9, 11.8, 3.1 Hz, 1H), 2.69 (tt,
J = 11.4, 4.0 Hz, 1H), 2.11 (s, 3H), 2.04 – 1.91 (m, 2H), 1.66 (dtd, J = 13.4, 11.5, 4.2 Hz, 1H),
1.55 (dtd, J = 13.6, 11.6, 4.2 Hz, 1H).
13C

NMR (126 MHz, D2O) δC 179.4, 172.2, 46.0, 41.3, 40.4, 27.8, 27.4, 20.4.

HRMS: m/z C8H14NO3+ [M+H]+ calcd. 172.0968, found 172.0963 (Δ 2.9 ppm).
The experimental data obtained matches those previously reported.97

4-(2',4'-Difluorobenzoyl)piperidine hydrochloride (12)

A solution of acid 10 (499 mg, 2.92 mmol) in thionyl chloride (neat, 5.0 mL, 69 mmol) was
stirred at room temperature for 4.5 hours. Et2O (5 mL) was added and the solution concentrated
in vacuo. The resulting red solid, acid chloride 11, was used without further purification. To a
solution of acid chloride 11 in CH2Cl2 (5 mL), AlCl3 (1.022 g, 9 mmol) and 1,3 difluorobenzene
(0.36 mL, 3.67 mmol) were added and heated at reflux for 14.5 hours. The resulting brown
solution was cooled and poured into an ice/water mixture (32 g, 50% w/w). This mixture was
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extracted with CH2Cl2 (3 x 30 mL), the organic fractions combined, dried (MgSO4) and
concentrated in vacuo to provide a viscous brown oil (592 mg) which was used without further
purification. This oil was dissolved in 6M HCl (5 mL) and heated at reflux for 6 hours. The
reaction mixture was then cooled, extracted with CH2Cl2 (3 x 30 mL) and the aqueous portion
was concentrated in vacuo to provide hydrochloride salt 12 as a beige powder (420 mg, 1.61
mmol, 55% over 3 steps).
1H

NMR (500 MHz, D2O) δH 7.88 (td, J = 8.8, 6.5 Hz, 1H), 7.15 – 7.05 (m, 2H), 3.62 (tt, J =

11.0, 3.6 Hz, 1H), 3.48 (dt, J = 13.1, 3.9 Hz, 2H), 3.15 (br t, J = 12.6 Hz, 2H), 2.18 (br d, J =
14.7 Hz 2H), 1.86 (m, 2H).
13C

NMR (126 MHz, D2O) δC 201.7, 166.1 (dd, J = 255.4, 14.1 Hz), 162.1 (dd, J = 256.0, 14.0

Hz) 132.7 (m), 120.7 (d, J = 11.0 Hz), 112.5 (d, J = 21.2 Hz), 105.1 (t, J = 26.5 Hz), 44.1, 43.2,
24.4.
HRMS: m/z C12H14F2NO+ [M+H]+ calcd. 226.1038, found 226.1047 (Δ 4.0 ppm).
The experimental data obtained matches those previously reported.97

(Z)-2,4-Difluorophenyl-(4-piperidinyl)methanone oxime (4)

To a solution of pyridine (0.72 mL, 8.94 mmol) and hydroxylamine hydrochloride (129 mg,
1.86 mmol) in MeOH (9 mL), ketone 12 (201 mg, 0.77 mmol) was added and heated at reflux
for 7 hours. The reaction mixture was cooled and concentrated in vacuo to provide a 1:0.35
mixture of E- and Z-isomers. This solid was recrystallised from methanol to provide Z-oxime
4 as white needle-like crystals (68 mg, 0.28 mmol, 37%). The remaining supernatant was
concentrated in vacuo, dissolved in t-butanol (10 mL) and glacial acetic acid (2 mL) and heated
at reflux for 19 hours. The reaction mixture was cooled and concentrated in vacuo to provide a
beige solid that was recrystallised from methanol to provide further 4 as white needle-like
crystals (29.5 mg, 0.12 mmol, 16%). Total combined yield of 4: 97.3 mg, 0.40 mmol, 53%.
m.p. 233 – 239 °C
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1H

NMR (500 MHz, D2O) δH 7.29 (m, 1H), 7.14 – 7.05 (complex m, 2H), 3.45 (dt, J = 13.1,

3.8 Hz, 2H), 3.04 (td, J = 12.7, 3.0 Hz, 2H), 2.91 (tt, J = 11.3, 3.5 Hz, 1H), 2.09 (br d, 2H),
1.77 (dtd, J = 15.6, 11.8, 4.0 Hz, 2H).
13C

NMR (126 MHz, D2O) δC 163.4 (dd, J = 248.9, 12.1 Hz) 158.7 (dd, J = 248.0, 12.1 Hz)

157.1, 129.9 (dd, J = 10.0, 5.6 Hz) 116.3 (dd, J = 18.5, 4.0 Hz) 112.0 (dd, J = 22.0, 3.3 Hz,
104.3 (t, J = 26.0 Hz), 43.5, 38.8, 25.5.
HRMS: m/z C12H15F2N2O+ [M+H]+ calcd. 241.1147 found 241.1156 (Δ 3.7 ppm).
The experimental data obtained matches those previously reported.97

6-Fluoro-3-(piperidin-4-yl)benzo[d]isoxazole (3)

A solution of KOH (614 mg, 11 mmol) dissolved in H2O (2.00 mL) was added to oxime 4 (55.1
mg, 0.23 mmol) and heated at reflux for 6.5 hours. The solution was cooled and extracted with
CH2Cl2 (3 x 10 mL). The organic fractions were combined, dried (MgSO4) and concentrated
in vacuo to provide benzisoxazole 3 as an off white powder (41.7 mg, 0.19 mmol, 83%).
1H

NMR (500 MHz, CDCl3) δH 7.68 (dd, J = 8.6, 5.1 Hz, 1H, H-1), 7.23 (dd, J = 8.6, 2.1 Hz,

1H, H-4), 7.04 (td, J = 8.9, 2.3 Hz, 1H, H-2), 3.23 (dt, J = 12.4, 3.6 Hz, 2H, H-10a), 3.19 (tt, J
= 11.7, 3.7 Hz, 1H, H-8) 2.81 (td, J = 12.1, 2.8 Hz, 2H, H-10b), 2.04 (dd, J = 12.9, 3.3 Hz, 2H,
H-9a), 1.93 (qd, J = 11.8, 4.0 Hz, 2H, H-9b).
13C

NMR (126 MHz, CDCl3) δC 164.1 (d, J = 250.4 Hz, C, C-3), 164.0 (d, J = 13.5 Hz, C, C-

5), 161.4 (C, C-7), 122.7 (d, J = 11.1 Hz, CH, C-1), 117.4 (C, C-6), 112.4 (d, J = 25.2 Hz, CH,
C-2), 97.6 (d, J = 26.8 Hz, CH, C-4), 46.6 (CH2, C-10), 35.1 (CH, C-8), 31.7 (CH2, C-9).
HRMS: m/z C12H14FN2O+ [M+H]+ calcd. 221.1085, found 221.1085 (Δ 0.0 ppm).
The experimental data obtained matches those previously reported.97
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3-(Benzyloxy)propan-1-ol (13)

To a solution of Ag2O (1.672 g, 7.28 mmol) suspended in CH2Cl2 (18 mL), 1,3-propanediol
(0.48 mL, 6.65 mmol) was added. The solution was stirred for 15 minutes until small clumps
of Ag2O formed in the clear solution. The solution was then cooled in an ice-salt bath for 10
minutes. Benzyl bromide (0.82 mL, 6.94 mmol) was added dropwise over 15 minutes. The ice
bath was removed and the solution stirred for 23 hours, after which a precipitate was free
flowing in solution. The solution was filtered through a silica plug and concentrated in vacuo
to afford 13 as a yellow oil (1.106 g, 6.65 mmol, 100%) containing 20:1 mono:dibenzylated
product which was used without purification in the subsequent step.
1H

NMR (500 MHz, CDCl3) δH 7.40-7.27 (complex m, 5H), 4.53 (s, 2H), 3.79 (t, J = 5.7 Hz,

2H), 3.67 (t, J = 5.7 Hz, 2H), 1.88 (quin, J = 5.7 Hz, 2H).
13C

NMR (126 MHz, CDCl3) δC 128.6, 127.9, 127.8, 73.5, 69.7, 62.2, 32.2.

HRMS: m/z C10H15O2+ [M+H]+ calcd. 167.1067, found 167.1065 (Δ 1.2 ppm).
The experimental data obtained matches those previously reported.98, 116

3-Benzyloxy-1-iodopropane (15)

To alcohol 13 (1.106 g, 6.65 mmol), PPh3 (2.645 g, 10.1 mmol), imidazole (1.111 g, 16.3
mmol) and dry Et2O (36 mL) were added. The resulting solution was cooled in an ice bath and
CH3CN (12 mL) added. Once the PPh3 had dissolved, a solution of I2 (2.494 g, 9.83 mmol) in
Et2O (13 mL) was added dropwise, causing the formation of a white precipitate. The solution
was allowed to warm to room temperature and stir for 2.5 hours, after which further I2 (1.416
g, 5.58 mmol) was added as a solid directly to the reaction mixture and stirring continued for
a further 3.5 hours. The solution was then filtered through cotton wool and rinsed with Et2O.
Sat. aqueous NaHCO3 (20 mL) was added to the filtered solution which was stirred vigorously
and the phases separated. The organic layer was washed with sat. aqeuous Na2S2O3 (3x 20 mL),
brine (1x 20 mL) and concentrated in vacuo to give a yellow oil. The oil was then taken up in
5:1 hexanes:EtOAc (20 mL) and shaken to produce a white precipitate in a clear solution.
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Filtration through a silica plug and concentration of the filtrate in vacuo afforded iodide 15 as
a yellow oil (1.257 g, 4.92 mmol, 74%). (74% over 2 steps).
NMR (500 MHz, CDCl3) δH 7.40 – 7.27 (complex m, 5H), 4.52 (s, 2H), 3.55 (t, J = 5.7

1H

Hz, 2H), 3.31, (t, J = 6.8 Hz, 2H), 2.10 (tt, J = 6.8, 5.8 Hz, 2H).
13C

NMR (126 MHz, CDCl3) δC 138.4, 128.6, 127.8 (2 overlapping peaks), 73.3, 69.7, 33.6,

3.6.
The experimental data obtained matches those previously reported.98, 117

Ethyl 2-acetyl-5-(benzyloxy)pentanoate (17)

To a solution of freshly cut sodium (0.55 g, 2.4 mmol) dissolved in EtOH (10 mL, dried over
3Å sieves) was added ethyl acetoacetate (0.25 mL, 1.97 mmol) and the reaction heated at
reflux. Once refluxing, a solution of iodide 15 (480 mg, 1.74 mmol) in EtOH (2 mL) was added
dropwise. Reflux was continued for 2.5 hours after which the solution was cooled, filtered
through a silica plug with ethanol (3 x 5 mL) and concentrated in vacuo to give a yellow oil
and white precipitate. This slurry was taken up in 5:1 PE:EtOAc, filtered through a silica plug
and concentrated in vacuo to afford a yellow oil. Silica gel chromatography (40:1
CH2Cl2:EtOAc) provided 17 as a slightly yellow oil that was used immediately (275 mg, 0.99
mmol, 57%).
Rf 0.33 (40:1 CH2Cl2:EtOAc)
1H

NMR (500 MHz, CDCl3) δH 7.36 – 7.27 (complex m, 5H), 4.49 (s, 2H), 4.19 (qd, J = 6.9,

2.3 Hz, 2H), 3.48 (td, J = 6.3, 1.5 Hz, 2H), 3.46 (t, J = 7.6 Hz, 2H), 2.21 (s, 3H), 1.95 (q, J =
7.7 Hz, 2H), 1.61 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δC 203.4, 169.9, 138.5, 128.5, 127.8, 127.7, 73.1, 69.8, 61.5,

59.6, 29.0, 27.6, 25.2, 14.2.
HRMS: m/z C16H23O4+ [M+H]+ calcd. 279.1591, found 279.1591 (Δ 0.0 ppm).
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The experimental data obtained matches those previously reported.98, 118

3-(3-(Benzyloxy)propyl)-2-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (19)

A mixture of pentanoate 17 (1.277 g, 4.56 mmol), 2-aminopyridine (434 mg, 4.6 mmol) and
ammonium acetate (12.484 g, 0.16 mol) was set to stir vigorously at 180 °C for 3.5 hours. Upon
reaching 120 °C, the ammonium salt melted providing a viscous 2-phase solution which
became a single brown phase at 180 °C. The reaction mixture was then cooled, diluted with
H2O (20 mL) and extracted with CH2Cl2 (3 x 20 mL). The organic fractions were combined,
washed with sat. aqueous NaHCO3 (20 mL) and brine (20 mL), then dried (MgSO4) and
concentrated in vacuo to afford 19 as a viscous brown oil (1.196 g, 3.88 mmol, 85% crude
yield). Silica gel chromatography (EtOAc + 0.5% triethylamine) provided the title compound
(19) as a slightly yellow oil (901 mg, 2.92 mmol, 64%).
Rf 0.25 (EtOAc + 0.5% triethylamine).
1H

NMR (500 MHz, CDCl3) δH 8.95 (d, J = 7.0 Hz, 1H, H-1), 7.61 (ddd, J = 9.0, 6.5, 1.4 Hz,

1H, H-3), 7.53 (d, J = 8.8 Hz, 1H, H-4), 7.35 – 7.22 (complex m, 5H, Bn), 7.03 (t, J = 6.8 Hz,
1H, H-2), 4.51 (s, 2H, PhCH2), 3.55 (t, J = 6.3 Hz, 2H, H-12), 2.81 (t, J = 7.5 Hz, 2H, H-10),
2.51 (s, 3H, H-9), 1.96 – 1.87 (m, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 161.5 (C, C-6), 158.0 (C, C-8), 148.5 (C, C-5), 138.7 (C, Bn),

134.9 (CH, C-3), 128.4 (CH, Bn), 127.7 (CH, Bn), 127.6 (CH, Bn), 127.1 (CH, C-1), 125.7
(CH, C-4), 115.7 (C, C-7), 114.8 (CH, C-2), 72.9 (CH2, PhCH2), 70.0 (CH2, C-12), 28.4 (CH2,
C-11), 23.7 (CH2, C-10), 22.4 (CH3, C-9).
HRMS: m/z C19H21N2O2+ [M+H]+ calcd. 309.1598, found 309.1601 (Δ 1.0 ppm).
IR: (neat) νmax 2928, 2856, 1735, 1665, 1635, 1531, 1474, 1427, 1327, 1095, 1044, 768, 731,
697 cm-1.
The experimental data obtained matches those previously reported.98
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3-(3-(Benzyloxy)propyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one
(21)

A Schlenk tube fitted with a Youngs tap was charged with 19 (112 mg, 0.36 mmol), palladium
on activated carbon (10% w/w, 11.2 mg, 0.11 mmol), MeOH (0.8 mL) and H2O (0.7 mL). The
tube was flushed with N2 and evacuated 5 times, then charged with H2 under balloon pressure.
Stirring for 4 days provided a suspension that was filtered through Celite® to afford a clear
solution that was concentrated in vacuo to provide a yellow oil. Silica gel chromatography (5:1
EtOAc:Acetone + 0.5% triethylamine) provided the title compound (21) as a yellow oil (42.4
mg, 0.14 mmol, 38%).
Rf 0.35 (5:1 EtOAc: acetone).
1H

NMR (500 MHz, CDCl3) δH 7.35 – 7.26 (m, 5H, Bn), 4.50 (s, 2H, PhCH2), 3.90 (t, J = 6.2

Hz, 2H, H-1), 3.52 (t, J = 6.3 Hz, 2H, H-12), 2.86 (t, J = 6.7 Hz, 2H, H-4), 2.61 (t, J = 7.8 Hz,
2H, H-10), 2.28 (s, 3H, H-9), 1.97 – 1.90 (m, 2H, H-2), 1.89 – 1.79 (m, 4H, H-3,11).
13C

NMR (126 MHz, CDCl3) δC 162.7 (C, C-8), 158.1 (C, C-6), 155.9 (C, C-5), 138.8 (C, Bn)

128.5(CH, Bn), 127.7 (CH, Bn), 127.6 (CH, Bn), 121.2 (C, C-7), 72.9 (CH2, PhCH2), 70.1
(CH2, C-12), 42.8 (CH2, C-1), 31.4 (CH2, C-4), 28.2 (CH2, C-11), 23.1 (CH2, C-10), 22.1 (CH2,
C-2), 21.2 (CH3, C-9), 19.4 (CH2, C-3).
HRMS: m/z C19H25N2O2+ [M+H]+ calcd. 313.1911, found 313.1898 (Δ 4.2 ppm).
IR: (neat) νmax 2947, 2861, 1652, 1534, 1192, 1099, 738, 698 cm-1.
The experimental data obtained matches those previously reported.98
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3-(3-Hydroxypropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (23)

A solution of benzyl ether 21 (34.7 mg, 0.11 mmol) in CH2Cl2 (0.44 mL) was cooled to 0 °C
and 1M TiCl4 in CH2Cl2 (0.56 mL, 0.56 mmol, 5 equiv.) was added dropwise resulting in the
formation of a yellow precipitate. The solution was then allowed to warm to room temperature
and stir for 1 hour. The reaction mixture was then poured into ice cold sat. aqueous NaHCO3
(20 mL). This solution was extracted with CH2Cl2 (3 x 10 mL) and EtOAc (10 mL). The
organic fractions were combined, dried (MgSO4) and concentrated in vacuo to provide a yellow
oil. Purification by silica gel chromatography (Acetone + 0.5% triethylamine) provided alcohol
23 as an off-white amorphous solid (17.1 mg, 0.77 mmol, 69%).
Rf 0.28 (acetone + 0.5% triethylamine).
1H

NMR (500 MHz, CDCl3) δH 3.93 (t, J = 6.2 Hz, 2H, H-1), 3.49 (br. t, J = 5.9 Hz, 2H, H-

12), 2.86 (t, J = 6.6 Hz, 2H, H-4), 2.66 (t, J = 6.7 Hz, 2H, H-10), 2.27 (s, 3H, H-9), 1.98 – 1.92
(m, 2H, H-2), 1.90 – 1.83 (m, 2H, H-3), 1.73 (ddt, J = 7.9, 6.6, 5.7 Hz, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 164.1 (C, C-8), 159.3 (C, C-6), 156.0 (C, C-5), 120.5 (C, C-

7), 60.4 (CH2, C-12), 43.2 (CH2, C-1), 31.5 (CH2, C-4), 31.1 (CH2, C-11), 22.1 (CH2, C-2),
21.4 (CH2, C-10), 21.2 (CH3, C-9), 19.3 (CH2, C-3).
HRMS: m/z C12H19N2O2+ [M+H]+ calcd. 223.1441, found 223.1442 (Δ 0.4 ppm).
IR: (neat) νmax 3407, 2931, 2868, 1633, 1528, 1190, 1057, 1041, 729, 606 cm-1.

3-(3-Iodopropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (25)

I2 (32.3 mg, 0.13 mmol) was added to a solution of PPh3 (44.9 mg, 0.17 mmol) in CH3CN (1.20
mL) at 0 °C and stirred for 30 minutes to give an orange solution. A solution of alcohol 23
(18.3 mg, 0.08 mmol) in CH3CN (0.60 mL) was added and the reaction mixture heated at reflux
89

for 20 hours to give a dark orange solution. The reaction mixture was cooled and concentrated
in vacuo, then taken up in EtOAc (10 mL) and H2O (10 mL). The organic layer was washed
with H2O (5x 10 mL), then 1M HCl (10 mL). The aqueous layers were combined and extracted
with EtOAc (20 mL). CH2Cl2 (20 mL) was added to the aqueous phase and the pH adjusted to
7 by addition of sat. aqueous NaHCO3. The phases were separated and the aqueous layer
extracted with CH2Cl2 (2x 20 mL). The CH2Cl2 layers were combined, dried (Na2SO4) and
concentrated in vacuo to provide iodide 25 as a yellow solid (21.7 mg, 0.06 mmol, 79%).
m.p. 96 - 100 °C
1H

NMR (500 MHz, CDCl3) δH 3.90 (t, J = 6.2 Hz, 2H, H-1), 3.22 (t, J = 6.9 Hz, 2H, H-12),

2.84 (t, J = 6.6 Hz, 2H, H-4), 2.59 (t, J = 7.7 Hz, 2H, H-10), 2.29 (s, 3H, H-9), 2.06 – 1.98 (m,
2H, H-11), 1.94 (quin, J = 6.1 Hz, 2H, H-2), 1.89 – 1.83 (m, 2H, H-3).
13C

NMR (126 MHz, CDCl3) δC 162.7 (C, C-8), 158.4 (C, C-6), 156.1 (C, C-5), 119.9 (C, C-

7), 42.8 (CH2, C-1), 32.2 (CH2, C-11), 31.5 (CH2, C-4), 27.4 (CH2, C-10), 22.1 (CH2, C-2),
21.4 (CH3, C-9), 19.3 (CH2, C-3), 6.8 (CH2, C-12).
HRMS: m/z C12H18IN2O+ [M+H]+ calcd. 333.0458, found 333.0456 (Δ 0.6 ppm)
IR: (neat) νmax 3389, 2952, 2869, 1651, 1525, 1436, 1397, 1231, 1193, 755, 707, 494 cm-1.

3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2-methyl-6,7,8,9tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (8)

Iodide 25 (20.0 mg, 0.06 mmol) was dissolved in acetone (1.30 mL). Amine 3 (13.7 mg, 0.06
mmol) was added followed by K2CO3 (9.6 mg, 0.07 mmol). The reaction mixture was heated
at reflux for 6.5 hours resulting in a dark yellow solution that was cooled and concentrated in
vacuo to afford a dark orange solid that was then suspended in H2O (5 mL) and stirred for 1
hour. The water was filtered off, the remaining solid taken up in CH2Cl2 and concentrated in
vacuo to afford a dark orange solid (22.0 mg, 0.05 mmol, 86% crude yield). Purification by
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pipette column using diol (acetone) provided analogue 8 as a slightly yellow film (16.1 mg,
0.038 mmol, 63%).
Rf 0.16 (acetone + 0.5% triethylamine)
1H

NMR (500 MHz, CDCl3) δH 7.70 (dd, J = 8.7, 5.1 Hz, 1H, H-1′), 7.23 (dd, J = 8.5, 2.1 Hz,

1H, H-4′), 7.04 (td, J = 8.9, 2.2 Hz, 1H, H-2′), 3.92 (t, J = 6.2 Hz, 2H, H-1), 3.09 (complex m,
3H, H-8′,10′a), 2.85 (t, J = 6.7 Hz, 2H, H-4), 2.55 (t, J = 7.6 Hz, 2H, H-10), 2.48 (t, J = 7.5 Hz,
2H, H-12), 2.29 (s, 3H, H-9), 2.21 – 2.13 (complex m, 2H, H-10′b), 2.10 – 2.04 (complex m,
4H, H-9′), 1.95 (m, 2H, H-2), 1.87 (m, 2H, H-3), 1.79 – 1.70 (m, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 164.1 (d, J = 251.2 Hz, C, C-3′), 164.0 (d, J = 14.0 Hz, C, C-

5′), 162.8 (C, C-8), 161.3 (C, C-7′), 158.0 (C, C-6), 155.8 (C, C-5), 122.8 (d, J = 14.0 Hz, CH,
C-1′), 121.2 (C, C-7), 117.4 (C, C-6′), 112.5 (d, J = 25.4 Hz, CH, C-2′), 97.5 (d, J = 26.7 Hz,
CH, C-4′), 58.5 (CH2, C-12), 53.6 (CH2, C-10′), 42.8 (CH2, C-1), 34.7 (CH, C-8′), 31.6 (CH2,
C-4), 30.6 (CH2, C-9′), 25.5 (CH2, C-11), 24.3 (CH2, C-10), 22.1 (CH2, C-2), 21.4 (CH3, C-9),
19.4 (CH2, C-3).
HRMS: m/z C24H30FN4O2+ [M+H]+ calcd. 425.2347, found 425.2351 (Δ 0.9 ppm)
IR: (neat) νmax 2926, 2805, 2765, 1643, 1613, 1531, 1447, 1270, 1120, 955, 835, 730 cm-1.

3-(3-hydroxypropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (27)

A solution of benzyl ether 19 (99.2 mg, 0.32 mmol) dissolved in CH2Cl2 (1.30 mL) was cooled
to 0 °C and 1M TiCl4 in CH2Cl2 (1.60 mL, 1.6 mmol, 5 equiv.) was added dropwise resulting
in the formation of a yellow precipitate. The flask was then allowed to warm to room
temperature and stir for 1 hour. The reaction mixture was then poured into ice cold sat. aqueous
NaHCO3 (40 mL). This solution was extracted with CH2Cl2 (3 x 30 mL) and EtOAc (30 mL).
The organic fractions were combined, dried (MgSO4) and concentrated in vacuo to provide a
yellow oil. Purification by silica gel chromatography (1:1 EtOAc:Acetone + 0.5%
triethylamine) provided the alcohol 27 as a yellow solid (37.2 mg, 0.17 mmol, 53%).
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Rf 0.26 (1:1 EtOAc: acetone)
m.p. 85.6 – 89.0 °C
1H

NMR (500 MHz, CDCl3) δH 8.98 (d, J = 7.2 Hz, 1H, H-1), 7.67 (ddd, J = 9.0, 6.6, 1.6 Hz,

1H, H-3), 7.58 (br. dt, J = 9.0, 1.2 Hz, 1H, H-4), 7.11 (ddd, J = 7.2, 6.6, 1.4 Hz, 1H, H-2), 3.54
(t, J = 5.8 Hz, 2H, H-12), 2.87 (t, J = 6.8 Hz, 2H, H-10), 2.52 (s, 3H, H-9), 1.83 (quin, J = 6.2
Hz, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 162.6 (C, C-6), 159.2 (C, C-8), 148.4 (C, C-5), 135.2 (CH,

C-3), 127.2 (CH, C-1), 125.8 (CH, C-4), 115.4 (CH, C-2), 115.1 (CH, C-7), 60.6 (CH2, C-12),
31.2 (CH2, C-11), 22.4 (CH3, C-9), 22.1 (CH2, C-10).
HRMS: m/z C12H15N2O2+ [M+H]+ calcd. 219.1128, found 219.1122 (Δ 2.7 ppm).
IR: (neat) νmax 3231, 2923, 2863, 1655, 1629, 1527, 1473, 1419, 1253, 1228, 1062, 936, 769,
719, 698, 689, 429 cm-1.

3-(3-Iodopropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (31)

I2 (27.2 mg, 0.107 mmol) was added to a solution of PPh3 (36.4 mg, 0.139 mmol) in CH3CN
(1.20 mL) at 0 °C and stirred for 30 minutes. A solution of alcohol 27 (11.8 mg, 0.054 mmol)
in CH3CN (1.20 mL) was added and the reaction mixture heated at reflux for 21 hours to give
an orange solution. The reaction mixture was then cooled and concentrated in vacuo, then taken
up in EtOAc (10 mL) and H2O (10 mL). The organic layer was washed with H2O (5x 10 mL),
then 1M HCl (10 mL). The aqueous layers were combined and extracted with EtOAc (20 mL).
CH2Cl2 (20 mL) was added to the aqueous phase and the pH adjusted to 7 by addition of sat.
aqueous NaHCO3. The phases were separated and the aqueous layer extracted with CH2Cl2 (3x
20 mL). The CH2Cl2 layers were combined, dried (Na2SO4) and concentrated in vacuo to
provide a yellow oil that was determined to be a 1:0.32 mixture of 32:27 by 1H NMR analysis
(12.2 mg, 0.037 mmol, 65% iodide yield). This was used in the next step without further
purification.
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1H

NMR (500 MHz, CDCl3) δH 8.95 (ddd, J = 7.3, 1.6, 0.8 Hz, 1H), 7.64 – 7.61 (m, 1H), 7.53

(br. dt, J = 8.9, 1.1 Hz, 1H), 7.06 (ddd, J = 7.2, 6.5, 1.4 Hz, 1H), 3.26 (t, J = 6.9 Hz, 2H), 2.83
– 2.76 (m, 2H), 2.53 (s, 3H), 2.15 – 2.06 (m, 2H).
HRMS: m/z C12H14IN2O+ [M+H]+ calcd. 329.0145, found 329.0151 (Δ 1.8 ppm).

3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2-methyl-4H-pyrido[1,2α]pyrimidin-4-one (28)

A 1:0.32 mixture of 32:27 (11.9 mg, 0.036 mmol) was suspended in acetone (1.0 mL). Amine
3 (9.1 mg, 0.041 mmol) was added followed by K2CO3 (6.3 mg, 0.046 mmol). The reaction
mixture was heated at reflux for 6 hours resulting in a cloudy yellow solution that was cooled
and concentrated in vacuo to afford a viscous yellow oil that was then suspended in H2O (5
mL) and stirred for 1 hour. The water was filtered off, the remaining solid concentrated in
vacuo to afford a light brown solid (14.7 mg, 0.035 mmol, 97% crude yield). Purification by
pipette column using diol (acetone) provided analogue 28 as a yellow film (10.3 mg, 0.024
mmol, 67%). (44% over 2 steps).
Rf 0.12 (acetone + 0.5% triethylamine)
1H

NMR (500 MHz, CDCl3) δH 8.97 (ddd, J = 7.2, 1.6, 0.8 Hz, 1H, H-1), 7.70 (dd, J = 8.7,

5.1 Hz, 1H, H-1′), 7.63 (ddd, J = 9.0, 6.6, 1.6 Hz, 1H, H-3), 7.53 (dt, J = 8.9, 1.2 Hz, 1H, H4), 7.23 (dd, J = 8.5, 2.1 Hz, 1H, H-4′), 7.08 – 7.02 (m, 2H, H-2,2′), 3.15 – 3.04 (complex m,
3H, H-8′,10′a), 2.77 (t, J =7.7 Hz 2H, H-10), 2.54 (complex m, 5H, H-9,12), 2.24 – 2.15
(complex m, 2H, H-10′b), 2.14 – 2.04 (complex m, 4H, H-9′), 1.90 – 1.81 (m, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 164.1 (d, J = 251.1 Hz, C, C-3′), 164.0 (d, J = 13.6 Hz, C, C-

5′), 161.6 (C, C-6), 161.2 (C, C-7′), 158.1 (C, C-8), 148.5 (C, C-5), 134.9 (CH, C-3), 127.1
(CH, C-1), 125.9 (CH, C-4), 122.8 (d, J = 11.1 Hz, CH, C-1′), 117.4 (C, C-6′), 115.9 (C, C-7),
114.9 (CH, C-2), 112.5 (d, J = 25.3 Hz, CH, C-2′), 97.6 (d, J = 26.7 Hz, CH, C-4′), 58.5 (CH2,
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C-12), 53.6 (CH2, C-10′), 34.7 (CH, C-8′), 30.6 (CH2, C-9′), 25.6 (CH2, C-11), 25.0 (CH2, C10), 22.7 (CH3, C-9).
HRMS: m/z C24H26FN4O2+ [M+H]+ calcd. 421.2034, found 421.2035 (Δ 0.2 ppm).
IR: (neat) νmax 2927, 2805, 2766, 1663, 1635, 1614, 1530, 1474, 1416, 1121, 955, 768, 729
cm-1.

4-Benzyloxy-1-chlorobutane (14)

To a solution of 4-chlorobutanol (0.23 mL, 2.3 mmol) in CH2Cl2 (11 mL) at 36 °C, benzyl
trichloroacetimidate (0.64 mL, 3.5 mmol) was added to give a cloudy yellow solution. Triflic
acid (0.02 mL, 0.12 mmol) was added dropwise and the solution stirred for 3 hours before heat
was removed and stirring continued for 45 hours. The cloudy yellow mixture was quenched by
dropwise addition of pyridine (0.02 mL, 0.25 mmol). The solution was then concentrated in
vacuo to provide a pink slurry. This was taken up in 14:1 PE:EtOAc and filtered through a
silica plug. The filtrate was concentrated in vacuo to provide the title compound (14) as a
colourless oil (234 mg, 1.18 mmol, 51%) containing a 4:1 ratio of 14:4-chlorobutanol by 1H
NMR analysis. This was used in the next step without further purification.
1H

NMR (500 MHz, CDCl3) δH 7.43 – 7.27 (m, 5H), 4.51 (s, 2H), 3.57 (t, J = 6.5 Hz, 2H),

3.51 (t, J = 6.2 Hz, 2H), 1.93 – 1.83 (m, 2H), 1.80 – 1.72 (m, 2H).
The experimental data obtained matches those previously reported.98, 119

4-Benzyloxy-1-iodobutane (16)

A solution of NaI (1.031 g, 3.5 mmol) dissolved in distilled acetone (5 mL) was added to 14
(234 mg, 1.79 mmol) giving a yellow solution that was heated at reflux for 27 hours. The
resulting dark orange solution was concentrated in vacuo to provide a wet dark orange
crystalline product that was taken up in Et2O (5 mL), washed with water (2 x 5 mL), brine (5
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mL) and dried (MgSO4). Concentration in vacuo afforded iodide 16 as an orange oil (251 mg,
0.87 mmol, 73%). This was used in the next step without further purification.
NMR (500 MHz, CDCl3) δH 7.40 – 7.27 (m, 5H), 4.50 (s, 2H), 3.50 (t, J = 6.3 Hz, 2H),

1H

3.21 (t, J = 7.1 Hz, 2H), 1.98 – 1.91 (app. quin, 2H), 1.73 (app quin, 2H).
The experimental data obtained matches those previously reported.98, 119

Ethyl 2-acetyl-6-(benzyloxy)hexanoate (18)

To a solution of sodium (22 mg, 0.96 mmol) dissolved in ethanol (3 mL), ethyl acetoacetate
(0.11 mL, 0.85 mmol) was added and the reaction heated at reflux. A solution of iodide 16 (227
mg, 0.78 mmol) dissolved in ethanol (2 mL) was then added dropwise, giving a brown solution.
Reflux was continued for 2.5 hours, after which the reaction was cooled and concentrated in
vacuo to give a brown slurry. The slurry was then taken up in 5:1 PE:EtOAc, filtered through
a silica plug and concentrated in vacuo to provide a yellow oil (183.5 mg, 0.63 mmol, 80%
crude). Purification by silica gel chromatography (9:1 PE:EtOAc) provided hexanoate 18 as a
yellow oil (25.7 mg, 0.09 mmol, 11%). (4% over 3 steps).
Rf 0.18 (9:1 hexanes: EtOAc)
1H

NMR (500 MHz, CDCl3) δH 7.36 – 7.26 (m, 5H, Bn), 4.48 (s, 2H, PhCH2), 4.19 (qd, J =

7.1, 0.9 Hz, 2H, H-9), 3.46 (t, J = 6.4 Hz, 2H, H-1), 3.40 (t, J = 7.4 Hz, 1H, H-5), 2.21 (s, 3H,
H-7), 1.90 – 1.82 (m, 2H, H-4), 1.67 – 1.60 (m, 2H, H-2), 1.42 – 1.33 (m, 2H, H-3), 1.26 (t, J
= 7.1 Hz, 3H, H-10).
13C

NMR (126 MHz, CDCl3) δC 203.4 (C, C-6), 169.9 (C, C-8), 138.6 (C, Bn), 128.5 (CH,

Bn), 127.8 (CH, Bn), 127.7 (CH, Bn), 73.0 (CH2, PhCH2), 70.0 (CH2, C-1), 61.4 (CH2, C-9),
60.0 (CH, C-5), 29.6 (CH2, C-2), 28.9 (CH3, C-7), 28.1 (CH2, C-4), 24.3 (CH2, C-3), 14.2 (CH3,
C-10).
HRMS: m/z C17H25O4+ [M+H]+ calcd. 293.1747, found 293.1755 (Δ 2.7 ppm).
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IR: (neat) νmax 2935, 2862, 1737, 1713, 1454, 1360, 1097, 737, 698 cm-1.
The experimental data obtained matches those previously reported.98

3-(4-(Benzyloxy)butyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (20)

A mixture of hexanoate 18 (20.7 mg, 0.07 mmol), 2-aminopyridine (7.5 mg, 0.08 mmol) and
ammonium acetate (0.687 g, 8.9 mmol) was set to stir at 180 °C. At 120 °C the ammonium salt
melted giving a viscous brown solution which became a clear brown mixture at 180 °C. After
1 hour, more ammonium acetate (1.106 g, 14.3 mmol) was added. After 3 hours, the reaction
mixture was cooled and diluted with H2O (10 mL). The aqueous solution was extracted with
CH2Cl2 (4x 10 mL), the organic fractions combined and washed with sat. aqueous NaHCO3
(10 mL) and brine (10 mL), then dried (MgSO4) and concentrated in vacuo to provide a brown
oil. Purification by silica gel chromatography (EtOAc + 0.5% triethylamine) provided the title
compound (20) as a yellow oil (9.6 mg, 0.03 mmol, 42%).
Rf 0.37 (EtOAc + 0.5% triethylamine)
1H

NMR (500 MHz, CDCl3) δH 8.97 (ddd, J = 7.2, 1.6, 0.8 Hz, 1H, H-1), 7.62 (ddd, J = 9.0,

6.5, 1.6 Hz, 1H, H-3), 7.54 (d, J = 8.7 Hz, 1H, H-4), 7.36 – 7.27 (m, 5H, Bn), 7.05 (ddd, J =
7.2, 6.5, 1.4 Hz, 1H, H-2), 4.50 (s, 2H, PhCH2), 3.52 (t, J = 6.4 Hz, 2H, H-13), 2.74 (t, J = 7.8
Hz, 2H, H-10), 2.50 (s, 3H, H-9), 1.74 (m, 2H, H-12), 1.67 (m, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 161.3 (C, C-6), 158.1 (C, C-8), 148.5 (C, C-5), 138.8 (C, Bn),

134.9 (CH, C-3), 128.5 (CH, Bn), 127.8 (CH, Bn), 127.6 (CH, Bn), 127.2 (CH, C-1), 125.8
(CH, C-4), 116.2 (C, C-7), 114.9 (CH, C-2), 73.1 (CH2, PhCH2), 70.4 (CH2, C-13), 29.9 (CH2,
C-12), 26.8 (CH2, C-10), 25.2 (CH2, C-11), 22.6 (CH3, C-9).
HRMS: m/z C20H23N2O2+ [M+H]+ calcd. 323.1754, found 323.1760 (Δ 1.9 ppm).
IR: (neat) νmax 2926, 2855, 1663, 1635, 1530, 1474, 1426, 1098, 768, 735, 696, 607 cm-1.
The experimental data obtained matches those previously reported.98
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3-(4-(Benzyloxy)butyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one
(22)

A Schlenk tube fitted with a Youngs tap was charged with 20 (35.6 mg, 0.11 mmol), palladium
with 10% activated carbon (4 mg, 10% w/w), MeOH (0.40 mL) and H2O (0.35 mL). The tube
was flushed with N2 and evacuated 5 times, then charged with H2 under balloon pressure.
Stirring for 5 days provided a suspension that was filtered through Celite® to afford a clear
solution that was concentrated in vacuo to provide a brown oil. Silica gel chromatography
(EtOAc + 0.5% triethylamine) provided the title compound (22) as a clear oil (22.7 mg, 0.07
mmol, 63%).
Rf 0.16 (EtOAc + 0.5% triethylamine)
1H

NMR (500 MHz, CDCl3) δH 7.35 – 7.26 (m, 5H, Bn), 4.49 (s, 2H, PhCH2), 3.91 (t, J = 6.2

Hz, 2H, H-1), 3.50 (t, J = 6.6 Hz, 2H, H-13), 2.84 (t, J = 6.7 Hz, 2H, H-4), 2.53 (t, J = 7.7 Hz
2H, H-10), 2.25 (s, 3H, H-9), 1.98 – 1.91 (m, 2H, H-2), 1.89 – 1.83 (m, 2H, H-3), 1.73 – 1.65
(m, 2H, H-12), 1.61 – 1.53 (m, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 162.8 (C, C-8), 157.9 (C, C-6), 155.7 (C, C-5), 138.8 (C, Bn),

128.5 (CH, Bn), 127.8 (CH, Bn), 127.6 (CH, Bn), 121.5 (C, C-7), 73.1 (CH2, PhCH2), 70.5
(CH2, C-13), 42.8 (CH2, C-1), 31.6 (CH2, C-4), 29.9 (CH2, C-12), 26.1 (CH2, C-10), 25.0 (CH2,
C-11), 22.2 (CH2, C-2), 21.3 (CH3, C-9), 19.4 (CH2, C-3).
HRMS: m/z C20H27N2O2+ [M+H]+ calcd. 327.2067, found 327.2068 (Δ 0.3 ppm).
IR: (neat) νmax 2934, 2860, 1649, 1531, 1190, 1096, 734, 698, 607 cm-1.
The experimental data obtained matches those previously reported.98
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3-(4-Hydroxybutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (24)

A solution of 22 (209 mg, 0.64 mmol) dissolved in CH2Cl2 (2.5 mL) was cooled to 0 °C and
1M TiCl4 in CH2Cl2 (3.2 mL, 3.2 mmol, 5 equiv.) was added dropwise resulting in the
formation of a yellow precipitate. The flask was then allowed to warm to room temperature
and stir for 1 hour. The reaction mixture was then poured into ice cold sat. aqueous NaHCO3
(80 mL). This solution was extracted with CH2Cl2 (3 x 60 mL) and EtOAc (60 mL). The
organic fractions were combined, dried (MgSO4) and concentrated in vacuo to provide a yellow
oil. Silica gel chromatography (Acetone + 0.5% triethylamine) provided alcohol 24 as a yellow
oil (99.3 mg, 0.42 mmol, 66%).
Rf 0.39 (acetone + 0.5% triethylamine)
1H

NMR (500 MHz, CDCl3) δH 3.92 (t, J = 6.2 Hz, 2H, H-1), 3.71 (t, J = 6.2 Hz, 2H, H-13),

2.89 (t, J = 6.6 Hz, 2H, H-4), 2.54 (t, J = 7.7 Hz, 2H, H-10), 2.29 (s, 3H, H-9) 1.99 – 1.92 (m,
2H, H-2), 1.91 – 1.84 (m, 2H, H-3), 1.67 – 1.53 (complex m, 4H, H-11,12).
13C

NMR (126 MHz, CDCl3) δC 162.8 (C, C-8), 157.8 (C, C-6), 155.8 (C, C-5), 121.6 (C, C-

5), 62.5 (CH2, C-13), 42.9 (CH2, C-1), 32.3 (CH2, C-12), 31.4 (CH2, C-4), 25.6 (CH2, C-10),
24.5 (CH2, C-11), 22.1 (CH2, C-2), 21.2 (CH3, C-9), 19.3 (CH2, C-3).
HRMS: m/z C13H21N2O2+ [M+H]+ calcd. 237.1598, found 237.1596 (Δ 0.8 ppm).
IR: (neat) νmax 3284, 2925, 2859, 1637, 1529, 1414, 1191, 1096, 709 cm-1.

3-(4-Iodobutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (26)

I2 (51 mg, 0.20 mmol) was added to a solution of PPh3 (67.1 mg, 0.26 mmol) in CH3CN (1.80
mL) at 0 °C and stirred for 30 minutes to give an orange solution. A solution of alcohol 24
(29.3 mg, 0.12 mmol) in CH3CN (0.5 mL) was added and the reaction mixture heated at reflux
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for 22 hours to give a yellow solution. The reaction mixture was cooled and concentrated in
vacuo, then taken up in EtOAc (15 mL) and H2O (15 mL). The organic layer was washed with
H2O (5x 10 mL), then 1M HCl (10 mL). The aqueous layers were combined and extracted with
EtOAc (20 mL). CH2Cl2 (20 mL) was added to the aqueous phase and the pH adjusted to 7 by
addition of sat. aqeuous NaHCO3. The phases were separated and the aqueous layer extracted
with CH2Cl2 (2x 20 mL). The CH2Cl2 layers were combined, dried (Na2SO4) and concentrated
in vacuo to provide iodide 26 as a yellow oil (38.5 mg, 0.11 mmol, 90%). This was used in the
next step without further purification.
1H

NMR (500 MHz, CDCl3) δH 3.93 (t, J = 6.1 Hz, 2H), 3.21 (t, J = 6.9 Hz, 2H), 3.06 (t, J =

6.6 Hz, 2H), 2.52 (t, J = 7.8 Hz, 2H), 2.37 (s, 3H), 2.02 – 1.95 (m, 2H), 1.93 – 1.85 (m, 4H),
1.62 – 1.55 (m, 2H).
HRMS: m/z, C13H20IN2O+ [M+H]+ calcd. 347.0615, found 347.0605 (Δ 2.9 ppm).

3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2-methyl-6,7,8,9tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9)

Iodide 26 (35.1 mg, 0.101 mmol) was suspended in acetone (2.00 mL). Amine 3 (23.1 mg,
0.105 mmol) was added followed by K2CO3 (16.5 mg, 0.119 mmol). The reaction mixture was
heated at reflux for 6 hours resulting in a cloudy grey solution that was cooled and concentrated
in vacuo to afford a sticky grey solid that was then suspended in H2O (5 mL) and stirred for 1
hour. The water was filtered off and the remaining solid purified by pipette column using diol
(Acetone) provided analogue 9 as a clear film (16.1 mg, 0.037 mmol, 36%). (31% over 2 steps).
Rf 0.10 (acetone + 0.5% triethylamine)
1H

NMR (500 MHz, D2O) δH 7.87 (dd, J = 8.9, 4.9 Hz, 1H), 7.42 (d, J = 8.9, 2.2 Hz, 1H), 7.22

(td, J = 9.2, 2.3 Hz, 1H), 3.89 (t, J = 6.3 Hz, 2H), 3.61 – 3.45 (complex m, 3H), 3.10 – 2.98
(complex m, 4H), 2.87 (t, J = 6.6 Hz, 2H), 2.55 (t, J = 7.8 Hz, 2H), 2.37 (br. d, J = 14.7 Hz
99

2H), 2.29 (s, 3H), 2.17 – 2.09 (complex m, 2H), 1.99 – 1.92 (m, 2H), 1.88 – 1.82 (m, 2H), 1.79
– 1.72 (m, 2H), 1.53 (quin, J = 7.6 Hz, 2H).
1H

NMR (500 MHz, CDCl3) δH 7.75 (dd, J = 8.7, 5.1 Hz, 1H, H-1′), 7.22 (dd, J = 8.5, 2.2 Hz,

1H, H-4′), 7.04 (td, J = 8.8, 2.1 Hz, 1H, H-2′), 3.91 (t, J = 6.2 Hz, 2H, H-1), 3.14 (m, 3H, H8′,10′a), 2.84 (t, J = 6.7 Hz, 2H, H-4), 2.58 – 2.51 (m, 4H, H-11,12), 2.34 – 2.25 (complex m,
5H, H-9,10′b), 2.22 – 2.16 (complex, 2H, H-9′a), 2.14 – 2.07 (complex m, 2H, H-9′b), 1.98 –
1.91 (m, 2H, H-2), 1.89 – 1.83 (m, 2H, H-3), 1.70 – 1.62 (m, 2H, H-12), 1.56 – 1.49 (m, 2H,
H-11).
13C

NMR (126 MHz, CDCl3) δC 164.1, (d, J = 250.8 Hz, C, C-3′) 164.0 (d, J = 13.7 Hz, C, C-

5), 162.8 (C, C-8), 161.0 (C, C-7′), 158.0 (C, C-6), 155.8 (C, C-5), 122.9 (d, J = 11.0 Hz, CH,
C-1′), 121.3 (C, C-7), 117.3 (C, C-6′), 112.6 (d, J = 25.3 Hz, CH, C-2′), 97.5 (d, J = 26.8 Hz,
CH, C-4′), 58.7 (CH2, C-13), 53.4 (CH2, C-10′), 42.9 (CH2, C-1), 34.2 (CH, C-8′), 31.6 (CH2,
C-4), 30.0 (CH2, C-9′), 26.5 (CH2, C-12), 26.2 (CH2, C-11), 25.9 (CH2, C-10), 22.1 (CH2, C2) 21.3 (CH3, C-9), 19.4 (CH2, C-3).
HRMS: m/z C25H32FN4O2+ [M+H]+ calcd. 439.2504, found 439.2514 (Δ 2.3 ppm).
IR: (neat) νmax 2931, 2807, 2768, 1641, 1613, 1530, 1447, 1271, 1189, 955, 836, 815, 728 cm1

.

3-(4-Hydroxybutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (30)

A solution of 20 (66.7 mg, 0.21 mmol) dissolved in CH2Cl2 (0.96 mL) was cooled to 0 °C and
1M TiCl4 in CH2Cl2 (1.04 mL, 1.04 mmol, 5 equiv.) was added dropwise resulting in the
formation of a dark red precipitate. The flask was then allowed to warm to room temperature
and stir for 1 hour. The reaction mixture was then poured into ice cold sat. aqueous NaHCO3
(30 mL). This solution was extracted with CH2Cl2 (3 x 20 mL) and EtOAc (20 mL). The
organic fractions were combined, dried (MgSO4) and concentrated in vacuo to provide a yellow
oil. Silica gel chromatography (Acetone + 0.5% triethylamine) provided alcohol 30 as a yellow
oil (27.3 mg, 0.12 mmol, 57%).
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Rf 0.42 (acetone + 0.5% triethylamine)
1H

NMR (500 MHz, CDCl3) δH 8.96 (ddd, J = 7.2, 1.6, 0.8 Hz, 1H, H-1), 7.62 (ddd, J = 9.0,

6.6, 1.6 Hz, 1H, H-3), 7.53 (ddd, J = 9.0, 1.4, 0.9 Hz, 1H, H-4), 7.06 (ddd, J = 7.2, 6.5, 1.4 Hz,
1H, H-2), 3.72 (br. t, J = 6.3 Hz, 2H, H-13), 2.75 (t, J = 7.5 Hz, 2H, H-10), 2.51 (s, 3H, H-9),
1.73 – 1.61 (m, 4H, H-11,12).
13C

NMR (126 MHz, CDCl3) δC 161.5 (C, C-6), 158.2 (C, C-8), 148.5 (C, C-5), 134.9 (CH,

C-3), 127.1 (CH, C-1), 125.9 (CH, C-4), 116.2 (C, C-7), 114.9 (CH, C-2), 62.7 (CH2, C-13),
32.4 (CH2, C-12), 26.3 (CH2, C-10), 24.7 (CH2, C-11), 22.6 (CH3, C-9).
HRMS: m/z C13H17N2O2+ [M+H]+ calcd. 233.1285, found 233.1286 (Δ 0.4 ppm).
IR: (neat) νmax 3448, 2945, 2928, 2856, 1657, 1631, 1527, 1471, 1368, 1219, 1134, 770, 572,
432 cm-1.

3-(4-Iodobutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (32)

I2 (30.5 mg, 0.12 mmol) was added to a solution of PPh3 (39.4 mg, 0.15 mmol) in CH3CN (1.20
mL) at 0 °C and stirred for 30 minutes to give a yellow solution. A solution of alcohol 30 (17.0
mg, 0.07 mmol) in CH3CN (0.7 mL) was added and the reaction mixture heated at reflux for
21 hours to give a transparent orange solution. The reaction mixture was cooled and
concentrated in vacuo, then taken up in EtOAc (10 mL) and H2O (10 mL). The organic layer
was washed with H2O (5x 10 mL), then 1M HCl (10 mL). The aqueous layers were combined
and extracted with EtOAc (20 mL). CH2Cl2 (20 mL) was added to the aqueous phase and the
pH adjusted to 7 by addition of sat. aqueous NaHCO3. The phases were separated and the
aqueous layer extracted with CH2Cl2 (2x 20 mL). The CH2Cl2 layers were combined, dried
(Na2SO4) and concentrated in vacuo to provide iodide 32 as a yellow oil (15.0 mg, 0.04 mmol,
60%). This was used in the next step without further purification.
1H

NMR (500 MHz, CDCl3) δH 8.95 (br. d, J = 6.8 Hz, 1H), 7.64 – 7.60 (m, 1H), 7.52 (br. d,

J = 9.0 Hz, 1H), 7.05 (td, J = 7.0, 1.7 Hz, 1H), 3.23 (t, J = 6.9 Hz, 2H), 2.72 (t, J = 7.6 Hz, 2H),
2.50 (s, 3H), 1.93 (quin, J = 7.5 Hz, 2H), 1.73 – 1.63 (m, 2H).
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HRMS: m/z C13H16IN2O+ [M+H]+ calcd. 343.0302, found 343.0306 (Δ 1.2 ppm).

3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2-methyl-4H-pyrido[1,2α]pyrimidin-4-one (29)

Iodide 32 (14.5 mg, 0.042 mmol) was suspended in acetone (1 mL). Amine 3 (9.7 mg, 0.044
mmol) was added followed by K2CO3 (7.7 mg, 0.052 mmol). The reaction mixture was heated
at reflux for 6.5 hours resulting in a cloudy grey solution that was cooled and concentrated in
vacuo to afford a slightly yellow solid that was then suspended in H2O (5 mL) and stirred for
1 hour. The water was filtered off, the remaining solid taken up in CH2Cl2 and concentrated in
vacuo to afford a yellow film (17.1 mg, 0.039 mmol, 94% crude yield). Purification by pipette
column using diol (acetone) provided analogue 29 as a yellow film (16.0 mg, 0.037 mmol,
88%). (53% over 2 steps).
Rf 0.15 (acetone)
1H

NMR (500 MHz, CDCl3) δH 8.97 (ddd, J = 7.3, 1.6, 0.9 Hz, 1H, H-1), 7.74 (dd, J = 8.7,

5.1 Hz, 1H, H-1′), 7.63 (ddd, J = 9.0, 6.6, 1.6 Hz, 1H, H-3), 7.53 (dt, J = 9.0, 1.2 Hz, 1H, H4), 7.23 (dd, J = 8.5, 2.1 Hz, 1H, H-4′), 7.08 – 7.02 (m, 2H, H-2,2′), 3.10 – 3.02 (m, 3H, H8′,10′a), 2.76 (t, J = 7.5 Hz, 2H, H-10), 2.52 (s, 2H, H-9), 2.44 (t, J = 7.4 Hz 2H, H-13), 2.30 –
2.04 (complex m, 6H, H-9′,10′b), 1.69 (m, 2H, H-12), 1.63 (m, 2H, H-11).
13C

NMR (126 MHz, CDCl3) δC 164.1 (d, J = 251.5 Hz, C, C-3′), 164.0 (d, J = 13.5 Hz, C, C-

5′), 161.5 (C, C-7′), 161.2 (C, C-6), 158.1 (C, C-8), 148.5 (C, C-5), 134.9 (CH, C-3), 127.2
(CH, C-1), 125.9 (CH, C-4), 122.9 (d, J = 11.6 Hz, CH, C-1′), 117.4 (C, C-6′), 116.1 (C, C-7),
114.9 (CH, C-2), 112.5 (d, J = 25.3 Hz, CH, C-2′), 97.6 (d, J = 26.5 Hz, CH, C-4′), 58.8 (CH2,
C-13), 53.6 (CH2, C-10′), 34.5 (CH, C-8′), 30.3 (CH2, C-9′), 26.8 (CH2, C-12), 26.8 (CH2, C10), 26.5 (CH2, C-11), 22.6 (CH3, C-9).
HRMS: m/z C25H28FN4O2+ [M+H]+ calcd. 435.2191, found 435.2199 (Δ 1.8 ppm).
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IR: (neat) νmax 3067, 2807, 2767, 1662, 1635, 1613, 1530, 1474, 1426, 1249, 1121, 955, 768.
729 cm-1.

5.2 In Vitro Assay Experimental
5.2.1 Cell Culture and In Vitro Experiments
5.2.1.1 Quantification of Analogues
Compounds to be quantified were 8, 9, 28 and 29. Following the methodology of West,138 the
compound to be quantified was dissolved in CDCl3 (500 µL) and an approximately equimolar
amount of CH3NH2, also dissolved in CDCl3, was added. The solutions were sonicated,
transferred to 5 mm NMR tubes and sealed with parafilm. 1H NMR spectra for quantification
were collected on a JEOL JNM-ECZ600R NMR spectrometer with the settings described in
Table 7 applied.

Table 7. NMR parameters and settings for quantification experiments.
Parameter

Setting

Temperature

25 °C

Relaxation Delay

15.0 s

Pulse Angle

90.0°

Repetitions

64

5.2.1.2 Compounds for In Vitro Use
Analogues synthesised were dissolved in DMSO at a concentration of 10 mM and stored at
room temperature until required. Risperidone (Kindly provided by Douglas Pharmaceuticals,
Auckland, New Zealand) was dissolved in 0.1 M AcOH (Sigma-Aldrich, MO) at a
concentration of 25 mM and stored at -80 °C until required. All stock compounds were stored
in single use aliquots to prevent repeated freeze/thaw cycles. Compounds were diluted to the
desired concentration in 1% DMSO and complete T-cell media (CTCM) for in vitro assays.

103

5.2.1.3 Culture and Maintenance of RAW 264.7 Macrophage Cell Line
RAW 264.7 cells were a kind gift from Dr. Helen Woolner. According to the methodology of
Zareie,149 2x106 RAW264.7 cells were stored long term by re-suspending cells in
cryopreservation medium (see Appendix 6.2) and kept in a liquid phase liquid nitrogen storage
tank until required. Low passage numbers (<20) RAW264.7 cells were cultured from storage
by first thawing the cryovial in a 37 °C water bath, after which its contents were immediately
transferred into 9 mL of 37 °C CTCM and centrifuged at 400 x g for 5 minutes to remove the
cryopreservation medium. The cell pellet was then re-suspended in 10 mL of 37 °C CTCM and
transferred to a T25 tissue culture flask and incubated in a humidified incubator at 37 °C and
5% CO2 until confluent. At 80% confluency, RAW264.7 cells were passaged by first removing
culture medium and adding 5 mL of warm dPBS to wash non-adherent cells/debris to be
discarded. 5 mL of cold dPBS is then added to the flask and adherent cells were lifted from the
flask by using a cell scraper. The cell suspension was then aspirated and transferred to a 15 mL
conical tube and centrifuged at 400 x g for 5 mins and re-suspended in 1 mL of dPBS. Live
cells are counted by trypan blue exclusion. 1x106 cells are added to 15 mL of CTCM in a T75
culture flask and cultured until 80% confluent.

5.2.1.4 MTT Reduction Assay
Following completion of an experiment, 170 μL/well of supernatant was transferred to a sterile
flat bottom 96 well plate and stored at -20 °C or used immediately. 50 μL/well of fresh CTCM
warmed to 37 °C was added before adding 20 μL/well of MTT solution (see Appendix 6.2)
was added to each well. Plates were incubated for a further 2 hours at 37 °C and 5% CO2. After
incubation, the reaction was stopped by adding 100 μL/well of MTT stop solution (see
Appendix 6.2) and left overnight at 37 °C to solubilize formazan products. Absorbance was
measured at 570 nm in a multi-well Enspire 2300 Multilabel plate reader (PerkinElmer,
Wellesley, MA). Cell metabolism was calculated as percentage absorbance of indicated control
wells.

5.2.2 Cytokine Assays
5.2.2.1 General ELISA Protocol
Enzyme linked immunosorbent assays (ELISA) were performed by coating 96-well Nunc
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MaxiSorp plates (Thermo Fisher Scientific, MA) with a primary capture antibody in ELISA
capture buffer and incubated overnight at 4 °C. Capture antibody solution was removed and
plates were washed in wash buffer containing PBS with 0.01% Tween-20 (Sigma-Aldrich,
MO) 4 times. Plates were blocked with 10% fetal calf serum (FCS) in dPBS for 2 hours at room
temperature, then washed 3 times with wash buffer. 50 μL/well of cytokine standards and
samples were then added to each well and incubated for 2 hours RT. The standard curve was
prepared by serially diluting in the top two rows of the plate. Plates were then washed 4 times
in wash buffer and 50 μL/well of the matched biotinylated secondary antibody was added and
incubated RT. After 1 hour plates were washed 6 times in wash buffer and 50 μL/well of
streptavidin-horseradish peroxidase (SA-HRP) was added and incubated for a further 1-hour
room temperature protected from light. After incubation, plates are washed 8 times and
tetramethyl benzidine (TMB) substrates A and B (BD Biosciences, NJ) were brought to room
temperature and mixed to equal volumes. 100 μL/well of TMB reagent was added and the
reaction was stopped with 100 μL/well 0.18M H2SO4. Details for specific ELISA’s can be
found in Appendix 6.2.
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6 Appendix
6.1 NMR Spectra
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1

H NMR spectrum of 1-Acetylpiperidine-4-carboxylic acid (10) (500 MHz, D2O)

13

C NMR spectrum of 1-Acetylpiperidine-4-carboxylic acid (10) (126 MHz, D2O)
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1

H NMR spectrum of 4-(2',4'-Difluorobenzoyl)piperidine hydrochloride (12) (500 MHz,
D2O)

13

C NMR spectrum of 4-(2',4'-Difluorobenzoyl)piperidine hydrochloride (12) (126 MHz,
D2O)
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1

H NMR spectrum of (Z)-2,4-Difluorophenyl-(4-piperidinyl)methanone oxime (4) (D2O, 500
MHz)

13

C NMR spectrum of (Z)-2,4-Difluorophenyl-(4-piperidinyl)methanone oxime (4) (D2O, 126
MHz)
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1

H NMR spectrum of 6-Fluoro-3-(piperidin-4-yl)benzo[d]isoxazole (3) (CDCl3, 500 MHz)

13

C NMR spectrum of 6-Fluoro-3-(piperidin-4-yl)benzo[d]isoxazole (3) (CDCl3, 126 MHz)

110

COSY NMR spectrum of 6-Fluoro-3-(piperidin-4-yl)benzo[d]isoxazole (3) (CDCl3, 500
MHz)
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1

H NMR spectrum of 3-(Benzyloxy)propan-1-ol (13) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(Benzyloxy)propan-1-ol (13) (CDCl3, 126 MHz)
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1

H NMR spectrum of 3-Benzyloxy-1-iodopropane (15) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-Benzyloxy-1-iodopropane (15) (CDCl3, 126 MHz)
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1

H NMR spectrum of Ethyl 2-acetyl-5-(benzyloxy)pentanoate (17) (CDCl3, 500 MHz)

13

C NMR spectrum of Ethyl 2-acetyl-5-(benzyloxy)pentanoate (17) (CDCl3, 126 MHz)
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1

H NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-4H-pyrido[1,2-a]pyrimidin-4-one
(19) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-4H-pyrido[1,2-a]pyrimidin-4-one
(19) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-4H-pyrido[1,2-a]pyrimidin-4one (19) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-4H-pyrido[1,2-a]pyrimidin-4one (19) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-4H-pyrido[1,2-a]pyrimidin-4one (19) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (21) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (21) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-6,7,8,9-tetrahydro-4Hpyrido[1,2-α]pyrimidin-4-one (21) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-6,7,8,9-tetrahydro-4Hpyrido[1,2-α]pyrimidin-4-one (21) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(3-(Benzyloxy)propyl)-2-methyl-6,7,8,9-tetrahydro-4Hpyrido[1,2-α]pyrimidin-4-one (21) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-Hydroxypropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (23) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-Hydroxypropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (23) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-Hydroxypropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (23) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-Hydroxypropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (23) (CDCl3, 500 MHz)

122

HMBC NMR spectrum of 3-(3-Hydroxypropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (23) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-Iodopropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (25) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-Iodopropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (25) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-Iodopropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (25) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-Iodopropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (25) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(3-Iodopropyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (25) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (8) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (8) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (8) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (8) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (8) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-hydroxypropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (27)
(CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-hydroxypropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (27)
(CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-hydroxypropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(27) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-hydroxypropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(27) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(3-hydroxypropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(27) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-Iodopropyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (31)
(CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (28) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (28) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (28) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (28) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(3-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)propyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (28) (CDCl3, 500 MHz)
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1

H NMR spectrum of 4-Benzyloxy-1-chlorobutane (14) (CDCl3, 500 MHz)
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1

H NMR spectrum 4-Benzyloxy-1-iodobutane (16) (CDCl3, 500 MHz)
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1

H NMR spectrum of Ethyl 2-acetyl-6-(benzyloxy)hexanoate (18) (CDCl3, 500 MHz)

13

C NMR spectrum of Ethyl 2-acetyl-6-(benzyloxy)hexanoate (18) (CDCl3, 126 MHz)
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COSY NMR spectrum of Ethyl 2-acetyl-6-(benzyloxy)hexanoate (18) (CDCl3, 500 MHz)

HSQC NMR spectrum of Ethyl 2-acetyl-6-(benzyloxy)hexanoate (18) (CDCl3, 500 MHz)
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HMBC spectrum of Ethyl 2-acetyl-6-(benzyloxy)hexanoate (18) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(20) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(20) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(20) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(20) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4one (20) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (22) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (22) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-6,7,8,9-tetrahydro-4Hpyrido[1,2-α]pyrimidin-4-one (22) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-6,7,8,9-tetrahydro-4Hpyrido[1,2-α]pyrimidin-4-one (22) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(4-(Benzyloxy)butyl)-2-methyl-6,7,8,9-tetrahydro-4Hpyrido[1,2-α]pyrimidin-4-one (20) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (24) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (24) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (24) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (24) (CDCl3, 500 MHz)
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HMBC spectrum of 3-(4-Hydroxybutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (24) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-Iodobutyl)-2-methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2α]pyrimidin-4-one (26) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2-methyl6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9) (D2O, 500 MHz)

1

H NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2-methyl6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9) (CDCl3, 500 MHz)
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13

C NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9) (CDCl3, 126 MHz)

COSY NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9) (CDCl3, 500 MHz)
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HSQC NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9) (CDCl3, 500 MHz)

HMBC NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-6,7,8,9-tetrahydro-4H-pyrido[1,2-α]pyrimidin-4-one (9) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (30)
(CDCl3, 500 MHz)

13

C NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (30)
(CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(30) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(30) (CDCl3, 500 MHz)
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HMBC NMR spectrum of 3-(4-Hydroxybutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one
(30) (CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-Iodobutyl)-2-methyl-4H-pyrido[1,2-α]pyrimidin-4-one (32)
(CDCl3, 500 MHz)
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1

H NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2-methyl4H-pyrido[1,2-α]pyrimidin-4-one (29) (CDCl3, 500 MHz)

13

C NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (29) (CDCl3, 126 MHz)
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COSY NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (29) (CDCl3, 500 MHz)

HSQC NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (29) (CDCl3, 500 MHz)
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HSQC NMR spectrum of 3-(4-(4-(6-Fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butyl)-2methyl-4H-pyrido[1,2-α]pyrimidin-4-one (29) (CDCl3, 500 MHz)
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6.2 Buffers and Solutions
Cryopreservation Medium
Fetal calf serum 90%
DMSO 10%

Lysis Buffer
HEPES 5 mM
Tween-20 0.5%
in dPBS
Complete T cell media (CTCM; 100.1 mL)
Dulbecco’s Modified Eagle Medium 86 mL
Fetal calf serum 10 mL
β-Mercaptoethanol (55 mM) 0.1 mL
Non-essential amino acids (10 nM) 1 mL
L-glutamate (200 mM) 1 mL
HEPES buffer (1 M) 1 mL
Penicillin/Streptomycin (100 U/ml/10 mg/ml) 1 mL

MTT Solution
MTT (in PBS) 5 mg/mL
Sterile filtered through 0.22 µM syringe filter

MTT Solubiliser
SDS 10%
DMF 45%
dH20 45%
pH to 4.5 with acetic acid
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ELISA Capture Buffer
0.1M Na2HPO4
pH to 9.0

ELISA Stop Solution
0.18M H2SO4

6.3 ELISA Reagents and Concentrations
IL-12 ELISA Reagents

Reagent
Purified rat anti mIL-12 p40/70
(BD Biosciences, CA)

Concentration
1 μg/mL

Diluent

Incubation

0.1 M Na2HPO4,

Overnight

pH 9.0

4 °C

Block (FCS)

10%

PBS pH 7.4

2 hours RT

Top standard (rmIL-12p40)

4 ng/mL

PBS + 5% FCS

2 hours RT

1 μg/mL

PBS + 5% FCS

1 hour RT

1:2000

PBS + 5% FCS

1 hour RT

Biotin rat anti mIL-12p40
(BD Biosciences, CA)
SA-HRP
(BD Biosciences, CA)
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IL-10 ELISA Reagents

Reagent
Purified rat anti mIL-10
(BD Biosciences, CA)

Concentration
5 μg/mL

Diluent

Incubation

0.1 M Na2HPO4,

Overnight

pH 6.0

4 °C

Block (FCS)

10%

PBS pH 7.4

2 hours RT

Top standard (rmIL-10)

25 ng/mL

PBS + 10% FCS

2 hours RT

0.25 μg/mL

PBS + 10% FCS

1 hour RT

1:1000

PBS + 10% FCS

1 hour RT

Biotin rat anti-mIL-10
(BD Biosciences, CA)
SA-HRP
(BD Biosciences, CA)
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