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Abstract 

The condensation of stable 2-(1-(trimethylsilyl)ethylidene)malononitrile with 

elemental sulfur was explored in the parallel-synthesis of a small library of 

structurally diverse 2-aminothiophenes and thieno[2,3-d]pyrimidines.  

Bromination and ipso-iododesilylation of these heterocyclic scaffolds provided 

synthetic methods to efficiently generate key intermediates, allowing for great 

versatility. Bisphosphonic acid derivatives of thieno[2,3-d]pyrimidine and 

benzothiazole scaffolds, with favourable physicochemical properties, were 

evaluated for their ability to inhibit isoprenoid biosynthesis and potentially 

modulate the function of small G-proteins implicated in a range of human 

diseases. Preliminary biological activities and selectivity will be presented.  

 

 

Résumé  

La condensation de 2-(1-(trimethylsilyl)ethylidene)malononitrile avec du soufre 

élémentaire a été explorée dans le parallèle synthèse d'une petite group de 

structures diverses de 2-aminothiophenes et thieno[2,3-d]pyrimidines. Bromation 

et ipso-iododesilylation de ces échafaudages hétérocyclique fourni des méthodes 

de synthèse pour générer efficacement des intermédiaires clés, ce qui permet une 

grande polyvalence. Dérivés d'acide bisphosphonique de thieno[2,3-d]pyrimidines 

et échafaudages benzothiazole, avec de bonnes propriétés physico-chimiques, ont 

été évalués pour leur capacité à inhiber la biosynthèse des isoprénoïdes et 

potentiellement moduler la fonction des petites protéines G impliquées dans un 

assortiment de maladies humaines. Les activités préliminaires biologiques et la 

sélectivité sera présenté. 
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1. Modular Assembly of Thieno[2,3-d]pyrimid-4-

amines via Condensation of a Trimethylsilyl 

Ylidene 

1.1 Introduction 

1.1.1 Designing Molecular ‘Tools’ with Drug-like Properties 

The development of molecular ‘tools’ to study biological systems is crucial 

for the identification and investigation of novel biochemical targets and 

mechanisms of action for the treatment of disease.1 Advances in the fields of 

molecular genetics, molecular biology, and bioinformatics as well as techniques 

such as high-throughput screening (HTS) and animal models of disease have 

provided much needed insight into disease mechanisms. This information can 

help accelerate drug design2, which is expensive (over a billion dollars)3, lengthy 

(12 - 15 years to reach the market; Figure 1.1),4 and suffers from low success 

rates.1 The design of small molecular ‘tools’ incorporating both structure-activity 

(SAR) and structure-property (SPR) relationships in order to optimize biological 

activity, pharmacokinetic ADME (adsorption, distribution, metabolism, and 

excretion) and toxicity properties, structural diversity, and synthetic tractability 

have been shown to help ease the challenges and costs of drug discovery even at 

its earliest stages.5,6,7    
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Figure 1.1 Drug development timeline. 

 

 Potency, specificity and efficient delivery to the target are required to 

successfully study and address medical needs. Biopharmaceutical and 

pharmacokinetic properties such as ADME, stability, transporter effects, and 

extent of target binding contribute to the overall success of candidate 

compounds.8 The importance of incorporating SPR into small molecules with the 

potential for disease modification was demonstrated by the seminal work by 

Lipinski and colleagues9 from Pfizer. The results of their assessment of 

physicochemical properties of orally bioavailable drugs and candidates has 

become known as Lipinski’s “rule of five” (Ro5), which describes the SPR 

properties important for drug-like pharmacokinetics. In general, the Ro5 states 

that an orally available drug does not violate more than two of the outlined 

criteria: (a) molecular weight less than 500 Da; (b) octanol-water partition 

coefficient (logP) less than 5; (c) no more than 5 hydrogen bond donors; and (d) 
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less than 10 hydrogen bond acceptors.10 Although these and other complementary 

guidelines11 may not describe all drugs available on the market, they are 

nevertheless helpful to illustrate drug-like chemical space in the age of high-

throughput screening.12          

 In light of these observations and guidelines, focus has shifted to 

designing and tailoring libraries of structurally diverse small molecules while 

simultaneously incorporating physicochemical properties important for optimal 

ADMET and bioactivity.13 A parallel and divergent synthetic approach allows the 

generation of diverse libraries of compounds containing heterocycles and side-

chains common to drug-like molecules, such as thienopyrimidines and 

benzothiazoles, with synthetic ease.14,15  

1.1.2 Biological Activities of Thienopyrimidines 

The thienopyrimidine scaffold, which adheres to the Ro5 guidelines, has 

played a key role in numerous biologically active compounds such as 

agrochemicals16 and human therapeutics (e.g. antifungal17 and antiviral18 agents). 

The ability of thienopyrimidines to serve as bioisosteres of adenine nucleobases19 

may explain its usefulness as the core to a variety of kinase inhibitors (Figure 1.2), 

including phosphoinositide 3-kinase ! (PI3K!),20 Aurora kinase,21 epidermal 

growth factor receptor (EGFR/ErbB-2),22 receptor tyrosine kinases (RTKs),23 

Protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK),24 and cyclin-

dependent kinase (CDK),25 and LIM–kinase (LIMK).26 Human protein kinases 

regulate many signal transduction pathways responsible for cellular functions 

such as growth, division, differentiation, metabolism, motility, and death.27 
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Aberrant activation of kinases has been implicated in cancer28 as well as 

metabolic,29 inflammatory,30 autoimmune,31 and neurodegenerative diseases.32 

Therefore, designing inhibitors targeting human kinases may be useful as 

therapeutics. Although several kinase inhibitors have advanced into clinical trials, 

many are nonselective for kinase-related proteins, which could be a therapeutic 

disadvantage leading to toxicity due to the ubiquitous nature of kinases. Selective 

inhibitors are also useful as biochemical tools for investigating the mechanisms of 

complex regulatory biochemical pathways.33  

 

 

Figure 1.2 Structures of thienopyrimidine kinase inhibitors. 

 

Furthermore, the design of thienopyrimidine-based !-secretase modulators34 

and antagonists of the adenosine A2A receptor35 have demonstrated the potential 

impact of this scaffold towards modulating neurodegenerative diseases, including 

Alzheimer’s and Parkinson’s. The most common form of dementia, Alzheimer’s 
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disease (AD),36 for which there are no effective treatments, is characterized by the 

presence of neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau 

protein and extracellular protein plaques.37 Although the relationship between 

these two hallmarks and AD remains unclear, both pathologies provide targets for 

treatment.38 Of the most extensively studied are the secretase proteases (!, ", and 

#), potentially responsible for generating toxic plaque-causing amyloid-" (A") 

protein through misprocessing.39 #-Secretase inhibitors, such as Semagacestat 

(Eli-Lilly)40 and Begacestat (Wyeth),41 decreased brain A" concentration in 

preclinical studies but did not lower A" levels as well as expected in the clinic and 

have been linked to toxicity. The results of these studies may indicate that the 

ratio of ‘non-aggregating’ A"40 to ‘aggregating’ A"42, not total A", requires 

modulation by decreasing the amount of A"42 while increasing A"40.42 As such, 

thienopyrimidine #-secretase modulators were designed to investigate this 

approach.34          

As a testament to the favorable physicochemical properties of the 

thienopyrimidine core, the thienopyrimidine #-secretase modulators (Figure 1.3) 

exhibited improved solubility with a slight loss in potency over the initial 

benzimidazole compounds. They also demonstrated similar selectivity for A"42 

inhibition over A"40 production and weaker hERG binding. Blockage of human 

ether-a-go-go related gene (hERG) channels as a drug side effect can induce 

cardiac arrhythmia and sudden death. Quantifying hERG binding has become a 

common component of early drug development as a way to improve the toxicity 

profile.5-8,43  
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Figure 1.3 Development of thienopyrimidine !-secretase modulators from 
benzimidazole compounds. 

 

Parkinson’s disease (PD) is a neurodegenerative disease characterized by 

motor disabilities such as tremors at rest, rigidity, and slowness/absence of 

voluntary movement. One of the hallmark pathologies of PD, is the loss of 

dopaminergic neurons resulting in dopamine depletion.44 Current PD treatment 

involves dopaminergic replacement therapy for symptom management. However, 

long term treatment with Levodopa, an orally available dopamine precursor, 

commonly results in complications and side effects, including involuntary 

movements (dyskinesias).45 Since PD currently affects 10 million people 

worldwide and the number of afflicted people is expected to double by 2030,46 

there is considerable need to investigate alternative targets, such as adenosine A2A 

receptors (A2ARs), for effective, long-term disease-modifying treatments.47      

Adenosine A2A receptors (A2ARs), of the G protein coupled receptor 

(GPCR) family, display a range of activities in the brain, including 

neurotransmitter modulation, dopamine D2 receptor affinity regulation, and motor 

control.48 Observation of an abundance of A2ARs as well as their close proximity 

to dopamine D2 receptors in neurons that are overactive in PD lead to interest in 

the development of A2AR antagonists for PD treatment. Preclinical studies with 

antagonists, revealed that blocking activity of A2ARs improved symptoms of 
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tremors and rigidity, reduced dyskinesias, and protected against neuronal 

degradation. However, in the clinic, a well-studied A2AR antagonist Istradefylline 

(Kyowa Hakko Kogyo)49 generated conflicting results in phase III trials, where a 

reduction in motor deficits was not consistently observed in all trials.50 

Furthermore, although oral Istradefylline (Figure 1.4) was well tolerated in the 

clinic, xanthine derivatives have found limited biological use to investigate A2AR 

modulation due to unfavorable physicochemical properties such as poor solubility 

and stability. Such xanthine-based compounds can photoisomerize when a dilute 

solution is exposed to light, although not necessarily relevant for solids 

administered orally, nevertheless demonstrates poor stability.51 To address these 

drawbacks of solubility and stability, thienopyrimidine compounds (Figure 1.4) 

are under development as potent and selective A2AR antagonists.35  

 
 

Figure 1.4 Structures of Istradefylline and thienopyrimidine A2AR antagonists. 
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libraries of thienopyrimidines is an important pursuit for modern synthetic 

chemistry.  

1.1.3 Synthesis of Thieno[2,3-d]pyrimid-4-amines 

Traditionally, thieno[2,3-d]pyrimid-4-amines have been synthesized in a 

multistep process from 2-aminothiophenes. The Gewald method, which was first 

described in the 1960s (Scheme 1.1) is a very convienent approach to build the 2-

aminothiophene core.52  Various optimizations, including one-step and two-step 

procedures under either thermal or microwave conditions,  have been reported for 

the condensation of the Knoevenagel ylidene 2 with elemental sulfur to give the 

thiophene core 3.  

 

Scheme 1.1 Gewald reaction mechanism with elemental sulfur. 

 

A few drawbacks to this vesatile protocol are: (a) structural diversity must 

be generated early on in the library synthesis in a non-divergent manner with the 
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substituent, such as pentane-2-one 1a (Scheme 1.2) are used in a one-pot 

condensation with malononitrile, sulfur, and catalytic amounts of imidazole, a 

mixture of thiophenes 3a and 3b was produced in a 3.4:1 ratio with modest yields 

(Scheme 1.2);53 and (c) ylidene 2 can be chemically unstable due to the presence 

of an enolizable methyl group. Likewise, under standard Gewald reaction 

conditions, acetophenones bearing electron withdrawing substituents on the 

phenyl ring (e.g. 1b) often produce very low yields of the desired 2-

aminothiophene (Scheme 1.2). These low yields can be attributed, to some extent, 

to the decomposition of ylidene 2 under high temperatures and basic conditions 

and dimerization of the ylidene to compounds such as 4 (Scheme 1.2).54  

 

Scheme 1.2 Gewald synthesis of 2-aminothiophenes. 

!
!

Alternatively, the condensation of an aliphatic !-mercaptoketone (or 

aldehyde) 5 with malononitrile also yields the 2-amino-thiophene-3-carbonitrile 

core 3 (Scheme 1.3). This is a much less versatile and convient version of 

Gewald-type reactions with several short-comings, such as the poor stability and 

difficult preparation of 5. Most !-mercapto-compounds (5) must be generated in 

situ by, for example, reaction of !-halocarbonyl compounds with sodium sulfide. 

Likewise, a more stable and commercially available dimer form of 

mercaptoacetaldehyde, 1,4-dithiane-2,5-diol, is used to generate 5a, where R4 = 

R4

O
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R5 = H, which upon treatment with an activated nitrile and a basic amine produces 

3d (Scheme 1.3).52a,55     

  

 

Scheme 1.3 Gewald-type synthesis with !-mercaptoketones and aldehydes (5). 

 

 The 2-aminothiophene scaffold can then be further elaborated to give rise to 

substituted thieno[2,3-d]pyrimidines 9 in a few ways (Scheme 1.4).56 The most 

common method involves the formation of an N-formyl derivative 6 either by 

reaction with in situ generated acetic formic anhydride or formic acid. Ring 

closure to give the pyrimidone 7 may be accomplished under harshly acidic 

conditions and/or extremely high temperatures. The pyrimidone 7 is typically 

chlorinated with phosphorus oxychloride to produce 8, which is then displaced by 

an amine (9).57 This multistep route (Scheme 1.4) requires harsh reaction 

conditions and reagents, therefore, potentially limiting the accessibility of library 

synthesis of thieno[2,3-d]pyrimidines.58   

 

R4

O
SH

R5 CN

CN
+

S

R4

R5

CN

NH2

R4, R5 = H, Alkyl
X = Cl, Br, I

3d, R4 = R5 = H5a, R4 = R5 = H

S

S

OH

HO

R4

O
X

R5

Na2S Amine



! ""!

 

Scheme 1.4 Classical synthesis of thieno[2,3-d]pyrimidines (9) from 2-
aminothiophenes (3). ! !

!
More recently, a two-step protocol via formamidine 10 (Scheme 1.4) was 

reported for the synthesis of thieno[2,3-d]pyrimidines (9) under microwave 

irradiation.58 The formamidine 10 was synthesized from the corresponding 2-

aminothiophenes, DMF, and phenylsulfonyl chloride as a condensation reagent.59 

Upon optimization, the synthesis of a library of thienopyrimidines (9) was 

accomplished in the microwave at 180oC for 35 min with 1.5 eq. of amine in 

acetic acid via a Dimroth rearrangement mechanism (Scheme 1.5).60 Interestingly, 

either the amine or the imine derivatives could be synthesized depending on the 

reaction temperature. Although this approach is selective (imine v.s. amine) and 

efficient, the highly acidic environment may limit the applicability of this method 

towards library synthesis. 
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Scheme 1.5 Dimroth rearrangement mechanism. 

!
With the goal of a divergent synthetic approach to library synthesis, 

bromination at C-6 (!-C) of the thiophene moiety in thienopyrimidone scaffolds 

(8a) can be achieved with elemental bromine under acidic conditions (Scheme 

1.6). The corresponding pyrimidine (9a) could then be prepared according to the 

traditional means of chlorination followed by displacement with an amine 

(Scheme 1.4 and 1.6).61 However, a direct and regiospecific protocol for 

halogenation at the "-carbon (C-5), or the equivalent carbon on any thiophene-

containing bicyclic heterocycle, is unknown. Recent reports of indirect multi-step 

C-5 brominations include the 5,6-dibromination of thieno[2,3-d]pyrimidin-4-one 

(7a) with elemental bromine under acidic conditions to give 7c (Scheme 1.6). 

Dehalogenation at the more reactive C-6 position with zinc in aqueous acetic acid 

gives the C-5 mono-brominated pyrimidone 7d, followed by another 2 steps to 
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generate 9b (Scheme 1.6).26,62 These pyrimidines (8a,b and 9a,b) can then be used 

to prepare mono-substituted analogs.  

 
 

Scheme 1.6 Bromination reactions with thienopyrimidine intermediates. 

!
!

Alternatively, the preparation of 3-bromothiophenes and 5-

bromothienopyrimidines have been described via generation of an !-lithium-"-

bromothiophene species (Scheme 1.7) from 2-bromothiophenes (10a) and 6-

bromothienopyrimidines, respectively, using the so-called base-catalyzed halogen 

dance (BCHD) reaction (Scheme 1.8).63 This approach has also been used in the 

synthesis of 4-chloro-5-iodothieno[2,3-d]pyrimidine (8c) from an LDA-mediated 

BCHD rearrangment of 6-bromo-4-chloropyrimidine (8a) to the 5-bromo analog 

8b (Scheme 1.6 and 1.7). Treatment of 8b with a Grignard reagent and quenching 
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the generated anion with iodine produced 8c, which was potentially more reactive 

to future cross-coupling reactions than 8a (Scheme 1.7).16a,c  

 

 

Scheme 1.7 Bromination via base-catalyzed halogen dance (BCHD). 

 

 

Scheme 1.8 Mechanism of classical base-catalyzed halogen dance. 

!

1.2 Results and Discussion 
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structurally diverse libraries of compounds,64 we modified the classical 

Knoevenagel/Gewald approach incorporating the trimethylsilyl ylidine 11 

(Scheme 1.9) as the precursor to the 2-amino-thiophene-3-carbonitrile scaffold. 

We first decided to focus on the synthesis of 2-amino-5-bromo-4-(trimethylsilyl)-

thiophene-3-carbonitrile (14b) in order to explore its direct use in cross-coupling 

reactions, taking advantage of the enhanced reactivity of the C-5 thiophene 

position as well as the duel capabilities of TMS at C-4, both preventing and 

confering reactivity (Scheme 1.9). Efficiency, atom economy, and structural 

diversity were the key elements that we were looking to explore in this synthetic 

protocol. 

 

Scheme 1.9 Synthesis of highly substituted 2-aminothiophene intermediates for 
thieno[2,3-d]pyrimidin-4-amine preparation. 
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The 2-(1-(trimethylsilyl)ethylidene)malononitrile ylidine (12) was easily 

prepared in nearly quantitative yield via condensation of acetyltrimethylsilane 

(11) with malononitrile under slightly acidic conditions (Scheme 1.9). Ylidine 12 

was found to be stable at -20 oC for several months and at RT for weeks without 

any evidence of decomposition. Condensation of 12 with elemental sulfur in 

pyridine provided the 2-amino-4-(trimethylsilyl)-thiophene-3-carbonitrile (13) as 

a dark orange/brown solid in >85% yield. Initial efforts to transform intermediate 

13 to the desired C-4 iodo derivative, using silver trifluoroacetate and elemental 

iodine,65 lead to decomposition of the starting material at temperatures ranging 

from 0 oC to -78 oC.  In the past, examples of ipso-iododesilylation of thiophenes 

under these conditions were reported to give modest or poor yields when the TMS 

was adjacent to substituents with sp character.65b  In general, thiophene 13 was 

found to be chemically unstable, thus unsuitable as building-blocks in a library 

synthesis. Interestingly, protection of the 2-amino moiety with N,N-

dimethylformamide-dimethylacetal, provided an intermediate (14a) that was 

much more stable and easy to prepare in high yield and purity (Scheme 1.9). 

Cyclization of 14a with formamide produced the 5-

(trimethylsilyl)thieno[2,3-d]pyrimidin-4-amine (15a) in 76% yield (Scheme 1.9). 

Mindful of the facile decomposition of thiophenes upon exposure to light, this 

reaction was usually carried out in the dark. Due to the availability of the C-5 

TMS to undergo ipso-substitution,66 this methodology provides significant atom 

economy and efficiency in preparing C-5 mono-substituted thieno[2,3-

d]pyrimidin-4-amines as compared to procedures described previously (Scheme 

1.6 and 1.7). 
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Bromination at C-5 of the protected thiophene 14a was then carried-out in 

>80% yield, providing intermediate 14b (Scheme 1.9). The highly functionalized 

compound 14b is a suitable building block for a variety of reactions. Access to C-

5 mono-substituted thienopyrimidines may be gained through TMS removal under 

standard TBAF conditions to give intermediate 14c (Scheme 1.9). Cyclization of 

14c generated 6-bromothieno[2,3-d]pyrimidin-4-amine (15b) in a moderate 50% 

yield (Scheme 1.9). This mono-substituted thienopyrimidine (15b) was generated 

in good yields over four steps (from 13; Scheme 1.9) without the use of harsh 

acidic conditions common to classical synthetic methods (Scheme 1.6). 

Selective cross-coupling was explored at C-5 with a few boronic acids or 

boronate esters to obtain intermediates of general structure 16a-c (R4 = TMS, R5 = 

a, c, i) (Scheme 1.10). Whereby ipso-iododesilylation at C-4, followed by cross-

coupling of the iodide 17a via Suzuki, Buchwald-Hartwig, Sonogashira, Stille or 

other cross-coupling reactions, followed by cyclization of 18, provided a mini-

library of novel and structurally diverse C-5/C-6 di-substituted thieno[2,3-

d]pyrimidin-4-amines (Scheme 1.10) in good overall yields.  For example, 

analogs 19b and 19d, involving sequential cross coupling under typical Suzuki, 

followed by either Sonogashira (for 19b) or Buchwald-Hartwig amination (for 

19d) conditions were obtained in an overall isolated yield of 50% and 30%, 

respectively, for the last 7 steps (i.e. from 13 to 19b or 19d).  
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Scheme 1.10 Di-substituted thienopyrimidine library synthesis. 
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LHE reactions, the base catalyzed lithium-halogen dance (BCHD), leading to 

scrambling of halogen atoms.63c,69 The versatility of precursor 14b, was further 

demonstrated through use of the LHE reaction to install alkyl groups at the C5 

position (Scheme 1.10 and Table 1.1).  

Table 1.1 Lithium halogen exchange conditions. 

 

Entry R’Li Time @ 
Temp (oC) RX Time @ 

Temp (oC) Products 

1 nBuLi 30 min @ -78 MeI 30 min @ -78 
14a (70%) + 
degradation 

(20%)b 

2 nBuLi 15 min @ -78 MeIa 25h @ -78 

16d (10%) + 14a 
(40%) + 13 (15%) 

+ degradation 
(22%)b 

3 tBuLi 15 min @ -78 MeIa 15h @ -78 SM (14b, 80%)b 
+ 14a (15%)b 

4 tBuLi 13 min @ -78 MeIa 1.5h @ -78 
2h @ -41 14a (95%)b 

5 tBuLi 5 min @ -78 MeIa 2h @ -78 
16d (17%)c 

+ degradation 
(60%)b 

6 tBuLi 5 min @ -78 MeIa 30 min @ -78 

16d (36%)c + 
14a (20%)c + 
degradation 

(21%)b 

7 tBuLi 5 min @ -78 DMF 1h @ -78 
15h @ RT 

16e (31%)c + 
degradation 

(22%)b 
a Filtered through basic alumina 
b Suggested by LCMS 
c Isolated yield 
SM = Starting material  
!
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Although the use of trialkylsilyl groups have been explored in LHE 

reactions with benzene and pyridine, they have not been explored with a 2-

aminothiophene scaffold.70 A variety of LHE reaction conditions demonstrated 

(Table 1.1) that the introduction of the trimethylsilyl group at C4 blocked the 

problematic BCHD reaction, thereby fulfilling its role as a duel protecting 

group/handle. These TMS groups have been used to deactivate the ortho-position 

of aromatic rings to hydrogen-metal exchange by blocking access to the base and 

can play a similar role in LHE reactions.63d In our case, it appears that the LHE 

occurs faster than the subsequent attack of the electrophile (RX), leading to a 

protonated by-product 14a (Table 1.1, entries 1-4, 6). The less nucleophilic base 

tBuLi was used to eliminate the formation of the deprotected thiophene (13) by-

product (Table 1.1, entries 3-7). The best results were obtained when tBuLi was 

used in combination with short reaction times (Table 1.1, entries 5-7). Less 

degradation and by-product formation also occurred when shorter reaction times 

were employed upon electrophile addition (Table 1.1, entries 6). Longer reaction 

times and warmer conditions were required, however, for DMF due its less 

electrophilic character (Table 1.1, entry 7).  The yields (Table 1.1, entries 6 and 7) 

were comparable with LHE reactions with thiophenes reported in the literature.69 

 Thienopyrimidine formation was achieved via cyclization of formamidine 

protected 2-aminothiophenes (14a, 14c, and 18a-g) with formamide (Scheme 1.9 

and 1.10). We attempted to elucidate the mechanism of this cyclization, with 

curious results. A similar cyclization reaction was reported in the literature to 

occur according to a mechanism similar to that of a Dimroth rearrangement 

(Scheme 1.5).58 We initially proposed that the cyclization occurred in a 
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comparable manner whereby formamide breaks down to ammonia, which then 

closes the pyrimidine ring (Scheme 1.11).71 We tested our hypothesis by 

attempting the reaction with ammonia (Table 1.2). Interestingly, only starting 

material was isolated in both cases (Table 1.2, entries 1-2) without any indication 

of degradation. Perhaps the reaction required the addition of acid, common to the 

traditional methods of thienopyrimidine synthesis, or microwave irradiation in 

sealed reactors.26,58 Further synthetic studies towards elucidating the mechanistic 

details of this reaction with ammonia were not undertaken. 

 

!

Scheme 1.11 Proposed mechanism of cyclization. 

 

Table 1.2 Cyclization reaction with ammonia. 
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Entry NH3 Source Temperature 
(oC) Time Productsa 

1 Liquid -78 - RT 15h SM (14a) 

2 1M in EtOH 50 -100 36h SM (14a) 

a Determined by 1H NMR 
SM = Starting material  

 

 To assess the scope of the cyclization reaction, we tried to synthesize the 

corresponding thienopyrimidine (19g, Scheme 1.12) from 14b in formamide with 

toluene and a Dean Stark apparatus, and under light and dark conditions (Table 

1.3). The reaction with the Dean Stark apparatus to drive water out of the reaction 

mixture did not proceed to give the desired product 19g and only 50% of the 

starting material was recovered, which could indicate a stability problem. 

Interestingly, product formation appeared to demonstrate a dependence on the 

presence or absence of light. The di-substituted thienopyrimidine (19g) was not 

generated under any conditions, however (Table 1.3, entries 1-2). In the presence 

of light, only 15a was isolated (Table 1.3, entry 1) whereas, in the dark both 15a 

and 15b were generated (Table 1.3, entry 2). This could be due to a radical based 

mechanism of cyclization or a problem with the stability of the starting material, 

intermediates, and/or products. 
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!
Table 1.3 Cyclization reaction under light and dark conditions. 

 

Entry Light/ Dark Yield 19g 
(%)a 

Yield 15a 
(%)a 

Yield 15b 
(%)a 

1 Light 0 23 0 

2 Dark 0 18 21 

a Isolated yields  
 

 Reaction of 14b with formamide was further investigated with the addition 

of radical quenchers (Table 1.4). We proposed that if the reaction proceeds via 

radical mechanism, the addition of radical quenchers should prevent any 

cyclization reaction from taking place. Two quenchers were used, 2,2,5,7,8-

pentamethyl-6-chromanol (Table 1.4, entry 1) and TEMPO (Table 1.4, entry 2). 

The reactions were carried out in the absence of light and afforded similar results 

to the cyclization reaction in the absence of both light and radical quenchers 

(Table 1.3, entry 2). The desired product 19g was not synthesized whereas both 
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15a and 15b were generated in a 1 : 1 ratio (Table 1.4, entries 1-2). Neither 

radical quencher made a difference to the result of the reaction, suggesting that 

the reaction did not involve a radical mechanism.  

 

Table 1.4 Cyclization reaction with radical quenchers. 

 

Entry Radical Quencher Ratio 19g : 15a : 15ba 

1 

 

 
 

0 : 1: 1 

2 

 

 
 

0 : 1 : 1 

a Suggested by LCMS  
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reactants. To probe this theory, pyrimidine 15b was synthesized via 14c in 
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hours, therefore, the temperature was increased to 130oC and the reaction 

continued to stir for another 10 hours, such that starting material (14c) was no 

longer observed. However, a degradation by-product (debrominated thiophene) 

and complete decomposition was also observed, which may indicate starting 

material instability (entry 1, Table 1.6). When the reaction was shielded from light 

and heated to 130oC for 15 hours, the yield of 15b (entry 2) was slightly less than 

the yield of the reaction in light conditions (entry 1, Table 1.5). Less degradation 

by-product was isolated (10%), however, suggesting that the reaction may be 

photochemically unstable. After 40 hours in the dark, 15b was isolated in the 

modest yield, 50% (entry 3, Table 1.5). The thienopyrimidine 15b was only 

moderately soluble in EtOAc, consequently, the extraction was done with n-

butanol and salted water to try to maximize compound recovery. Purification by 

trituration, instead of column chromatography, was carried out to investigate 

whether 15b precipitated out on silica gel, leading to only moderate yields. The 

change in purification method did not increase the yield of the desired product and 

the same degradation by-product (common to all previous reactions) was not 

isolated (entry 4, Table 1.5). In conclusion, the highest yield we were able to 

obtain with this reaction (Table 1.5) was 50% and the modest yield was not 

caused by the product’s poor solubility.  

!
!
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Table 1.5 Various reaction conditions for the synthesis of 15b from 14c. 

 

Entry oC Time 
(h) 

Light  
or  

Dark 
Extraction Purification Productsa 

1 
100 
then 
130 

20 
then 
10 

Light EtOAc 
H2O, brine 

Column: 
DCM 

EtOAc/Hex 

15b (35%) +  
degradation 
by-product 

(15%) 
+ 50%  

decomposition  

2 130 15 Dark EtOAc 
H2O, brine 

Column: 
EtOAc/Hex 

15b (25%) + 
degradation 
by-product 

(10%) 
+ 65% 

decomposition 

3 130 40 Dark EtOAc 
H2O, brine 

Column: 
EtOAc/Hex 

15b (50%) +  
degradation 
by-product 

(15%) 
+ 35% 

decomposition 

4 130 24 Dark 
nButanol 

salted 
H2O, brine 

Trituration: 
MeOH, 
DMSO 
Ether 

15b (50%) 
+ 50% 

decomposition  

a Isolated yield 

  

Although the above studies (Table 1.5) evaluated the potential insolubility 

of 15b, they did not probe the role that instability may have in the outcome of this 

reaction. To test the chemical stability of both the starting material (14c) and 

product(s), an NMR sample of 14c and the desired thienopyrimidine product 

(15b) were exposed to light at ambient temperature. Degradation of 14c, but not 
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thienopyrimidine 15b, was observed with 1H NMR after 4 days of exposure to 

light. This indicated that the instability of thiophene 14c could affect the yields of 

the reaction carried out in the presence or absence of light and at high 

temperatures. Perhaps this finding helps to explain the unexpected results of the 

attempted thienopyrimidine 15b synthesis in Tables 1.3, 1.4, and 1.5.  

After these efforts to optimize the reaction conditions, we attempted to 

explain the unusual results by hypothesizing that if an acid was generated in situ 

at high temperature, 14b (Scheme 1.9) could lose either the TMS group at C4 to 

generate 14a or the bromine at C5, generating 14c (Scheme 1.9), prior to 

cyclization (Scheme 1.13). This degradation may occur because thiophene 

derivatives can be acid labile and/or to relieve the steric strain that is generated by 

two neighboring bulky groups on a 5-membered ring.72, 73, 74 If 14b decomposes to 

14a and 14c prior to cyclization, the two products generated would be 15a and 

15b, respectively  (Table 1.3, entry 2). However, in the light, thiophene 14c is 

unstable and could decompose, thereby prohibiting the formation of 15b (Table 

1.3, entry 1), while 15a is formed via 14a (Scheme 1.13). 
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Scheme 1.13 Decomposition hypothesis to explain cyclization results. 
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compared to the C5 (C-!) position of thiophenes due to the influence of 

annulation with the pyrimidine ring.75 Although, elemental bromine is commonly 

chosen for reaction with thienopyrimidines, the use of NBS as the brominating 

agent has several advantages, including a slow and steady release of molecular 

bromine over the course of the reaction and the lack of strong acid formation, 

which can lead to the degradation of thiophenes and TMS-containing derivatives. 

Heat was not applied to the electrophilic aromatic substitution reaction (entry 1, 

Table 1.6) because selectivity may decrease as the reaction temperature is 

increased with thiophene scaffolds.76 In our case, the ipso-substitution of the C5 

TMS group with bromine was a potential side reaction of bromination that we 

hoped to avoid.73,77  

 

Table 1.6 Attempted synthesis of 19g via bromination of 15a. 

 

Entry Solvent Time UV Additional 
Reagents Productsa 

1 DMF 48 h Dark - SM 

S

TMS

N

N
H2N

15a

NBS

RT
S

TMS

N

N
H2N

19g
Br
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2 CHCl3 4 min 257 nm 
 

DCP 

19g (25% 
+ 

impurities) 
+ 

SM (70%)  

3 CHCl3 6 min 257 nm 
 

DCP 

19g (10% 
+ 

impurities)  
+  

SM (50%)  

a Suggested by LCMS 
SM = Starting material 

 

 Radical initiated electrophilic aromatic substitution reactions have also 

been employed in bromination reactions with olefins, benzylic positions, and 

heterocycles. NBS was again a suitable bromine source for radical initiated 

substitutions.78 A commonly used radical initiator is azobisisobutyronitrile 

(AIBN), which upon thermal or photochemical initiation decomposes to generate 

two cyanoisopropyl radicals and N2 (Scheme 1.14). Complications may arise, 

however, as these cyanoisopropyl radicals can produce several by-products by 

disproportionation, dimerization, and chain reactions.79 To minimize potential 

complications and side-products, dicumyl peroxide (DCP) was chosen as the 

radical initiator in the radical bromination reaction of 15a (Table 1.6, entries 2-3). 

DCP was photochemically cleaved to generate two cumyloxyl radicals at room 

temperature (Scheme 1.15), which are very stable and mainly reactive towards 

hydrogen atom transfer, thereby minimizing potential by-products. 

 

O O

O O
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!
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A solution of 15a, NBS, and DCP in chloroform at RT was exposed to UV 

light at 257 nm for 4 minutes (entry 2, Table 1.6) and 6 minutes (entry 3, Table 

1.6). After 4 minutes, 19g was generated (according to LCMS) in poor yield with 

poor conversion. After 6 minutes, conversion of starting material was greater but 

the product yield was less, indicating that 19g may not have been stable under 

these conditions with longer reaction times. Perhaps 19g was not photochemically 

stable in a manner similar to thiophene 14c (Table 1.5 and Scheme 1.13). 

Alternatively, 19g was perhaps consumed in a radical chain mechanism leading to 

degradation products, which were difficult to isolate and identify.  

These initial reactions have demonstrated that although challenging, 

synthesis of 19g is possible. The reaction conditions could be optimized with the 

wide variety of available solvents, radical initiators and brominating agents.  

N N

Me

Me

NC
Me

CN
Me

hv CN

Me

Me
N22 +

O O
hv

O2

Scheme 1.14 Thermal or photochemical degradation of AIBN. 

Scheme 1.15 Thermal or photochemical degradation of DCP. 
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1.3 Conclusions 

In summary, the traditional Knoevenagel/Gewald methodology is not easily 

amenable to divergent parallel synthesis of structurally diverse libraries of 

thieno[2,3-d]pyrimid-4-amines (19). Structural diversity is dictated by the starting 

aldehydes or ketones 1 (Scheme 1.1), thus the synthesis is linear and does not 

allow preparation of structurally diverse permutation libraries.  

Furthermore, selective substitution at the C-! of the thiophene moiety (from 

a halide precursor) is challenging due to the inherent higher reactivity of the C-" 

carbon. We developed a modular methodology, which employs 2-(1-

(trimethylsilyl)-ethylidene)-malononitrile (12) as a novel synthon in the 

preparation of building blocks that are amenable to high throughput library 

synthesis of thieno[2,3-d]pyrimid-4-amines (Schemes 1.9 and 1.10; 15a,b and 

19). Preparation of 2-amino-4-(trimethylsilyl)thiophene-3-carbonitrile derivatives 

13, 14a-c, 16a-e, 17a, 18a-h, and thieno[2,3-d]pyrimid-4-amines (15a,b and 19a-

f) can be achieved easily, with high yields and significant atom economy. 

1.4 Experimental 

1.4.1 General Information 

All intermediate and final compounds were purified by normal phase flash 

column chromatography on silica gel using an automated CombiFlash flash 

column chromatography instrument and the solvent gradient indicated. The 

purified compounds were analyzed for homogeneity by HPLC; homogeneity was 

confirmed by C18 reversed phase HPLC, using a Waters ALLIANCE® instrument 
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(e2695 with 2489 UV detector and 3100 mass spectrometer), equipped with a 

Waters Atlantis T3 C18 5 µm column using the following conditions: Solvent A: 

H2O, 0.1% formic acid; Solvent B: CH3CN, 0.1% formic acid; Mobile phase: 

linear gradient from 95% A and 5% B to 5% A and 95% B in 13 min, then 2 min 

at 100% B; Flow rate: 1 mL/min 

Key intermediates and all final products were characterized by 1H and 13C NMR, 

as well as MS; final compounds were further characterized by HRMS.  Chemical 

shifts (!) are reported in ppm relative to the internal deuterated solvent, unless 

indicated otherwise. High-Resolution MS spectra (HRMS) were recorded at the 

McGill University, MS facilities using electrospray ionization (ESI+/-) and Fourier 

transform ion cyclotron resonance mass analyzer (FTMS).   

1.4.2 Synthesis of Key Fragments 

2-(1-(Trimethylsilyl)ethyl)malononitrile (12): 

 

Acetyltrimethylsilane (1.46 g, 12.56 mmol), malononitrile (1.14 g, 12.56 mmol) 

and ammonium acetate (262.1 mg, 2.39 mmol) were dissolved in acetic acid (0.58 

mL, 10.0 mmol) and benzene (30 mL) in a 100 mL round bottom flask attached to 

a Dean-Stark trap and filled with benzene. The reaction mixture was stirred and 

heated to 95oC for 24 h. The resulting orange solution was cooled and diluted with 

EtOAc (20 mL). The organic layer was washed with saturated sodium bicarbonate 

solution (15 mL), water (45 mL), brine (15 mL) and dried over MgSO4. The 

TMS

O

CN

CN
+

CN

CN

TMSNH4OAc
AcOH
Benzene
95C
90%
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product was purified by column chromatography (25% EtOAc/hex) to give the 

desired product as clear pale yellow oil in 90% yield (1.97 g).  

1H NMR (400 MHz, CDCl3) ! 2.34 (s, 3H), 0.35 (s, 9H) 

13C NMR (75 MHz, CDCl3) ! 188.0, 113.0, 111.2, 94.3, 24.1, -2.3  

HRMS (ESI-) calculated for C8H11N2Si m/z [M - H]-: 163.06970, found m/z 

163.06875 and HRMS (ESI-) calculated for C16H23N4Si2 m/z [2M - H]-: 

327.14667, found m/z 327.14695 

 

2-Amino-4-(trimethylsilyl)thiophene-3-carbonitrile  (13): 

 

 2-(1-(trimethylsilyl)ethyl)malononitrile (12, 1.21 g, 7.37 mmol) and sulfur (248.0 

mg, 7.73 mmol) were dissolved in pyridine (25 mL) at room temperature. To this, 

diethylamine (0.76 mL, 7.37 mmol) was added dropwise. The reaction mixture 

stirred at room temperature for 18 h. Evaporation of pyridine afforded the crude 

thiophene, which was dissolved in EtOAc (20 mL) and washed with water (45 

mL), brine (15 mL), and dried over MgSO4. Purification by column 

chromatography (25% EtOAc/hex, Rf = 0.58) afforded the desired product as an 

orange oil in 85% yield (803 mg).  

1H NMR (400 MHz, CDCl3) ! 6.37 (s, 1H), 4.73 (bs, 2H), 0.31 (s, 9H) 

13C NMR (75 MHz, CDCl3) ! 164.2, 141.0, 116.6, 116.5, 92.1, -1.5 

HRMS (ESI+) calculated for C8H13N2SSi m/z [M + H]+: 197.05632, found m/z 

197.05615 

CN

CN

TMS
S8
Et2NH

S

CN

NH2

TMS

HPyridine
RT
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3-Cyano-4-(trimethylsilyl)thiophen-2-yl)-N, N-dimethylformimidamide  (14a):  

 

To a solution of 2-amino-4-(trimethylsilyl)thiophene-3-carbonitrile (13, 372.40 

mg, 1.90 mmol) in DMF (20 mL) was added DMF-DMA (2.5 mL, 18.97 mmol). 

After stirring at room temperature for 4 h, the reaction mixture was diluted with 

EtOAc, washed with water (60 mL), brine (20 mL), and dried over MgSO4. 

Solvent was removed in vacuo to afford the desired product as a brown-yellow 

solid in 90% yield (440 mg; Rf = 0.3, 25% EtOAc/Hex).  

1H NMR (400 MHz, CDCl3) ! 7.72 (s, 1H), 6.63 (s, 1H), 3.10 (s, 3H), 3.09 (s, 

3H), 0.32 (s, 9H) 

13C NMR (125 MHz, CDCl3) ! 168.9, 154.8, 141.6, 120.7, 117.5, 101.2, 40.7, 

35.15, -1.3  

29Si NMR (99 MHz, CDCl3) ! -6.688 

HRMS (ESI+) calculated for C11H18N3SSi m/z [M + H]+: 252.09852, found m/z 

252.09781 

 

5-Bromo-3-cyano-4-(trimethylsilyl)thiophen-2-yl-N,N-dimethylformimidamide 

(14b): 

  

S

CN

NH2

TMS

H

O

O

N

DMF
RT, 4 h S

CN

N

TMS

H N

S

CN

N

TMS

H N S

CN

N

TMS

Br N
DMF
RT, 13 h

NBS
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N-Bromosuccinimide (121.2 mg, 0.68 mmol) was added to a solution of 14a 

(163.0 mg, 0.648 mmol) in DMF (7 mL). The yellow solution was stirred in the 

absence of light at room temperature for 13 h. The mixture was diluted with 

EtOAc, washed with water (25 mL), brine (10 mL), and dried over MgSO4. 

Solvent was removed in vacuo to afford the desired product as a brown-orange 

solid in 80% yield (177 mg; Rf = 0.61, 25% EtOAc/Hex).  

1H NMR (400 MHz, CDCl3) ! 7.63 (s, 1H), 3.09 (s, 6H), 0.44 (s, 9H) 

13C NMR (125 MHz, CDCl3) ! 168.4, 154.6, 138.9, 116.7, 106.2, 101.9, 40.8, 

35.3, 0.24  

HRMS (ESI+) calculated for C11H17N3BrSSi m/z [M + H]+: 330.00903, found m/z 

330.00926 

 

5-Bromo-3-cyanothiophen-2-yl-N,N-dimethylformimidamide (14c):  

 

A 1M solution of TBAF (5 mL) in THF was added dropwise to a solution of 14b 

(1.61 g, 4.89 mmol) in THF (100 mL) cooled to 0°C. The reaction mixture was 

warmed to room temperature and stirred in the dark for 3 h. The volume of THF 

was reduced in vacuo and EtOAc was added, washed with water (3 x 50 mL), 

brine (25 mL), and dried over Na2SO4. The desired crude product was obtained as 

a red oil in 95% yield (1.20 g). 

1H NMR (400 MHz, CDCl3) ! 7.64 (s, 1H), 6.86 (s, 1H), 3.11 (s, 6H)  

13C NMR (300 MHz, CDCl3) ! 167.0, 154.3, 128.3, 115.2, 99.4, 96.5, 40.8, 35.2  

S

CN

N

TMS

Br N S

CN

NBr N

TBAF
THF

0oC - RT
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MS (ESI+) m/z: 258.06 [M + H]+  

 

General protocol for the cyclization of C-4 or C-5 substituted fragments 14 to 

thieno[2,3-d]pyrimidin-4-amines 15: 

3-Cyano-4-(trimethylsilyl)thiophen-2-yl)-N,N-dimethylformimidamide (14a,b, 

~0.3 mmol) was stirred with formamide (anhydrous, excess, ~2.5 mL) in a dry 15 

mL pressure vessel. The vessel was flushed with argon and the mixture was 

heated to 130°C for 45 hours. The dark red solution was diluted with ethyl acetate, 

washed with water (25 mL), brine (10 mL), and dried over Na2SO4. The crude 

mixture was purified by flash column chromatography (5 - 30% EtOAc/hexanes, 

dry loading) to afford the desired thieno[2,3-d]pyrimidin-4-amine products. 

  

5-(Trimethylsilyl)thieno[2,3-d]pyrimidin-4-amine (15a):  

 

Isolated as a pink solid in 80% yield (59 mg).!
1H NMR (400 MHz, CDCl3) ! 8.46 (s, 1H), 7.43 (s, 1H), 5.36 (bs, 2H), 0.46 (s, 

9H) 

13C NMR (125 MHz, CDCl3) ! 170.7, 158.7, 153.4, 133.0, 131.1, 119.7, 0.3 

29Si NMR (99 MHz, CDCl3) ! -7.399 

HRMS (ESI+) calculated for C8H13N2SSi m/z [M + H]+: 224.06722, found m/z 

224.06705 

S

CN

N

TMS

H N
H NH2

O

130oC, 48 h S

TMS

H N

N
H2N
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Attempted Experimental Protocols Towards the Synthesis of 15a from 14a (Table 

1.2): 

 

Entry 1: 3-Cyano-4-(trimethylsilyl)thiophen-2-yl)-N,N-dimethylformimidamide 

(14a, 50.0 mg, 0.2 mmol) was added to a dry 50 mL three-neck flask. To this was 

condensed liquid ammonia (10 mL, 400 mmol) via cold finger and stirred under 

argon at -78°C. Dry THF (1 mL) was added to the mixture to ensure the 

dissolution of 14a and the mixture continued to stir at -78°C for 3 hours. TLC 

(25% EtOAc/Hex) indicated the presence of starting material without any 

conversion. Dry THF (2 mL) was added to the reaction mixture and stirred under 

argon at -42°C for 2 hours. The mixture was then warmed to room temperature to 

allow the excess ammonia to evaporate. Upon drying under high vacuum for 1 

hour, 48 mg of 14a was recovered (as indicated by 1H NMR).  

Entry 2:  3-Cyano-4-(trimethylsilyl)thiophen-2-yl)-N,N-dimethylformimidamide 

(14a, 50.0 mg, 0.2 mmol) was added to a dry 15 mL pressure vessel. To this was 

added 10 mL of 1M ammonia in EtOH. The reaction mixture was stirred and 

heated to 50°C under argon for 15 hours. TLC (25% EtOAc/Hex) indicated the 

presence of starting material without any conversion. The reaction mixture was 

stirred for another 27 hours at 100°C under argon. Upon drying under reduced 

pressure for 1 hour, 45 mg of 14a was recovered (as indicated by 1H NMR).  

 

S

CN

N N
S N

N
H2N

TMSTMS

14a 15a
oC

NH3
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6-Bromo-thieno[2,3-d]pyrimidin-4-amine (15b):  

 

Isolated as a brown solid in 50% yield (45 mg).   

1H NMR (300 MHz, D6-DMSO) ! 8.22 (s, 1H), 7.72 (s, 1H), 7.57 (bs, 2H) 

13C NMR (75 MHz, D6-DMSO) ! 167.5, 157.7, 154.9, 123.3, 116.7, 109.7!

MS (ESI+) m/z 232.0 [M+H]+ !

!

Experimental Protocols of Attempted Syntheses of 19g via fragment 14b: !

!

Table 1.3 Entry 1: Fragment 14b (76 mg, 0.23 mmol) and dry formamide (5 mL, 

46 mmol) were added to a dry 15 mL pressure vessel. The mixture was stirred and 

heated under argon to 130°C for 72 hours. The solution was diluted with ethyl 

acetate, washed with water (25 mL), brine (10 mL), and dried over MgSO4. The 

crude mixture was purified by flash column chromatography (5 - 30% 

EtOAc/hexanes, dry loading) to give 12 mg (23%) of 15a as a pale pink solid 

(according to 1H NMR). !

Table 1.3 Entry 2: Fragment 14b (40 mg, 0.12 mmol) and dry formamide (1 mL, 

24 mmol) were added to a dry 15 mL pressure vessel. In the absence of light, the 

S

CN

NBr N
130oC, 45h S N

N
H2N

Br
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H NH2

O
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NBr N
SBr N
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H2N
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14b 19g
SH N

N
H2N

TMS

15a
SBr N

N
H2N

H

15b

+ +H NH2

O

130oC
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mixture was stirred and heated under argon to 130°C for 30 hours. The solution 

was diluted with ethyl acetate, washed with water (25 mL), brine (10 mL), and 

dried over MgSO4. The crude mixture was purified by flash column 

chromatography (5 - 30% EtOAc/hexanes, dry loading) to give 7 mg (18%) of 

15a as a pale pink solid and 8 mg (21%) of 15b as a tan solid (according to 1H 

NMR).  

!

!
Table 1.4 Entry 1: Fragment 14b (16 mg, 0.05 mmol), 2,2,5,7,8-Pentamethyl-6-

chromanol (11 mg, 0.05 mmol), and dry formamide (1 mL, 9 mmol) were added 

to a dry 15 mL pressure vessel. The mixture stirred under argon, in the absence of 

light, for 19 hours at 130°C. Characterization by LCMS suggested a 1:1 ratio of 

15a:15b without any product (19g) formation.   
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Table 1.4 Entry 2: Fragment 14b (15 mg, 0.04 mmol), TEMPO (7 mg, 0.04 

mmol), and dry formamide (1 mL, 9 mmol) were added to a dry 15 mL pressure 

vessel. The mixture stirred under argon, in the absence of light, for 19 hours at 

130°C. Characterization by LCMS suggested a 1:1 ratio of 15a:15b without any 

product (19g) formation.  !

!

Library parallel synthesis of thieno[2,3-d]pyrimidin-4-amine compounds (19) 

General protocol for the Suzuki coupling reactions using fragment 14b: 

 

The boronic acid or boronate ester (1.5 eq.), Pd(PPh3)4 (0.1 eq.) and fragment 14b 

were dissolved in toluene/ethanol (3:1) (approximate concentration with respect to 

14b of 0.1 M). The mixture was degassed and flushed with argon. Aqueous 2M 

Na2CO3 (2.5 eq.) was added and the mixture was again degassed and flushed with 

argon.  The reaction mixture was stirred at 85oC overnight. The crude was filtered 

through a plug of celite, rinsed with 10 mL of solvent and concentrated under 

vacuum. The residue was purified on silica gel using a CombiFlash instrument to 

give the desired products (the common solvent gradient was from 2% EtOAc in 

hexanes to 100% EtOAc, unless otherwise indicated). 

 

N'-(3-cyano-5-phenyl-4-(trimethylsilyl)thiophen-2-yl)-N,N-

dimethylformimidamide (16a, R5= a):  

S

CNTMS

NBr N(CH3)2

Ar-B(OR)2
Pd(PPh3)4

2M K2CO3
3:1 PhMe:EtOH S

CNTMS

NAr N(CH3)2
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Isolated as a beige solid in 90% yield (179 mg).   

1H NMR (400 MHz, CDCl3) ! 7.71 (s, 1H), 7.36-7.33 (m, 5H), 3.12 & 3.08 (2s, 

6H), 0.12 (s, 9H) 

13C NMR (75 MHz, CDCl3) ! 167.8, 154.6, 139.1, 136.3, 135.9, 130.6, 128.5, 

128.1, 118.0, 102.7, 40.7, 35.2, 0.4. 

HRMS (ESI+) calculated for C17H22N3SSi m/z [M + H]+: 328.12982, found m/z 

328.12920 

 

N'-(3-cyano-5-(3,4-difluorophenyl)-4-(trimethylsilyl)thiophen-2-yl)-N,N-

dimethylformimidamide (16b, R5 = c):  

 

Isolated as an orange solid in 90% yield (231 mg).   

1H NMR (400 MHz, CDCl3) ! 7.70 (s, 1H), 7.18 – 7.10 (m, 2H), 7.08 – 7.04 (m, 

1H), 3.12 (s, 3H), 3.10 (s, 3H), 0.15 (s, 9H) 

13C NMR (75 MHz, CDCl3) ! 168.1, 151.8 (dd, JCF = 74, 15 Hz), 148.5 (dd, JCF = 

74, 15 Hz, 137.5, 136.1, 132.8, 127.0, 119.6 (d, JCF = 15 Hz), 117.7, 117.0 (d, JCF 

= 15 Hz), 102.8, 40.8, 35.2, 0.4 

MS (ESI+) m/z 364.21 [M + H]+  

S

CNTMS

N N(CH3)2

S

CNTMS

N N(CH3)2
F

F
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General protocol for Stille cross- coupling reactions using fragment 14b:  

 

Palladium acetate (1 eq.) and XPhos  (2 eq.) in DME (2 mL) were heated under 

argon to 85oC in a 2-dram vial for 10 min. To this mixture cesium carbonate (2 

eq.), copper (I) iodide (1.6 eq.) and fragment 14b (0.3 mmol) were added and 

tributyl(vinyl)tin (0.2 mL, 0.53 mmol, 1.8 eq.). The vial was flushed with argon 

and the reaction mixture was stirred at 80oC for 15 h. The reaction mixture was 

diluted with EtOAc (10 mL), washed with water (3 x 10 mL) and brine (10 mL), 

dried over Na2SO4, and concentrated under vacuum. The crude residue was 

purified by column chromatography on silica gel using a CombiFlash instrument 

and a solvent gradient from 10% EtOAc in hexanes to 100% EtOAc. 

 

N'-(3-cyano-4-(trimethylsilyl)-5-vinylthiophen-2-yl)-N,N-dimethylformimidamide 

(16c, R5 = i):  

 

Isolated as beige solid in 75% yield (63 mg) and 95% purity (as determined by 

LCMS). The impurity was determined to be the dehalogenated thiophene. 

However, this compound (16c) was eliminated from the library for the subsequent 

steps. 
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1H NMR (400 MHz, CDCl3) ! 7.72 (s, 1H), 6.86 (dd, J = 16.9, 10.8 Hz, 1H), 5.36 

(d, J = 17.0 Hz, 1H), 5.10 (d, J = 10.8 Hz, 1H), 3.12&3.10 (2bs, 6H), 0.41 (s, 9H) 

13C NMR (75 MHz, CDCl3) ! 166.3, 154.8, 138.1, 137.5, 130.7, 117.5, 113.6, 

103.0, 40.7, 35.1, 0.8  

HRMS (ESI+) calculated for C13H20N3SSi m/z [M + H]+: 278.11417, found m/z 

278.11400 

 

N'-(3-cyano-5-methyl-4-(trimethylsilyl)thiophen-2-yl)-N,N-

dimethylformimidamide (16d, R5 = j):  

 

A solution of 14b (75.2 mg, 0.23 mmol) in THF (4 mL) was cooled to -78oC 

under argon. To this tBuLi (0.3 mL of 1.7 M solution in pentane) was added 

dropwise and stirred for 5 minutes. Iodomethane (0.1 mL, 1.91 mmol) was added 

and stirred for 30 minutes at -78oC. The reaction was quenched with NH4Cl at 

room temperature. THF was removed in vacuo and the red oil was taken up in 

EtOAc (20 mL) and washed with saturated ammonium chloride solution (10 mL), 

water (3 x 10 mL), brine (10 mL), and dried over Na2SO4. The crude mixture was 

purified by flash column chromatography (3 - 80% EtOAc/hex, solid loading) to 

afford the desired product as an orange solid in 36% yield (22 mg).   

1H NMR (400 MHz, CDCl3) ! 7.65 (s, 1H), 3.08 (s, 6H), 2.38 (s, 3H), 0.38 (s, 

9H) 

S

CN

N

TMS

Br N
S

CN

N

TMS

Me N

1. tBuLi
THF, -78oC

2. MeI, 
-78oC - RT



! "#!

13C NMR (126 MHz, CDCl3) ! 165.6, 154.3, 134.6, 134.2, 117.8, 102.0, 40.5, 

34.9, 16.9, 0.5 

HRMS (ESI+) calculated for C12H20N3SSi [M + H]+ 266.11417, found 266.11371 

 

N'-(3-cyano-5-formyl-4-(trimethylsilyl)thiophen-2-yl)-N,N-

dimethylformimidamide (16e, R5 = k): 

 

A solution of 14b (62.8 mg, 0.19 mmol) in THF (5 mL) was cooled to -78oC 

under argon. To this tBuLi (0.2 mL of 1.7 M solution in pentane) was added 

dropwise and stirred for 5 minutes. Dry DMF (0.1 mL, 0.84 mmol) was added and 

stirred for 1 h at -78oC and 15 h at RT. The reaction was quenched with NH4Cl at 

RT. THF was removed in vacuo and the red oil was taken up in EtOAc (20 mL) 

and washed with saturated ammonium chloride solution (10 mL), water (3 x 10 

mL), brine (10 mL), and dried over Na2SO4. The crude mixture was purified by 

flash column chromatography (3 - 80% EtOAc/hexanes, solid loading) to afford 

the desired product as an orange solid in 31% yield (16.4 mg).   

1H NMR (400 MHz, CDCl3) ! 9.83 (s, 1H), 7.83 (s, 1H), 3.19 (s, 3H), 3.18 (s, 

3H), 0.51 (s, 9H) 

13C NMR (75 MHz, CDCl3) ! 185.6, 182.7, 174.5, 156.2, 154.4, 137.8, 116.5, 

41.3, 35.8, 1.1 

MS (ESI+) m/z 280.22 [M + H]+  
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N'-(3-cyano-4-iodo-5-phenylthiophen-2-yl)-N,N-dimethylformimidamide (17a, R5 

= a):  

 

Silver trifluoroacetate (93.2 mg, 0.42 mmol) was added to a solution of N'-(3-

cyano-5-phenyl-4-(trimethylsilyl)thiophen-2-yl)-N,N-dimethylformimidamide 

(16a, 69 mg, 0.21 mmol) in THF (20 mL) cooled to -78oC and  stirred under 

argon for 15 minutes. Iodine (214.2 mg, 0.84 mmol) dissolved in THF (10 mL) 

was added dropwise to the cold mixture and stirred in the dark at -78oC for 4 h. 

EtOAc was added and the mixture was filtered through Celite. The filtrate was 

washed with 2 M sodium thiosulfate, brine, and was dried over Na2SO4. . The 

crude mixture was purified by flash column chromatography (5-30% EtOAc/hex, 

solid loading) to afford the desired product as an orange solid in 99% yield (80 

mg).   

1H NMR (400 MHz, CDCl3) ! 7.77 (s, 1H), 7.58 – 7.51 (m, 2H), 7.40 (dtd, J = 

6.9, 5.5, 1.5 Hz, 3H), 3.13 (s, 6H) 

13C NMR (75 MHz, CDCl3) ! 167.2, 154.7, 134.1, 130.7, 129.5, 128.7, 128.6, 

116.8, 105.7, 78.1, 40.9, 35.3  

HRMS (ESI+) calculated for C14H13N3IS m/z [M + H]+: 381.98694, found m/z 

381.98667 

 

General protocol for Stille cross- coupling reactions using fragment 17a: 
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Palladium acetate (1 eq.) and XPhos (2 eq.) in DME (2 mL) were heated under 

argon to 85oC in a 2-dram vial for 10 min. To this mixture was added cesium 

carbonate (2 eq.), fragment 17a (1 eq. 0.3 mmol) and stannane (1.77 eq.). The vial 

was flushed with argon and the reaction mixture was stirred at 80oC for 15 h. The 

reaction mixture was diluted with EtOAc (10 mL), washed with water (3 x 10 mL) 

and brine (10 mL), dried over Na2SO4, and concentrated under vacuum. The crude 

residue was purified by column chromatography on silica gel using a CombiFlash 

instrument and a solvent gradient from % EtOAc in hexanes to 100% EtOAc, 

unless otherwise indicated. 

 

N'-(3-cyano-5-phenyl-4-(pyrazin-2-yl)thiophen-2-yl)-N,N-dimethylformimidamide 

(18a, R4 = b, R5 = a):  

 

Isolated as beige solid in 41% yield (8.0 mg) and 95% purity (as determined by 

LCMS). 

1H NMR (400 MHz, CDCl3) ! 8.67 (dd, J = 2.6, 1.6 Hz, 1H), 8.46 (d, J = 2.6 Hz, 

1H), 8.36 (d, J = 1.5 Hz, 1H), 7.85 (s, 1H), 7.28 - 7.25 (m, 3H), 7.17 - 7.14 (m, 

2H), 3.15 (2bs, 3H) 
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13C NMR (126 MHz, CDCl3) ! 166.9, 154.6, 149.3, 145.8, 144.5, 143.1, 132.7, 

132.2, 131.1, 129.4, 129.1, 128.5, 115.9, 99.2, 40.9, 35.3 

HRMS (ESI+) calculated for C18H16N5S m/z [M + H]+: 334.11209, found m/z 

334.11144 

 

N'-(4-allyl-3-cyano-5-phenylthiophen-2-yl)-N,N-dimethylformimidamide (18b, R4 

= l, R5 = a):  

 

Isolated as a mixture of the desired product and the dehalogenated thiophene 

(20% by 1H NMR) in 115% yield (10 mg). This compound (18b) was eliminated 

from the library for the subsequent steps. 

1H NMR (500 MHz, CDCl3) ! 7.78 (s, 1H), 7.44 – 7.35 (m, 4H), 6.02 (ddd, J = 

22.7, 10.3, 5.6 Hz, 1H), 5.16 (dd, J = 10.2, 1.5 Hz, 1H), 5.09 (dd, J = 17.1, 1.6 Hz, 

1H), 3.40 (dd, J = 3.9, 1.7 Hz, 2H), 3.12 (s, 3H), 3.11 (s, 3H) 

13C NMR (126 MHz, CDCl3) ! 165.5, 154.3, 135.5, 133.4, 128.9, 128.8, 127.8, 

127.5, 116.7, 116.3, 100.3, 40.8, 35.3, 35.2, 32.3 

MS (ESI+) m/z 296.2 [M+ H]+ 

 

Protocol A for Sonogashira cross- coupling reactions using fragment 17a: 

S

CN

N N(CH3)2
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Triethylamine (0.5 mL) was added to a vial of the iodide 17a (0.1 mmol), 

acetylene (0.02 mL, 0.16 mmol), copper (II) bromide (2.7 mg, 0.012 mmol), and 

Pd(PPh3)4 (9.4 mg, 0.008 mmol). The vial was purged with argon, capped, and 

heated to 90oC for 13 h. Extracted with EtOAc (3x10 mL) and washed with 

saturated sodium bicarbonate (5 mL), water (3 x 5 mL), brine (5 mL), and dried 

over Na2SO4. The crude mixture was purified by flash column chromatography on 

silica gel (solid loading) using a solvent gradient from 2% EtOAc in hexanes to 

100% EtOAc (unless otherwise indicated) to afford the desired product.  

 

N'-(3-cyano-5-phenyl-4-(phenylethynyl)thiophen-2-yl)-N,N-

dimethylformimidamide (18c, R4 = d, R5 = a):  

 

Isolated as a red-orange solid in 95% yield (28 mg).   

1H NMR (400 MHz, CDCl3) ! 7.86 (d, J = 7.4 Hz, 2H), 7.83 (s, 1H), 7.57 – 7.51 

(m, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.37 – 7.30 (m, 4H), 3.15 (2bs, 6H)  

13C NMR (126 MHz, CDCl3) ! 164.2, 154.6, 134.0, 133.3, 131.9, 128.8, 128.7, 

128.5, 128.2, 127.5, 122.9, 116.6, 115.5, 100.9, 94.7, 83.3, 40.9, 35.3 
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HRMS (ESI+) calculated for C22H18N3S m/z [M + H]+: 356.12159, found m/z 

356.12098 

 

N'-(3-cyano-4-(cyclopropylethynyl)-5-phenylthiophen-2-yl)-N,N-

dimethylformimidamide (18d, R4 = e, R5 = a):  

 

Isolated beige solid in 90% yield (15 mg, based on the recovery of starting 

material).   

1H NMR (500 MHz, CDCl3) ! 7.78 – 7.75 (m, 3H), 7.37 (dd, J = 10.7, 4.9 Hz, 

2H), 7.30 – 7.26 (m, 1H), 3.10 (s, 6H), 1.49 (tt, J = 8.0, 5.2 Hz, 1H), 0.91 – 0.87 

(m, 2H), 0.87 – 0.83 (m, 2H)  

13C NMR (126 MHz, CDCl3) ! 163.8, 154.5, 133.30, 132.9, 128.6, 127.9, 127.1, 

117.2, 115.6, 101.4, 99.6, 69.4, 40.9, 35.2, 9.15, 0.7 

HRMS (ESI+) calculated for C19H18N3S m/z [M + H]+: 320.12159, found m/z 

320.12139 

 

Protocol B for Sonogashira cross- coupling reactions using fragment 17a: 

N'-(3-cyano-4-(3-hydroxy-3-methylbut-1-yn-1-yl)-5-phenylthiophen-2-yl)-N,N-

dimethylformimidamide (18e, R4 = f, R5 = a) 
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To a 2 mL microwave vial of 17a (35.9 mg, 0.09 mmol), PdCl2(PPh3)2 (3.3 mg, 

0.005 mmol), 2-methyl-3-butyn-2-ol (0.01 mL, 0.11 mmol), and copper (I) iodide 

(0.9 mg, 0.005 mmol) was added MeOH (0.4 mL) and diethylamine (0.2 mL). 

The mixture was stirred and heated in a Biotage reactor to 110oC for 20 min.  

Extracted with EtOAc, washed with water (3 x 5 mL), brine (5 mL), and dried 

over Na2SO4. The crude mixture was purified by flash column chromatography (2 

- 100% EtOAc/hexanes, solid loading) to afford the desired product as a yellow 

solid in 66% yield (21 mg).   

1H NMR (400 MHz, CDCl3) ! 7.79 (s, 1H), 7.76 (m, 2H), 7.41 – 7.36 (m, 2H), 

7.33 – 7.29 (m, 1H), 3.13 (s, 6H), 2.04 (s, 1H), 1.63 (s, 6H) 

13C NMR (126 MHz, CDCl3) ! 163.9, 154.4, 134.1, 133.0, 128.6, 128.1, 127.2, 

115.8, 115.2, 100.8, 98.9, 75.9, 65.8, 40.8, 35.2, 31.2 

MS (ESI+) m/z 338.2 [M+H]+ !

 

General protocol for Buchwald-Hartwig amination reactions using fragment 17a:  
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The amine (5 eq.) was added to a degassed solution of fragment 17a (~ 0.03 mmol 

scale), Pd2(dba)3 (5 mole%), XantPhos (11 mole%), and cesium carbonate (1.7 

eq.) in toluene (1 mL). The vial was purged with argon and the reaction mixture 

stirred at 100oC for 18 h. A second portion of Pd2(dba)3 (5 mole%) and XantPhos 

(11 mole%) were added and the reaction mixture was stirred at 100oC for an 

additional 18 h. The reaction mixture was diluted with EtOAc (10 mL), washed 

with water (3 x 10 mL) and brine (10 mL), dried over Na2SO4, and concentrated 

under vacuum. The crude residue was purified by column chromatography on 

silica gel using a CombiFlash instrument and a solvent gradient from 2% EtOAc 

in hexanes to 100% EtOAc (unless otherwise indicated) to afford the desired 

product. 

 

N'-(3-cyano-4-morpholino-5-phenylthiophen-2-yl)-N,N-dimethylformimidamide 

(18f, R4 = g, R5 = a):  

 

Isolated as a beige solid in 90% yield (10 mg). 

1H NMR (500 MHz, CDCl3) ! 7.74 (s, 1H), 7.50 (d, J = 7.3 Hz, 2H), 7.35 (t, J = 

7.5 Hz, 2H), 7.29 (d, J = 7.3 Hz, 1H), 3.75 – 3.71 (m, 4H), 3.12 (s, 3H), 3.10 (s, 

3H), 3.10 – 3.07 (m, 4H) 

13C NMR (126 MHz, CDCl3) ! 164.4, 153.9, 143.8, 133.6, 129.3, 128.4, 127.6, 

118.4, 116.3, 96.6, 67.5, 51.7, 40.9, 35.2 
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HRMS (ESI+) calculated for C18H21ON4S m/z [M + H]+: 341.14306, found m/z 

341.14218 

 

N'-(4-(benzyl(methyl)amino)-3-cyano-5-phenylthiophen-2-yl)-N,N-

dimethylformimidamide (18g, R4 = h, R5 = a):  

 

The crude residue was purified by column chromatography on a CombiFlash 

instrument using a solvent gradient from 3% EtOAc/Hexanes to 100% EtOAc 

with 0.1% triethylamine. The desired product was obtained in 45% yield (19 mg), 

70% purity (as determined by 1H NMR). The impurity was determined to be the 

dehalogenated thiophene, which was eliminated in the following step. 

1H NMR (400 MHz, CDCl3) ! 7.76 (s, 1H), 7.50 – 7.44 (m, 1H), 7.38 – 7.27 (m, 

5H), 7.25 – 7.21 (m, 4H), 4.16 (s, 2H), 3.14 – 3.07 (m, 6H), 2.74 (s, 3H) 

13C NMR (75 MHz, CDCl3) ! 164.2, 153.9, 144.6, 138.4, 133.7, 129.1, 128.9, 

128.3, 128.2, 127.6, 127.3, 127.1, 125.3, 121.9, 120.1, 116.6, 96.9, 60.1, 41.1, 

35.2 

HRMS (ESI+) calculated for C22H23N4S m/z [M + H]+: 375.16379, found m/z 

375.16296 

 

General protocol for the cyclization of C-4 and C-5 substituted fragments 18 to 

thieno[2,3-d]pyrimidin-4-amines 19: 

S
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The di-substituted fragments 18 (typically, 0.04 mmol) and dry formamide 

(excess, >200 eq.) were added to a dry 15 mL pressure vessel. The vessel was 

flushed with argon and the mixture stirred at 130°C for 48 h. The dark red 

solution was diluted with EtOAc, washed with water (25 mL), brine (10 mL), and 

dried over Na2SO4. The crude mixture was purified by flash column 

chromatography (5 - 100% EtOAc/hex, solid loading) to afford the desired 

product. 

 

6-phenyl-5-(phenylethynyl)thieno[2,3-d]pyrimidin-4-amine (19a):  

 

Isolated as a brown solid in 85% yield (12 mg). 

1H NMR (500 MHz, CDCl3) ! 8.45 (s, 1H), 7.96- 7.94 (m, 1H), 7.94- 7.93 (m, 

1H), 7.51- 7.47 (m, 4H), 7.45 - 7.37 (m, 4H), ~6.30 (br, 2H) 

13C NMR (126 MHz, CDCl3) ! 165.3, 158.4, 154.6, 143.9, 133.0, 131.4, 129.4, 

129.3, 129.0, 128.9, 128.6, 122.0, 116.5, 108.8, 94.8, 85.2 

HRMS (ESI+) calculated for C20H14N3S m/z [M + H]+: 328.09029, found m/z 

328.09015 
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5-(cyclopropylethynyl)-6-phenylthieno[2,3-d]pyrimidin-4-amine (19b):  

 

Isolated as a beige solid in 85% yield (11 mg).   

1H NMR (500 MHz, CDCl3) ! 8.39 (s, 1H), 7.88-7.81 (m, 2H), 7.49-7.35 (m, 3H), 

1.52 (tt, J = 8.2, 5.0 Hz, 1H), 0.98 - 0.92 (m, 2H), 0.84 (m, 2H) 

13C NMR (126 MHz, CDCl3) ! 164.9, 158.4, 154.4, 143.0, 133.1, 129.1, 128.8, 

128.4, 116.7, 109.3, 99.5, 71.6, 8.8, 0.6 

HRMS (ESI+) calculated for C17H14N3S m/z [M + H]+: 292.09029, found m/z 

292.09030 

 

4-(4-amino-6-phenylthieno[2,3-d]pyrimidin-5-yl)-2-methylbut-3-yn-2-ol (19c):  

 

Isolated the desired product in >100% yield (10 mg, product not stable and 

releases acetone). This compound (19c) was eliminated from the library for the 

subsequent steps.  

1H NMR (500 MHz, CD3OD) ! 8.29 (s, 1H), 7.90 (d, J = 7.3 Hz, 2H), 7.47 (dt, J 

= 24.9, 7.2 Hz, 3H), 5.49 (s, 6H) 
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13C NMR (126 MHz, CD3OD) ! 165.2, 160.2, 155.2, 144.2, 133.8, 130.5, 129.9, 

129.4, 109.9, 101.8, 77.9, 66.1, 54.8, 31.3 

MS (ESI+) m/z 310.2 [M+ H]+ !

 

5-morpholino-6-phenylthieno[2,3-d]pyrimidin-4-amine (19d): 

 

The crude mixture was purified by flash column chromatography (5 - 100% 

EtOAc/hexanes with 0.1% Et3N, solid loading) to afford the desired product as a 

beige solid in 50% yield (21 mg). 

1H NMR (500 MHz, CDCl3) ! 8.42 (s, 1H), 7.49 - 7.41 (m, 5H), 3.84 (d, J = 10.6 

Hz, 2H), 3.60 (td, J = 11.5, 2.3 Hz, 2H), 3.03 (td, J = 11.6, 2.8 Hz, 2H), 2.95 (d, J 

= 11.8 Hz, 2H), 1.60 (s, 1H) 

13C NMR (126 MHz, CDCl3) ! 164.5, 158.8, 154.3, 138.3, 133.4, 131.2, 131.0, 

129.2, 128.6, 113.9, 67.8, 53.2 

HRMS (ESI+) calculated for C16H17ON4S m/z [M + H]+: 313.11176, found m/z 

313.11125 
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N5-benzyl-N5-methyl-6-phenylthieno[2,3-d]pyrimidine-4,5-diamine (19e): 

 

The crude mixture was purified by flash column chromatography (5 - 100% 

EtOAc/hexanes with 0.1% Et3N, solid loading) to afford the desired product as a 

pale orange solid in 53% yield (9 mg). 

1H NMR (500 MHz, CDCl3) ! 8.41 (s, 1H), 7.47 - 7.36 (m, 5H), 7.29 - 7.21 (m, 

3H), 7.12 - 7.06 (m, 2H), 3.99 (d, J = 13.3 Hz, 1H), 3.66 (d, J = 13.3 Hz, 1H), 

2.77 (s, 3H) 

13C NMR (126 MHz, CDCl3) ! 164.4, 158.6, 154.3, 139.3, 138.1, 133.7, 130.8, 

130.6, 128.9, 128.9, 128.7, 128.5, 127.7, 114.2, 60.7, 43.5 

HRMS (ESI+) calculated for C20H19N4S m/z [M + H]+: 347.13249, found m/z 

347.13188 

 

6-phenyl-5-(pyrazin-2-yl)thieno[2,3-d]pyrimidin-4-amine (19f):  

 

Isolated as a beige solid in 95% yield (7 mg). 
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1H NMR (500 MHz, CDCl3) ! 8.68 (dd, J = 2.6, 1.5 Hz, 1H), 8.50 (d, J = 2.6 Hz, 

1H), 8.48 (s, 1H), 8.29 (d, J = 1.4 Hz, 1H), 7.36 - 7.30 (m, 3H), 7.22 - 7.19 (m, 

2H) 

13C NMR (126 MHz, CDCl3) ! 167.3, 159.1, 154.1, 150.8, 149.0, 143.1, 143.0, 

141.9, 132.9, 130.2, ~129.4 (3 x C), 126.1, 115.9 

HRMS (ESI+) calculated for C16H12N5S m/z [M + H]+: 306.08079, found m/z 

306.08165  

 

6-bromo-5-(trimethylsilyl)thieno[2,3-d]pyrimidin-4-amine (19g):  

  

Was not isolated, too impure for characterization. Evidence of formation was 

suggested by LCMS analysis (Table 1.6).  
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2. Nitrogen-Containing Bisphosphonates and the 

Mevalonate Pathway 

2.1 Introduction 

2.1.1 History of Bisphosphonates 

Bisphosphonates (BPs) are chemically stable analogs of pyrophosphate 

compounds, whereby the core structure is made up of P-C-P bonds (Figure 2.1).1 

Attached to the central carbon atom of BPs are two substituents, termed R1 and 

R2, which are not present in pyrophosphate. Commonly, the R1 substituent is a 

hydroxyl group, now known as the “bone hook”.2,3 All compounds are broadly 

classified into two categories, non-nitrogen-containing and nitrogen-containing 

bisphosphonates (N-BPs), depending on the absence or presence of nitrogen 

atoms in the R2 substituent, respectively.  The first generation of bisphosphonates 

was non-nitrogen-containing, such as Etidronate and Clodronate (Figure 2.1). 

Second and third generations were nitrogen-containing bisphosphonates, such as 

Pamidronate and Risedronate (RIS).4 
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Figure 2.1 Structures of bisphosphonates and inorganic pyrophosphate. 

 

Although the first BPs were originally synthesized in the late 1800s, their 

biological properties were not discovered until much later.5 Bisphosphonates were 

first used as corrosion inhibitors and then in industrial processes as, for example, 

complexing agents in oil, textile, and fertilizer industries. They have also been 

used as water softeners due to their ability to sequester and prevent the 

precipitation of calcium, which is useful for domestic and industrial water 

systems.6   
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Interest in the potential clinical applications of bisphosphonates began 

with studies demonstrating the ability of BPs to prevent the experimentally 

induced calcification of soft tissues, such as skin, kidneys, and blood vessels in 

vivo. It appeared that BPs were disrupting crystal formation after adsorption to 

mineral surfaces via physicochemical mechanisms.7 These studies lead to the 

important discovery that BPs were able to inhibit hydroxyapatite (HAP) crystal 

dissolution, which lead to studies to determine whether BPs could prevent bone 

resorption clinically.8  

 The first human use of BPs was in 1969, when a child with fibrodysplasia 

ossificans progressiva (a disorder characterized by the ossification of soft tissue) 

was given etidronate.9 Since that time, BPs have become a first line of treatment 

for bone-related disorders such as osteoporosis, Paget’s disease, and cancer. 

Interestingly, the newer generations of N-BPs have almost completely replaced 

the first generation etidronate and clodronate (Figure 2.1), especially for the 

treatment of osteoporosis. Clodronate, however, has remained in use for the 

treatment of cancers of the bone.10,11,12 

2.1.2 Bisphosphonate Mechanism of Action: ATP Analogs and the 

Mevalonate Pathway 

 Although BPs have been used clinically in humans for the past 40 years, 

the mechanism of action was only deciphered within the last decade. Interestingly, 

the two classes of BPs (Figure 2.1) exert biological activity according to very 

different mechanisms.13 The non-N-BPs (e.g. etidronate and clondronate) are 

metabolized by osteoclasts, the cells responsible for bone resorption, into toxic 
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and non-hydrolysable ATP analogs, such as AppCCl2p (Scheme 2.1). A class of 

aminoacyl-tRNA synthases catalyzes the condensation of amino acids with ATP 

to generate amino acid-AMP derivatives (Figure 2.2), which can then condense 

with non-N-BPs. The amino acid is regenerated and AppCR1R2p is formed 

(Scheme 2.1). Accumulation of these metabolites inhibits intracellular metabolic 

enzymes in organelles like mitochondria, inhibiting bone resorption and causing 

osteoclast apoptosis.14  

 

!

Scheme 2.1 Metabolism of non-nitrogen-containing BPs. 
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Figure 2.2 Structures of ATP and AppCR1R2p metabolites. 

!
The more potent N-BPs (e.g. RIS and ZOL; Figure 2.1) prevent bone 

resorption and osteoclast maturation via inhibition of a key enzyme and 

recruitment to the bone surface.15,16 The major target of N-BPs is farnesyl 

pyrophosphate synthase (FPPS), a critical enzyme in the mevalonate pathway 

(Figure 2.3).17  N-BPs bind to the active site and inhibit FPPS, thereby 

downregulating the production of isoprenoids (i.e. farnesyl pyrophosphate, FPP 

and geranylgeranyl pyrophosphate, GGPP; Scheme 2.2), steroids, and cholesterol. 

Isoprenoids FPP and GGPP are synthesized by the sequential condensation of 

five-carbon dimethylallyl pyrophosphate (DMAPP) with multiple isopentenyl 

pyrophosphate (IPP) units (Scheme 2.2). Limiting isoprenoid synthesis also limits 

the post-translational modification (isoprenylation) of key regulatory enzymes, 

small guanosine tri-phosphate-binding proteins (GTPases), which is required for 

proper cellular localization and function. GTPases (e.g. Ras, Rho, and Rac) 
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control many cellular functions of osteoclasts such as stress fiber assembly, 

membrane ruffling, and survival.4,18     

 

!

!
!

Figure 2.3 The mevalonate pathway. 
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Scheme 2.2 Isoprenoid biosynthesis. 

 Inhibition of FPPS by N-BPs causes accumulation of IPP, an FPPS 

substrate (Figure 2.3; Scheme 2.2). This accumulation of IPP triggers an acute 

response of fever and “flu-like” symptoms in patients after the first N-BP 

administration by intravenous infusion.13 Monocytes in the blood take up the N-

BP, leading to FPPS inhibition and accumulation of IPP, which is also an antigen 

recognized by a subset of !" T cells (V!2V"2 T cells) that are key players in the 

human immune system. Activation of !" T cells leads to the release of TNF#, 

causing a pro-inflammatory acute phase response in humans.19,20  

 Accumulation of IPP and DMAPP (Scheme 2.2) in cells such as 

osteoclasts, cultured tumor cells, and macrophages that have taken up N-BPs also 

lead to the production of ATP analogs, ApppI (or IPP-AMP) and ApppD (or 
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DMAPP-AMP), respectively (Figure 2.4). Although the exact mechanism of 

metabolite formation has not been confirmed, evidence indicates that the same 

class of aminoacyl-tRNA synthases that catalyzes AppCR1R2p synthesis (Scheme 

2.1) may also conjugate IPP and DMAPP with AMP. These ApppI/D metabolites, 

like the AppCR1R2p analogs (Figure 2.2), cause cell death by inhibition of 

mitochondrial enzymes.21 Therefore, N-BPs cause an immune response as well as 

cell apoptosis by two different mechanisms, isoprenylation inhibition and 

ApppI/D accumulation.  

!

Figure 2.4 Structures of ApppI and ApppD metabolites. 

!
2.1.3 N-BPs and Isoprenylation in Non-Bone Related Therapeutics 

Over the last decade, the mechanisms by which N-BPs exert their 

biological activity have been elucidated, providing the opportunity to explore 

other potential applications of this class of drugs. Indeed, N-BPs have 

demonstrated interesting activities unrelated to bone including anti-viral22, anti-

parasitic23, and anti-cancer24,25 effects.   
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N-BPs exert indirect and direct anti-tumor activity (Figure 2.5). Decreased 

osteoclast activity and bone resorption deprive tumor cells of the nutrients and 

growth factors that they require for metastasis and proliferation, indirectly 

exerting anti-cancer effects.26 Furthermore, N-BPs have inhibited the formation of 

capillary-like blood vessels in animals and reduced endothelial cell adhesion and 

proliferation (surrounding tumors), indicating the potential to suppress tumor-

associated angiogenesis.27,25a,b,h Moreover, inhibition of human FPPS (hFPPS) in 

the body leads to intracellular accumulation of IPP, which triggers the release of 

IFN! and TNF" leading to an immune response.19,20 Therefore, N-BPs may help 

kill cancer cells by boosting the activity of the body’s own !#!T cells, which are 

capable of recognizing cancer cells with cancer antigens or stress-induced 

molecules. Studies have shown that !#!T cells recognize many different tumor 

types such as lymphoma, renal carcinoma, multiple myeloma, and melanomas.28,29  

 

 

 

Inhibiting hFPPS and to a lesser extent, hGGPPS, N-BPs deplete cells of 

isoprenoids, FPP and GGPP (Scheme 2.2). Other structurally similar human 

Figure 2.5 Direct and indirect antitumor effects of N-BPs.26 



! "#!

enzymes, such as decaprenyl synthase (hDPPS) and squalene synthase (hSQS) are 

also targeted in a non-selective manner by some of the currently known N-BPs. 

Therefore, N-BPs downregulate the production of important cellular components 

as well as the availability of isoprenoids for post-translational modifications 

(Figure 2.3).30  

A number of human cancers have oncogenic mutations of the RAS family 

of GTPases. As mentioned, isoprenoids, particularly FPP and GGPP, are crucial 

for the proper localization and function of GTPases. These GTPases regulate the 

ability of a tumor cell to proliferate, grow, migrate, and survive. Therefore, there 

has been a great interest in developing isoprenylation inhibitors as anti-cancer 

therapeutics. Initially, this interest began with a search for inhibitors for 

prenyltransferases (PTs), the enzymes responsible for transferring isoprenoids 

onto GTPases, specifically, farnesyltransferase (FTase) and 

geranylgeranyltransferase 1 (GGT1).31 Unfortunately, despite encouraging 

preclinical results, farnesyltransferase inhibitors (FTIs; Table 2.1) were not as 

successful as expected in their clinical efficacy due to (an unknown) redundancy 

mechanism. Surprisingly, K-Ras was geranylgeranylated by GGT1 instead of 

farnesylated upon FTase inhibition.32  

 

Table 2.1 Farnesyltransferase and geranylgeranyltransferase I inhibitors in 
clinical trials.39 

Compound IC50  
(nM)a Phase # of Trialsb Diseases 

FTIs 
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Tipifarnib 0.9 I, II, III 80 Cancer 

Lonafarnib 1.9 I, II, III 33 Cancer, Progeria Syndrome, 
Hepatitis D 

BMS-214662 1.4 I 6 Cancer 

L-778,123 2 I 2 Cancer 

GGTI 

GGTI-2418 9.5 I 1 Cancer 
a Berndt, N. et al. Ref. 31 
b Number of clinical trials from www.ClinicalTrials.gov 

 

A number of GTPases are geranylgeranylated, either as part of a 

redundancy mechanism during FTase treatment or exclusively. K-Ras and N-Ras, 

for example, are normally farnesylated but can be geranylgeranylated when FTase 

is inhibited.33 Other GTPases, such as Rho, Rac, Ral, and cell division cycle 42 

(CDC42) are exclusively geranylgeranylated. Although all of these 

geranylgeranylated proteins play key roles in cell survival, only one GGT1 

inhibitor (GGTI-2418; Table 2.1)34 has entered Phase I clinical trials.31      

Currently, there is evidence that GGPP mediated pathways also play a 

significant role in modulating disease pathologies.31 Geranylgeranylated GTPases 

regulate important cell functions such as actin organization, endocytosis, 

exocytosis, gene expression, and cell cycle progression.35 Rho GTPases, for 

example, are implicated in metastasis36 and may actually drive oncogenesis in 

some Ras-dependant cancers. Therefore, inhibition of protein geranylgeranylation 

may be an effective target for the treatment of a variety of diseases.31  
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The development of potent N-BPs with favorable bioavailability will be 

extremely useful to study the effects of selectively limiting the quantity of FPP 

and/or GGPP available for isoprenylation in vivo. As described above, selective 

modulation of isoprenoid levels and activities of FPPS and GGPPS will be 

extremely useful to further study and help elucidate disease mechanisms. In 

combination with recent developments, such as mapping protein prenylation31,37 

and new conditional knockout mouse models,38 selective N-BPs will allow for 

new opportunities to improve the treatment of disease.39 

!
2.1.4 Synthesis and Structure Activity Relationships (SAR) of N-BPs 

Although N-BPs have demonstrated a variety of non-bone-related biological 

effects, related to inhibition of FPPS and GGPPS,25 effectiveness is ultimately 

limited by their low bioavailability, very poor cell membrane permeability, and 

the high bone affinity of their polar bisphosphonate group.13 Calcium ions of 

hydroxyapatite (HAP) are chelated by bisphosphonates in a bidentate coordination 

through the oxygen atoms. If the R1 side chain (Figure 2.1) is a hydroxyl group 

(as in the case of RIS and ZOL; Figure 2.1), the affinity for bone is much greater 

due to the tridentate coordination with metal ions. Hence, the R1 hydroxyl group 

has been referred to as the “bone hook” of N-BPs (Figure 2.3).2,3,4 It is likely that 

N-BPs exert biological effects in the body primarily on osteoclasts because they 

accumulate in the bone.40 Osteoclasts are then able to take up the N-BPs, most 

likely through fluid-phase endocytosis.41 Therefore, the largest hurdle to explore 

the full therapeutic potential of N-BPs is to increase bioavailability and non-
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skeletal tissue distribution (Figure 2.6) by reduction of their polarity and bone 

affinity.13  

 

!

Figure 2.6 Binding affinities of BPs with hydroxyapatite (HAP) and carbonated 
hydroxyapatite (CAP).3 

 

Interestingly, even minor modifications to the structure of N-BPs have had a 

large impact on their in vitro and in vivo activities. The addition of a primary, 

secondary, or tertiary nitrogen atom in the R2 side chain leads to more potent N-

BPs.42 However, altering the position or relative orientation of the nitrogen in the 

pyridine ring side chain of RIS or removing it completely has a negative impact 

on the inhibition potency of these analogs towards FPPS (Table 2.2). Moving the 

nitrogen (e.g. NE-58051 and NE-58018) disrupts the favorable hydrogen bond 

geometry between the inhibitor and FPPS in the active site, leading to a loss in 

potency (Table 2.2). Likewise, removal of the nitrogen (e.g. analog NE-58022) 

leads to a significant loss in potency. Kinetic studies have shown that nitrogen 
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plays a role in the initial competitive phase of binding and in stabilization of the 

final isomerized state of FPPS.43   

         

Table 2.2 Effect of modifying nitrogen orientation in RIS on FPPS inhibition. 

Compound Structure Final Ki (nM)a 

RIS 

 

0.36 ± 0.06 

NE-58051 

 

78.0 ± 8.2 

NE-58018 

 

0.74 ± 0.12 

NE-58022 

 

302.6 ± 17.6 

a From Dunford, J. E., et. al. Ref 43 
 

 Attempts have been made to reduce the affinity of N-BPs to 

hydroxyapatite by removing the “bone hook” C! hydroxyl moiety. Analogs of 

RIS (Figure 2.1) were synthesized where the R1 hydroxyl group was replaced with 

hydrogen and halides.44 The acidity of methylene bisphosphonic acid is roughly 

the same first pKa value as inorganic pyrophosphate (PPi; Figure 2.1), generating 

a potentially useful mimic.45 
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 Bone affinity, as well as hFPPS inhibition, was determined for !-halo-RIS 

(20a-c) and the !-H (20d) analogs (Table 2.3). As predicted, replacement of the !-

OH group with hydrogen or a halide lead to a significant decrease in 

hydroxapatite (HAP) affinity. Interestingly, all !-analogs (20a-d) showed similar 

affinities, indicating that the !-OH group of RIS has a major impact on affinity 

through a direct coordination with bone minerals. All analogs inhibited hFPPS in 

the nanomolar range, with potencies decreasing in the order F > H > Cl > Br (IC50 

values 16.4, 34.2, 94.6, and 340.4, respectively). The comparable first pKa values 

of !-F analog, as well the small size of F may account for the lowest IC50 value of 

the group. Whereas, the large size of the !-Cl may explain why it was the least 

potent inhibitor.44     

 

Table 2.3 Relative bone affinity and hFPPS inhibition of RIS analogs 20a-d. 

Inhibitor 

 
X = 

HAP Affinity 
(retention time, 

min) 

hFPPS Inhibition 
IC50 (nM) 

RIS OH 9.97 ± 0.09 5.7 ± 0.57b 

20a F 5.93 ± 0.07 16.4 ± 0.5 
20b Br 6.03 ± 0.03 94.6 ± 16.1 

20c Cl 5.73 ± 0.15 340.4 ± 37 

20da H 5.83 ± 0.17 34.2 ± 2 
a By Procter & Gamble Pharmaceuticals 
b From Kavanagh, J. L.; et. al. Ref 46 
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Phosphonocarboxylate analogs of RIS were also synthesized to determine 

the effect of replacing a phosphonate on FPPS potency, affinity to bone, and 

geranylgeranyl transferase II (GGTII) inhibition. All compounds (21a-e) lost all 

potency against hFPPS (Table 2.4). The bone affinity of 21e (Table 2.4)47 was 

also less than RIS and 20a-d (Table 2.3). Interestingly, despite a loss of hFPPS 

inhibition (Table 2.4), these compounds demonstrate anti-resorptive properties 

and inhibit tumor cell invasion in vitro and in vivo, similar to N-BPs. These 

compounds were found to exert their biological activity on GGTII. The halo-

analogs preferentially inhibited GGTII activity (with IC50 values 16.3, 16.4, and 

17.7 for 21b, 21c, and 21d, respectively) where 21b with the small, 

electronegative !-F had slightly better potency.44  

 

Table 2.4 Relative bone affinity, hFPPS and GGTII inhibition of phosphono-
carboxylate RIS analogs (21a-e). 

Inhibitor 

 
X = 

HAP Affinity 
(retention time, 

min) 
 

hFPPS 
Inhibition 
IC50 ("M) 

GGTII 
Inhibition 
IC50 ("M) 

21aa OH 4.6 ± 0.06 254 ± 21 21 ± 5.7 

21b F N/A > 600 16.3 ± 0.3 

21c Br N/A > 600 16.4 ± 0.3 

21d Cl N/A > 600 17.7 ± 0.6 

21e H N/A N/A 35.3 ± 8.7 
a From Ref. 47 
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 All N-BPs in clinical use (Figure 2.1) have extremely poor bioavailability 

when administered both orally and intravenously. The amount of absorption of N-

BPs ranges from 0.7% to 2.5%, where the most potent N-BPs are the most poorly 

absorbed (F = ~1%).48 Due to their highly hydrophilic nature, N-BPs are poorly 

absorbed in the gastrointestinal tract upon oral administration and instead require 

paracellular transport. Furthermore, only 50% of the absorbed drug remains in the 

body, accumulating almost exclusively in bone tissue, the rest is excreted in the 

urine without being metabolized.18 Consequently, efforts have been made to 

increase the lipophilicity of N-BPs to potentially increase exposure of these drugs 

to soft tissue and the peripheral blood, leading to improved cell or tissue 

penetration and biological activity.49,50  

 Previous work has demonstrated that the current small, polar N-BP drugs 

are potent inhibitors of human FPPS (hFPPS; Table 2.5) and lack significant 

activity against related enzymes such as the human GGPPS (hGGPPS).51 

Interestingly, by increasing the lipophilicity of N-BPs the potency against 

hGGPPS has also increased in some cases. It has been predicted that selectivity 

for GGPPS could be achieved by increasing the size of the inhibitor such that it 

would be too large to fit into the smaller hFPPS active site.52   

 

Table 2.5 Comparison of N-BP inhibition activities (IC50) against hFPPS and 
hGGPPS. 

Experimental Inhibition, IC50 (!M) 
Compound 

hFPPS hGGPPS 
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Ibandronate 0.02a 83 ± 13c 

Pamidronate 0.20a 180 ± 20c 

Risedronate 0.01a 350 ± 50c 

Zoledronate 0.0041b 100d  
a From Dunford, J., et. al. Ref 42 
b From Kavanagh, K. L., et. al. Ref 46 
c From Szabo, C. M., et. al. Ref 51 
d From Hudock, M. P., et al. Ref 53 

 

 Oldfield and co-workers explored these observations and predictions about 

lipophilicity and inhibitor size with the synthesis of a library of novel N-

BPs.30b,50,54 A variety of lipophilic N-BPs, such as BPH-715 and BPH-675 (Table 

2.6), were synthesized and tested for activity against hFPPS, hGGPPS and hDPPS 

(decaprenyl diphosphate synthase).  Pyridinium N-BPs (e.g. BPH-715) were 

found to be dual hFPPS/hGGPPS inhibitors with low affinity to bone, capable of 

reducing Ras prenylation and increasing tumor cell apoptosis. In particular, BPH-

715 was 100-fold more potent than ZOL in tumor cell growth inhibition. This 

jump in potency may be attributed to the increased lipophilicity and therefore, 

improved bioavailability of the new N-BPs.11 Moreover, duel inhibitors may act 

synergistically by preventing cross-prenylation of GTPases, as is the case upon 

treatment with FTIs.50  
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Table 2.6 Comparison of key lipophilic N-BP properties and activities to ZOL. 

 
 

Inhibitor SlogP(a) 
hFPPS 

IC50  
(!M) 

hGGPPS 
IC50 

(!M)a,c 

hDPPS 
IC50 

(!M)c 

"# T cell 
Activation 

ED50 
(!M)c 

NCI-H460 
Tumor 

Cell 
Growth 

Inhibition 
EC50 

(!M)d 

ZOL -5.52 0.0041b 100 5.5 1 15 

BPH-715 -1.23 0.1c 0.28 0.585 0.8 ~0.15 

BPH-675 -2.93 126c 2.7 45 0 5 
a From Hudock, M. P., et al. Ref 53 
b From From Kavanagh, K. L., et. al. Ref 46 
c From Zhang, Y., et. al. Ref  30b 
d From Zhang, Y., et. al. Ref 54c 

 

 Although there may be favorable qualities to structurally flexible duel 

inhibitors, targeting enzymes in biological pathways with selective and 

structurally rigid compounds tends to decrease the level of off-target toxicities. 

Selective inhibitors are also useful tools to study how disease pathologies may be 

related to a specific target pathway. It was this approach to medicinal chemistry 

that lead to the discovery of the isoprenylation redundancy mechanism of 

prenyltransferases, where GGT1 compensated for FTase in vivo upon FTase 

inhibition.24,31    
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 Recently, our group synthesized a library of selective hFPPS inhibitors 

with improved lipophilicity and bioavailability (Scheme 2.3).24 The library was 

generated according to a divergent, parallel synthesis approach allowing for ample 

structural diversity for SAR analysis. Inhibitors such as RIS and ZOL (Figure 2.1) 

are competitive with allylic pyrophosphates (i.e. DMAPP and GPP; Scheme 2.2) 

by binding in the same sub-pocket, leaving room for IPP to simultaneously 

occupy the active site (Figure 2.7). The compound library was designed with the 

goal to fully occupy the hFPPS active site, particularly the IPP sub-pocket, and 

thereby take advantage of hydrophobic interactions between the inhibitor and 

protein.    

 

 

 

 

N N N
H

PO(OH)2

PO(OH)2
R3

R4
R5

R6Y

PO(OH)2
PO(OH)2

R'

R5
R6

22, Y = CH2, R5 = a-z, R6 = H, R' = F
23. Y = CH2, R5 = a-z, R6 = H, R' = H
24, Y = CH2, R5 = H, R6 = a-z, R' = F
25, Y = NH2, R5 = a-z, R6 = H, R' = H

26, X = CH, R3 = R5 = R6 = H, R4 = a-z
27, X = N, R3 = R5 = R6 = H, R4 = a-z
28, X = N, R4 = R5 = R6 = H, R3 = a-z
29, X = N, R3 = R4 = R6 = H, R5 = a-z
30, X = N, R3 = R4 = R5 = H, R6 = a-z

NHN

N NH

O O Me O

c f k l o q v

Scheme 2.3 Key compounds from the library.24 
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!
Figure 2.7 hFPPS (PDB 2F8Z) crystallized with IPP and ZOL in active site.24 

  

During hit-to-lead optimization, compounds 26-30 with 2-aminopyridine 

scaffolds were the most potent inhibitors in the library (Scheme 2.3). Of this 

group, scaffold 28 analogs with lipophilic R4 substituents (i.e. 28k, 28l, 28o, and 

28v) were the most potent against hFPPS (Table 2.7). For example, 28k (IC50 = 

28 nM) was only ~2-fold less active than RIS. Furthermore, these potent 

inhibitors were completely inactive against hGGPPS, unlike other lipophilic N-

BPs (Table 2.6). In addition to being an extremely selective hFPPS inhibitor, 28v 

demonstrated better potency than RIS and ZOL against multiple myeloma tumor 

cell lines (Table 2.7), indicating that this enhanced cell-based potency may be due 
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in part to increased lipophility. These results highlight the significant therapeutic 

potential of optimized N-BP leads, such as 28, for improved bioavailability.24  

 

Table 2.7 Biological activities of key 2-aminopyridine N-BPs.24 

MM cells EC50 (!M) 

Inhibitor 

 
R4 =  

hFPPS 
IC50 
(nM) 

hGGPPS 
IC50  
(nM) 

JJN3 RPMI-
8226 

KMS 
28PE 

ZOL - 4.1a IN 9.4 10.5 6.4 

RIS - 11 IN 10.0 - 10.6 

28k 

 

28 IN - - - 

28l 

 

35 IN - - - 

28v 

 

32 IN 8.6 3.6 3.2 

a From Kavanagh, K. L., et. al. Ref 46 
IN = Inactive 
 

A small library of mono- and di-isoprenoid bisphosphonates was recently 

reported by Wiemer and co-workers to be hGGPPS inhibitors (Table 2.8).55 The 

most potent hGGPPS inhibitor, digeranyl bisphosphonate (DGBP, 34), was found 

N N
H

PO(OH)2

PO(OH)2

R4

O

O

O
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to reduce the levels of GGPP without FPP depletion because it is inactive against 

hFPPS in vitro. This selectivity may be due to the bulky V-shape conformation of 

the inhibitor, where it is too large to fit into the active site of hFPPS. The ex vivo 

geranylgeranylation of Rap1 GTPases was also inhibited by DGBP (34).55a  

 

Table 2.8 Biological activity of mono- and di-substituted isoprenoid BPs. 

 
Inhibitor 

R1 R2 

hGGPPS 
IC50  

(!M)a 

Rap1 
 (!M)a 

31 
 

H 10 25 

32 
  

> 100 > 100 

33 
  

3 25 

34 
  

0.2 25 

35 
  

INSOL INSOL 

ZOL - - >100 100 

a From Weimer, A. J., et al. Ref 55a 
INSOL = Insoluble in assay conditions 
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The mechanism of apoptosis of human chronic myelogenous leukemia 

(K562) cells induced by hGGPPS inhibition was studied with DGBP (34). The 

results of these studies suggest that apoptosis upon DGBP treatment occurs 

through two simultaneous mechanisms, whereby the caspase cascade is induced 

and increased levels of FPP lead to decreased gene expression of HMG-CoA 

reductase (the target of statins in the mevalonate pathway; Figure 2.3), FPPS, and 

SQS. Interestingly, DGBP acted synergistically with Lovastatin and ZOL to 

inhibit tumor cell growth. These results underscore the importance of (a) selective 

inhibition as a means of studying biological pathways, and (b) the important role 

that hGGPPS plays in cell survival and growth, and subsequently the validity of 

targeting hGGPPS in drug discovery.56  

Although great advancements have been made to understand the 

mechanisms of action of N-BPs since their discovery 40 years ago, there is much 

room for improvement. As the synthesis and subsequent biological evaluation of 

structurally diverse N-BPs has demonstrated that even minor modifications can 

have a major impact on the potency and selectivity of these inhibitors, further 

SAR studies are required to overcome the limitations of poor bioavailability and 

selectivity.  

2.2 Results and Discussion 

A small library of compounds was designed and synthesized with the main 

objective to identify hits selective for inhibiting hGGPPS versus hFPPS for 

further optimization. Taking into consideration the advantages and disadvantages 

of previously reported N-BPs, we decided to start the search with two lipophilic 
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scaffolds that were highly amenable to parallel synthesis to generate the structural 

diversity that may be required for SAR analysis. Our library of thieno[2,3-

d]pyrimidin-4-ylamine compounds fit these requirements (Scheme 1.9 and 1.10) 

as did commercially available 2-aminobenzothiazoles.  

2.2.1 Synthetic Studies 

The small library of !-Amino bisphosphonate analogs were synthesized 

according to slightly modified published protocols.24 In general, the heterocyclic 

amine, triethyl orthoformate, and diethylphosphite were heated in toluene to 

130oC for 1-3 days to give the tetraethoxy-protected bisphosphonic esters in 

moderate to good yields. The bisphosphonic acids were isolated in good yields 

following deprotection with trimethylsilylbromide (TMS-Br) and MeOH.24     

 Conversion of the amine starting material to the protected BP can take up 

to three days to go to completion. This is likely due to the many different possible 

pathways of the reaction mechanism (Scheme 2.4). The first step involves the 

addition of the amine to triethyl orthoformate, followed by elimination of EtOH 

and/or addition of another amine to give an imine. Diethylphosphite attacks the 

imine to give a monophosphonate. Thermal elimination of EtOH or amine 

generates a monophosphonate imine, which is attacked by a second 

diethylphosphite to synthesize the final bisphosphonate ester product.57 



! "#$!

 

 

 

Mono-substituted thienopyrimidine N-BPs 36a and 36b were synthesized 

from thieno[2,3-d]pyrimidin-4-ylamines 15a and 15b (Scheme 1.9) in good yields 

(Scheme 2.5). The TMS group was removed from 36a with TBAF in THF to give 

36c in excellent yield.  The bromine substituted N-BP (36b) was investigated as a 

OEtEtO

OEt - EtOH
R NH2 R

H
N OEt

OEt

R
H
N H

N R

RNH2

-2 EtOH

R N
OEt

- EtOH

H
P OEtEtO

O

Imine formation

R
H
N PO(OEt)2

OEt

R
H
N PO(OEt)2

HN R

RNH2

- EtOH

- RNH2

Thermal
Elimination- EtOH

R N PO(OEt)2
H
P OEtEtO

O

R
H
N PO(OEt)2

PO(OEt)2

Scheme 2.4 General mechanism of !-amino N-BP synthesis. 
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branching point to synthesize structurally diverse mono-substituted thieno[2,3-

d]pyrimidin-4-ylamine N-BPs via Suzuki cross-coupling reactions with aromatic 

boronates. Two analogs were isolated in good yield (36d and 36e). Compounds 

36c and 36d were successfully deprotected with TMSBr in DCM to give 37a and 

37b, respectively. Simultaneous hydrolysis of the tetraethyl bisphosphonate esters 

and the THP protected indazole in refluxing 6N HCl overnight44 was 

unsuccessfully attempted with analog (36e). Degradation occurred under these 

reaction conditions.   

 

            

  

 

S N

N
R6

R5
NH2 CH(OEt)3

PH(O)(OEt)2

PhMe
130oC, 72h

S N

N
R6

R5
HN

(EtO)2(O)P

P(O)(OEt)2

0oC - RT
4h, dark
>95%

TBAF
THF

S N

N

HN

(EtO)2(O)P

P(O)(OEt)2

15a, R5 = TMS, R6 = H
15b, R5 = H, R6 = Br

36a, R5 = TMS, R6 = H, 60%
36b, R5 = H, R6 = Br, 60%

S N

N

HN

(EtO)2(O)P

P(O)(OEt)2

R6

20% Pd(PPh3)4
ArB(OR)2
2M K2CO3
DME

S N

N

HN

(HO)2(O)P

P(O)(OH)2R5

R6

36d, R6 =                  65%

36e, R6 =                  45%

37a, R5 = R6 = H, 70%
37b, R5 = H, R6 = Ph, 65%

1. TMSBr
DCM, RT, 5d
2. MeOH

1. TMSBr
DCM, RT, 5d
2. MeOH

36c

N
N

THP

Scheme 2.5 Mono-substituted thieno[2,3-d]pyrimid-4-ylamine N-BPs. 
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Issues with intermediate stability in the synthesis of 15b (Table 1.9) 

hampered N-BP parallel synthesis (Scheme 2.5). To circumvent this instability of 

this intermediate, we attempted to brominate 15a under a variety of conditions 

(Table 1. 6). This line of thought was also extended to N-BP 36a. The non-radical 

electrophilic bromination of 36a with NBS at RT in ACN after 18 hours gave 

unusual results (Scheme 2.6). By MS, three thienopyrimidine products were 

formed, 1) with a TMS group and one bromine atom; 2) with one bromine but 

without the TMS group; and 3) with two bromine atoms but without the TMS 

group. The substitution patterns were not elucidated of these three compounds and 

this synthetic route was not pursued.  

 

 

 

  

Di-substituted  thieno[2,3-d]pyrimidin-4-ylamine N-BPs were also 

synthesized from di-substituted analogs (19; Scheme 1.10) in a similar manner 

(Scheme 2.7). The yields of 42e-g were variable due to the difference in sterics 

and electronics of the R5 groups. The thienopyrimidine (19d) with the bulkiest R5 

group gave the bisphosphonate (36f) in the poorest yield. The very bulky 

morpholino-group may have hindered imine formation from the amine or attack 

by diethylphosphite (Scheme 2.4). The cyclopropylethynyl group of 19b was not 

S N

N
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Br Br

BrBr
36a

+ +

Scheme 2.6 Attempted bromination of N-BP 36a. 
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bulky but was conjugated to the thienopyrimidine ring and may have decreased 

the nucleophilicity of the amine, thereby decreasing imine formation (Scheme 

2.4). The best yield was obtained for 36h, with a non-conjugated, bulky yet 

flexible R5 group. The amine (19e) did not likely suffer from decreased 

nucleophilicity or steric hindrance by the R5 group (h).   

 

 

  

The 2-aminobenzothiazole N-BPs were synthesized from commercially 

available starting material (Scheme 2.8). The tetraethyl bisphosphonate esters 39a 

(R5 = H) and 39b (R5 = Br) were synthesized in good yield according to the 

standard protocol. The bromine-substituted 39b was subjected to a few different 

protocols to determine optimal Suzuki cross-coupling conditions for efficient 

library synthesis. The initial Suzuki reaction conditions (Table 2.9, entry 1) were 

only moderately successful with phenylboronic acid. However, the yields 

suggested by LCMS were very poor with a great amount of starting material 
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Ph
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19e, R5 = h

36f, R5 = e, 40%
36g, R5 = g, 25%
36h, R5 = h, 50%
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N
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(HO)2(O)P

P(O)(OH)2R5

Ph

37c, R5 = e, 80%
37d, R5 = g, 50%
37e, R5 = h, 85%

1. TMSBr
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RT, 5d

ge h

N

O

N

2. MeOH

Scheme 2.7 Synthesis of di-substituted thieno[2,3-d]pyrimidin-4-ylamine N-BPs. 
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decomposition when the base was changed to cesium carbonate in dioxane (entry 

2, Table 2.9) and DMF (entry 3, Table 2.9). A very different protocol was 

attempted with a successful 60% yield as estimated by LCMS (entry 4, Table 2.9). 

Although the yield was not significantly better than entry 1, the amount of by-

product formation appeared to be drastically reduced with these different reaction 

conditions. Therefore, this protocol was employed to synthesize 39c and 39d in 

moderate yield (Scheme 2.8). The use of the bulky bidentate phosphine ligand, 

dppf, may have increased the rate of reductive elimination in the Suzuki cross-

coupling reaction mechanism by forcing the required cis-conformation of the two 

aryl groups around the Pd-metal center, leading to improved yields. The 

deprotected bisphosphonic acids 40a-c were also isolated in good yields (Scheme 

2.8).  
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Scheme 2.8 Synthesis of 2-aminobenzothiazole N-BPs. 
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Table 2.9 Trial Suzuki cross-coupling reaction conditions with 2-amino-5-
bromobenzothiazole N-BPs. 

 

Entry Pd Source Base Solvent Time 
(h) Yield 

1 Pd(PPh3)4 
2M 

K2CO3 
DME 19 

39c (40%) 
+ decomposition 

(60%)a 

2 Pd(PPh3)4 Cs2CO3 Dioxane 40 decomposition 
(100%)b  

3 Pd(PPh3)4 Cs2CO3 DMF 40 
39c (15%) + 

decomposition 
(80%)b 

4 Pd(dppf)Cl2-
DCM K3PO4 

DMF:H2O 
(10:1) 19 

39c (60%) + 
decomposition 

(40%)b 
a Isolated yield 
b Yield suggested by LCMS 

 

2.2.2 Biological Activity 

As the goal was to find a hit with selectivity for hGGPPS over hFPPS, all 

members of the library were screened at fixed concentrations in our optimized 

assays (refer to experimental section).24 Full dose-response inhibition curves 

(IC50) were not determined for this initial screening. The hFPPS in vitro inhibition 

results are shown in Table 2.10. The C-6 mono-substituted thienopyrimidines 

(37a, 37b) demonstrated 79% and 72% (entries 1 and 2) inhibitory activity against 

hFPPS at 10 !M, respectively. Although this inhibition may indicate that these N-

S

NBr
NH

P(O)(OEt)2
(EtO)2(O)P

5% Pd
PhB(OH)2

Base
Solvent, 80oC S

N
NH

P(O)(OEt)2
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BPs remain small enough to fit in the active site pocket, an x-ray crystal structure 

with the inhibitors bound is required to determine binding mode. As predicted, the 

di-substituted N-BPs (37c, 37d, and 37e) did not show any significant inhibitory 

activity at any tested concentration (Table 2.10 entries, 3, 4, and 5). These poor 

inhibition results may support previously reported data, which suggest that the 

active site of hFPPS cannot accommodate these large N-BPs, allowing for the 

possibility of selective hGGPPS inhibitors with this bulky scaffold.55a 

Interestingly, the N-BP inhibitors with a benzothiazole core (40a, 46b, and 40c) 

did not display significant hFPPS inhibition (Table 2.10, entries 6, 7, and 8), 

despite being comparable in size to the thienopyrimidine scaffold. Perhaps these 

negative results are a symptom of a lack of hetero-atoms required to form key 

binding interactions in the hFPPS active site.44,58,59  Therefore, scaffolds with 

additional hetero-atoms incorporated into the ring systems, such as 

thiazolopyridines, could provide interesting inhibition results upon investigation.  

 

Table 2.10 Inhibition data for hFPPS. 

% hFPPS Inhibitiona,b 
Entry Inhibitor 100 

(!M) 
10 

(!M) 
1  

(!M) 
0.1 

(!M) 

1 

 
37a 

ND 79 36 ND 

S N

N

HN

(HO)2(O)P

P(O)(OH)2H

H
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2 

 
37b 

ND 72 19 ND 

3 

 
37c 

ND <5 <5 <5 

4 

 
37d 

ND 9 <5 <5 

5 

 
37e 

ND <5 <5 <5 

6 
 

40a 

27 <10 <10 ND 

7 
 

40b 

13 <5 <5 ND 

8 

 
40c 

<15 <15 <15 ND 

a Average values of three determinations with standard deviation < 6 
b Range of variability of assay values is two-fold 
ND = Not determined 
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 Hits for hGGPPS inhibition were identified for further SAR (Table 2.11). 

Interestingly, C-6 mono-substituted thienopyrimidine 37b demonstrated the most 

potent activity against hGGPPS (Table 2.11, entry 2). At 10 !M, 37b was 

equipotent (where the range of variability of the optimized assay is two-fold) to 

the unsubstituted thienopyrimidine 37a (Table 2.11, entry 1). The addition of the 

phenyl ring may allow for favourable binding interactions (such as " – cation) 

between hGGPPS and 37b in the active site, which are unavailable to 37a.  

Unfortunately, only one (37d) of the three di-substituted thienopyrimidine N-BPs 

exhibited inhibition activity (Table 2.11, entries 3, 4, and 5). Although these large 

scaffolds may be able to selectively occupy the active site of hGGPPS over 

hFPPS, more SAR will be required to investigate the active site binding 

interactions required for potent inhibition. Unexpectedly, none of the 

benzothiazole N-BPs displayed any significant hGGPPS inhibition (Table 2.11, 

entries 6, 7, and 8). Perhaps the incorporation of additional hetero-atoms as well 

as adjusting the substituent substitution pattern may enable better interactions 

with the enzyme and, therefore, produce better inhibition results.      

 

Table 2.11 Inhibition data for hGGPPS. 

% hGGPPS Inhibitiona,b 
Entry Inhibitor 20 

(!M) 
10 

(!M) 
1  

(!M) 
0.1 

(!M) 
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1 

 
37a 

ND 37 23 18 

2 

 
37b 

57 45 36 <5 

3 

 
37c 

ND < 20 ND ND 

4 

 
37d 

43 < 20 ND ND 

5 

 
37e 

ND < 20 ND ND 

6 
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ND < 20 ND ND 
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8 
 

40c 

ND < 20 ND ND 

a Average values of three determinations with standard deviations < 6 
b Range of variability of assay values is two-fold 
ND = Not determined 
!

2.3 Conclusions 

Synthesis of the first thieno[2,3-d]pyrimin-4-ylamine (37) and 

benzothiazole (40) scaffold N-BP inhibitors are reported in good yield. A small 

library of inhibitors with favorable SPR was tested for potency and selectivity for 

hGGPPS over hFPPS. Two hits with a thienopyrimidine scaffold (37b and 37d) 

were identified as a starting point for further SAR studies with the goal to 

improve hGGPPS binding and potency.  

! !

2.4 Experimental  

2.4.1 General Information 

 All intermediate compounds were purified by normal phase flash column 

chromatography on silica gel using an automated CombiFlash flash column 

chromatography instrument and the solvent gradient indicated. The purified 

tetraester N-BP compounds were analyzed for homogeneity by HPLC; 

homogeneity was confirmed by C18 reversed phase HPLC, using a Waters 

ALLIANCE® instrument (e2695 with 2489 UV detector and 3100 mass 

spectrometer), equipped with a Waters Atlantis T3 C18 5 µm column using the 

following conditions: Solvent A: H2O, 0.1% formic acid; Solvent B: CH3CN, 

S

N
NH

P(O)(OH)2
(HO)2(O)P

O
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0.1% formic acid; Mobile phase: linear gradient from 95% A and 5% B to 5% A 

and 95% B in 13 min, then 2 min at 100% B; Flow rate: 1 mL/min. 

 In general, the tetraester N-BP intermediates were purified to >90% 

homogeneity before proceeding to the final deprotection step and the isolation of 

the bisphosphonic acids (i.e. final inhibitors). After ester hydrolysis, the final 

bisphosphonic acid products were precipitated and washed with HPLC grade 

DCM, MeOH, and small amounts of de-ionized H2O to obtain the inhibitors as 

white solids; quantitative conversion of each tetraester to the corresponding 

bisphosphonic acid was confirmed by 31P NMR.  

Key intermediates and all final products were characterized by 1H and 13C 

NMR and MS; final compounds were further characterized by high-resolution 

mass spectrometry (HRMS). Chemical shifts (!) are reported in ppm relative to 

the internal deuterated solvent or external H3PO4 (! 0.00 31P), unless indicated 

otherwise. HRMS spectra were recorded at the McGill University, MS facilities 

using electrospray ionization (ESI+/-) and Fourier transform ion cyclotron 

resonance mass analyzer (FTMS).  

2.4.2 Synthesis of Key Compounds 

General protocol for tetraethyl bisphosphonic ester synthesis: 

 

Triethyl orthoformate (2 eq.) and diethylphosphite (7 eq.) were added to a 15 mL 

pressure vessel containing a solution of heterocyclic amine in PhMe. The vessel 

was flushed with argon and the mixture stirred at 130°C for 72 hours. The 
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reaction mixture was concentrated and then purified by flash column 

chromatography (5-100% EtOAc/hexanes, 100% - 80% EtOAc/MeOH, solid 

loading) to afford the desired product.  

 

Tetraethyl ((5-(trimethylsilyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene 

bisphosphonate (36a, R5 = TMS): 

 

Isolated in 60% yield (37 mg).   

1H NMR (400 MHz, CD3OD) ! 8.50 (s, 1H), 7.45 (s, 1H), 5.98 (td, J= 22.0, 9.9 

Hz, 1H), 5.78 (d, J = 10.3 Hz, 1H), 4.28-4.12 (m, 8H), 1.26 (td, J = 7.1, 1.7 Hz, 

12H), 0.52 (s, 9H) 

13C NMR (126 MHz, CD3OD) ! 170.1, 156.2, 152.7, 133.0, 131.3, 120.3, 63.4 (d, 

JCP = 122.5 Hz), 44.2 (t, JCP = 583 Hz), 16.3, 0.1 

31P NMR (81 MHz, CD3OD) ! 14.81 

MS (ESI+) m/z 532.15 [M + Na]+  

 

Tetraethyl ((6-bromothieno[2,3-d]pyrimidin-4-yl)amino)methylene 

bisphosphonate (36b, R6 = Br):  
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Isolated in 60% yield (19 mg).   

1H NMR (400 MHz, CD3OD) ! 8.44 (s, 1H), 7.84 (s, 1H), 5.94 (t, J = 23.6 Hz, 

1H), 4.29 – 4.00 (m, 8H), 1.27 (dt, J = 11.3, 7.1 Hz, 12H) 

13C NMR (126 MHz, CD3OD) ! 167.3, 154.8, 153.1, 121.7, 118.0, 112.0, 63.7, 

44.2 (t, JCP = 580 Hz), 15.2  

31P NMR (81 MHz, CD3OD) ! 18.32 

MS (ESI+) m/z 538.03 [M + Na]+  

 

Tetraethyl ((thieno[2,3-d]pyrimidin-4-ylamino)methylene) bisphosphonate (36c): 

 

A solution of 36a (47.4 mg, 0.093 mmol) in THF (2mL) was cooled to 0°C. To 

this was added 0.1 mL (23.6 mg, 0.1 mmol) of a 1M solution of TBAF in THF. 

Upon stirring for 20 minutes at 0°C, the mixture was warmed to ambient 

temperature and stirred for 4h in the dark. THF was removed in vacuo and the 

crude mixture was dissolved in 10 mL of EtOAc, washed with water (1 x 5 mL) 

and brine (1 x 5 mL), and dried over sodium sulfate. The desilylated product was 

obtained quantitatively as a pale yellow solid (41 mg).  

1H NMR (500 MHz, CD3OD) ! 8.47 (s, 1H), 7.72 (d, J = 6.0 Hz, 1H), 7.57 (d, J = 

6.0 Hz 1H), 6.00 (t, J = 23.7 Hz, 1H), 4.20 (m, 8H), 1.26 (m, 12H)  

13C NMR (126 MHz, CD3OD) ! 167.6, 157.6, 154.1, 125.1, 119.8, 118.5, 65.2, 

45.6 (t, JCP = 150.1 Hz), 16.6 
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31P NMR (81 MHz, CD3OD) ! 18.52 

MS (ESI+) m/z calculated for C15H25N3NaO6P2S [M + Na]+ 460.08370, found 

461.08320 

 

Experimental Protocol for the Attempted Bromination of 36a in Scheme 2.6:  

 

Dry MeCN (7 mL) was added to 36a (60 mg, 0.12 mmol) resulting in a pale 

yellow solution. NBS (22 mg, 0.12 mmol) was then added in one portion. The 

reaction mixture stirred under argon, in the absence of light, for 16 h at room 

temperature. TLC (10% MeOH/EtOAc) indicated the presence of remaining 

starting material. Another 15 mg of NBS was added and the mixture continued to 

stir for 20 h. The crude mixture was diluted with EtOAc (10 mL), washed with 

water (3 x 5 mL) and brine (5 mL), and dried over Na2SO4. Purification by flash 

column chromatography (5-100% EtOAc/hexanes, 100% - 80% EtOAc/MeOH, 

solid loading) lead to the isolation of an inseparable mixture of three products 

with different substitution patterns (as determined by MS and 31P NMR).   

 

General protocol for Suzuki cross-coupling reactions with thienopyrimidine N-BP 

36b:  

To a vial charged with 36b (1 eq.), boronic acid (1.2 eq.), and Pd(PPh3)4 

(20mol%) was added DME (~2 mL) followed by 2M K2CO3 (2.5 eq.). The 
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reaction mixture was degassed, purged with argon, and stirred at 80°C for 18 h. 

The mixture was filtered through Celite, washed with saturated sodium 

bicarbonate, and dried over Na2SO4. The crude material was purified by flash 

column chromatography (5-100% EtOAc/hexanes, 100% - 80% EtOAc/MeOH, 

solid loading) to afford the desired product.  

 

Tetraethyl ((6-phenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene 

bisphosphonate (36d): 

 

Isolated in 65% yield (38 mg).   

1H NMR (500 MHz, CD3OD) ! 8.45 (s, 1H), 8.04 (s, 1H), 7.75 (d, J = 7.3 Hz, 

2H), 7.48 (t, J = 7.6 Hz, 2H), 7.41 (d, J = 7.3 Hz, 1H), 6.00 (t, J = 23.6 Hz, 1H), 

4.22 (dd, J = 7.7, 3.2 Hz, 8H), 1.45 – 1.09 (m, 12H)   

13C NMR (126 MHz, CD3OD) ! 167.0, 157.2, 154.1, 142.7, 134.6, 130.4, 130.1, 

127.2, 119.8, 115.2, 65.2, 45.6, 16.7 

31P NMR (81 MHz, CD3OD) ! 17.00 

MS (ESI+) m/z 536.15 [M + Na]+ 

 

Tetraethyl ((6-(1-(tetrahydro-2H-pyran-2-yl)-1H-indazol-5-yl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene bisphosphonate (36e):  
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Isolated in 70% yield (31 mg).   

1H NMR (400 MHz, CD3OD) ! 8.46 (d, J = 5.1 Hz, 1H), 8.13 (d, J = 3.3 Hz, 1H), 

8.03 (s, 1H), 7.83 (q, J = 8.7 Hz, 1H), 7.71 (d, J = 6.1 Hz, 1H), 7.57 (d, J = 6.1 

Hz, 1H), 6.00 (dt, J = 25.3, 21.9 Hz, 1H), 5.86 (d, J = 7.4 Hz, 1H), 4.31 – 4.11 (m, 

8H), 4.02 (d, J = 10.7 Hz, 1H), 3.90 – 3.76 (m, 1H), 3.88 – 3.75 (m, 1H), 2.51 (dd, 

J = 20.7, 12.4 Hz, 1H), 2.10 (dd, J = 29.1, 12.5 Hz, 2H), 1.92 – 1.61 (m, 3H), 1.40 

– 1.15 (m, 12H)  

13C NMR (126 MHz, CD3OD) ! 165.8 (d, JCP = 95.2 Hz), 155.8 (d, JCP = 70.3 

Hz), 152.5, 141.7, 139.5, 134.2, 126.9, 125.0, 123.7, 118.5, 113.3, 110.9, 85.2 (d, 

JCP= 6.8 Hz), 67.2, 63.7, 44.2 (t, JCP = 150.7 Hz), 29.2, 24.9, 22.2, 15.2 

31P NMR (81 MHz, CD3OD) ! 18.50  

MS (ESI+) m/z 660.20 [M + Na]+ 

 

Tetraethyl (((5-(cyclopropylethynyl)-6-phenylthieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bisphosphonate (36f, R5 = e, R6 = a): 

 

Isolated in 40% yield (46 mg).   
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1H NMR (400 MHz, CD3OD) ! 8.48 (s, 1H), 7.89 – 7.85 (m, 2H), 7.53 – 7.44 (m, 

3H), 5.94 (dt, J = 22.3, 10.1 Hz, 1H), 4.30 – 4.20 (m, 8H), 1.72 – 1.65 (m, 1H), 

1.32 (t, J = 7.1 Hz, 12H), 1.03 – 0.99 (m, 2H), 0.98 – 0.94 (m, 2H) 

13C NMR (126 MHz, CD3OD) ! 165.0, 157.5, 154.8, 144.6, 133.8, 130.6, 129.9, 

129.3, 118.2, 109.8, 102.8, 71.5, 65.3, 45.4 (t, JCP = 149 Hz), 16.8, 9.4, 1.1 

31P NMR (81 MHz, CD3OD) ! 16.45 

HRMS (ESI+) m/z calculated for C26H34SN3O6P2 [M + H]+ 578.16348, found 

578.16381 

 

Tetraethyl (((5-morpholino-6-phenylthieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bisphosphonate (36g, R5 = g, R6 = a):  

 

Isolated in 25% yield (34 mg).   

1H NMR (500 MHz, CD3OD) ! 8.74 (d, J = 10.0 Hz, 1H), 8.45 (s, 1H), 7.62 – 

7.50 (m, 5H), 5.83 (td, J = 22.1, 10.1 Hz, 1H), 4.31 – 4.16 (m, 8H), 3.98 – 3.84 

(m, 2H), 3.81 – 3.71 (m, 2H), 3.11 – 2.91 (m, 4H), 1.37 – 1.21 (m, 12H) 

13C NMR (126 MHz, CD3OD) ! 164.0, 154.7, 139.5, 134.4, 134.1, 132.1, 130.6, 

129.6, 115.4, 106.4, 68.2, 65.3, 54.3, 16.7 

31P NMR (81 MHz, CD3OD) ! 16.90 

HRMS (ESI+) m/z calculated for C25H37SN4O7P2 [M + H]+ 599.18450, found 

599.18527 
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Tetraethyl (((5-(benzyl(methyl)amino)-6-phenylthieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bisphosphonate (36h, R5 = h, R6 = a):  

 

Isolated in 45% yield (61 mg). 

1H NMR (300 MHz, CD3OD) ! 8.43 (s, 1H), 7.58 – 7.46 (m, 3H), 7.41 – 7.34 (m, 

2H), 7.25 – 7.15 (m, 3H), 7.07 – 6.96 (m, 2H), 5.88 (t, J = 22.4 Hz, 1H), 4.32 – 

4.11 (m, 8H), 3.99 (d, J = 13.5 Hz, 1H), 3.90 (d, J = 13.5 Hz, 1H), 2.99 (s, 3H), 

1.35 – 1.18 (m, 12H) 

13C NMR (75 MHz, CD3OD) ! 164.1, 154.5, 138.8, 138.5, 134.3, 133.0, 132.0, 

130.4, 129.9, 129.5, 129.4, 128.4, 65.1, 60.1, 45.7, 30.7, 16.7 

31P NMR (81 MHz, CD3OD) ! 16.68 

HRMS (ESI+) m/z calculated for C29H39SN4O6P2 [M + H]+ 633.20502, found 

633.20601 

  

 

General protocol for hydrolysis of bisphosphonic esters:  

 

TMSBr (15 eq) was added dropwise to a cooled solution of tetraethyl 

bisphosphonic ester (1 eq) in DCM (3 mL). The reaction mixture slowly warmed 
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to room temperature and stirred for 5 days. MeOH was added and stirred for 2 h. 

DCM, MeOH, and excess TMSBr were removed in vacuo. The desired product 

was purified by trituration.   

 

(Thieno[2,3-d]pyrimidin-4-ylamino)methylene bisphosphonic acid (37a): 

 

Isolated in 70% yield (21 mg). 

1H NMR (500 MHz, D2O, ND4OD, DMSO internal standard) ! 8.28 (s, 1H), 7.55 

(d, J = 5.9 Hz, 1 H), 7.43 (d, J = 6.1 Hz, 1H), 4.59 (t, J = 19.1 Hz, 1H) 

13C NMR (126 MHz, D2O, ND4OD, DMSO internal standard) ! 164.3, 157.3, 

154.2, 123.4, 119.8, 117.9, 51.7 (t, JCP = 125.6 Hz) 

31P NMR (81 MHz, D2O, ND4OD) ! 13.31 

HRMS (ESI-) m/z calculated for C7H8SN3O6P2 [M – H]- 323.96873, found 

323.96125 

 

 (6-phenylthieno[2,3-d]pyrimidin-4-ylamino)methylene bisphosphonic acid (37b):  

 

Isolated in 63% yield (19 mg). 
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1H NMR (400 MHz, D2O, ND4OD) ! 8.18 (s, 1H), 7.80 (s, 1H), 7.71 (d, J = 7.4 

Hz, 2H), 7.42 (t, J = 7.6 Hz, 2H), 7.33 (t, J = 7.4 Hz, 1H) 

13C NMR (126 MHz, D2O, ND4OD) ! 163.1, 156.2, 153.6, 139.2, 133.2, 129.3, 

128.6, 125.9, 118.6, 114.8 

31P NMR (81 MHz, D2O, ND4OD) ! 13.29  

HRMS (ESI-) m/z calculated for C13H12SN3O6P2 [M – H]- 399.99166, found 

399.99268 

 

((5-(Cyclopropylethynyl)-6-phenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene 

bisphosphonic acid (37c):  

 

Isolated in 80% yield (28 mg). 

1H NMR (400 MHz, D2O, ND4OD) ! 8.39 (s, 1H), 8.05 – 7.99 (m, 2H), 7.72 – 

7.66 (m, 2H), 7.66 – 7.59 (m, 1H), 1.89 – 1.81 (m, 1H), 1.12 – 1.06 (m, 2H), 1.06 

– 0.99 (m, 2H) 

13C NMR (75 MHz, D2O, ND4OD) ! 161.7, 153.9, 140.9, 132.6, 129.2, 128.9, 

128.5, 122.6, 116.6, 109.8, 102.1, 70.3, 8.3, 0.2 

31P NMR (81 MHz, D2O, ND4OD) ! 13.60 

HRMS (ESI-) m/z calculated for C18H16N3O6P2S [M – H]- 464.02403, found 

464.02405 
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((5-morpholino-6-phenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene 

bisphosphonic acid (37d): 

 

Isolated in 50% yield (12 mg). 

1H NMR (400 MHz, D2O, ND4OD) ! 8.40 – 8.38 (m, 1H), 7.83 – 7.78 (m, 2H), 

7.73 – 7.69 (m, 3H), 4.35 – 4.29 (m, 2H), 3.89 – 3.83 (m, 2H), 3.35 – 3.28 (m, 

2H), 3.14 – 3.05 (m, 2H) 

13C NMR (126 MHz, D2O, ND4OD) ! 160.4, 157.4, 153.8, 139.5, 133.4, 131.2, 

129.6, 129.1, 128.4, 113.8, 67.1, 52.3 

31P NMR (81 MHz, D2O, ND4OD) ! 14.16 

HRMS (ESI-) m/z calculated for C17H19N4O7P2S [M – H]- 485.04528, found 

485.04552 

 

((5-(benzyl(methyl)amino)-6-phenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene 

bisphosphonic acid (37e): 

 

Isolated in 85% yield (42 mg). 
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1H NMR (500 MHz, D2O, ND4OD) ! 8.32 (s, 1H), 7.58 – 7.44 (m, 3H), 7.38 (s, 

3H), 7.14 (s, 2H), 7.09 – 7.03 (m, 2H), 4.43 (d, J = 13.5 Hz, 1H), 4.11 (d, J = 13.4 

Hz, 1H), 3.01 (s, 3H) 

13C NMR (126 MHz, D2O, ND4OD) ! 160.8, 157.3, 153.7, 137.6, 136.8, 133.3, 

130.8, 129.8, 128.6, 128.3, 127.9, 127.2, 126.9, 114.5, 58.5, 43.3 

31P NMR (81 MHz, D2O, ND4OD) ! 12.76 

HRMS (ESI-) m/z calculated for C21H21N4O6P2S [M – H]- 519.06673, found 

519.06625 

 

Benzothiazole N-BP synthesis using the general protocol for tetraethyl 

bisphosphonic ester synthesis:  

 

 

Tetraethyl ((benzo[d]thiazol-2-ylamino)methylene)bisphosphonate (39a): 

 

Isolated in quantitative yield (446 mg).   

1H NMR (500 MHz, D6-DMSO) ! 8.77 (d, J = 9.9 Hz, 1H), 7.68 (d, J = 7.8 Hz, 

1H), 7.42 (d, J = 7.9 Hz, 1H), 7.25 – 7.19 (m, 1H), 7.04 (dd, J = 11.0, 4.2 Hz, 

1H), 5.22 – 5.11 (m, 1H), 4.15 – 3.97 (m, 8H), 1.15 (dt, J = 17.8, 7.0 Hz, 12H)  

13C NMR (126 MHz, D6-DMSO) ! 165.9, 151.5, 131.4, 126.1, 121.9, 121.6, 

118.9, 63.4 (d, JCP = 27.5 Hz), 48.8 (t, JCP = 146.3 Hz), 40.2, 39.4, 16.6 
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31P NMR (81 MHz, D6-DMSO) ! 18.59 

MS (ESI+) m/z 437.30 [M+H]+  

 

Tetraethyl (((5-bromobenzo[d]thiazol-2-yl)amino)methylene)bisphosphonate 

(39b, R5 = Br):  

 

Isolated in 75% yield (759 mg).   

1H NMR (500 MHz, CD3OD) ! 7.62 (d, J = 1.8 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 

7.23 (dd, J = 8.4, 1.9 Hz, 1H), 5.36 (t, J = 22.8 Hz, 1H), 4.25 – 4.16 (m, 8H), 1.28 

(dd, J = 12.9, 7.0 Hz, 12H)  

13C NMR (126 MHz, CD3OD) ! 167.2, 152.5, 130.1, 124.6, 121.9, 121.2, 118.9, 

63.7, 15.2 

31P NMR (81 MHz, CD3OD) ! 17.56 

MS (ESI+) m/z 538.8 [M+Na]+  

 

General protocol (A) for Suzuki cross-coupling reactions with 2-

aminobenzothiazole N-BP 39b:  

 

DME (2 mL) was added to a vial of 39b (1 eq., ~0.2 mmol), boronic acid (1.5 

eq.), and Pd(PPh3)4 (5mmol%). The vial was purged and flushed with argon. A 

2M aqueous K2CO3 solution (2.5 eq.) was added to the reaction mixture. Upon 
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flushing with argon again, the mixture stirred at 80oC overnight. The mixture was 

filtered through Celite and washed with (1:1) EtOAc/MeOH. The crude mixture 

was purified by flash column chromatography (5-100% EtOAc/hexanes – 80% 

EtOAc/MeOH, solid loading) to afford the desired product. 

 

Tetraethyl (((5-phenylbenzo[d]thiazol-2-yl)amino)methylene)bisphosphonate 

(39c, R5 = a): 

 

Isolated in 35% yield (41 mg). 

1H NMR (500 MHz, CD3OD) ! 7.72 (d, J = 1.5 Hz, 1H), 7.68 (d, J = 8.2 Hz, 1H), 

7.65 – 7.61 (m, 2H), 7.43 (t, J = 7.7 Hz, 2H), 7.38 (dd, J = 8.2, 1.7 Hz, 1H), 7.33 

(t, J = 7.4 Hz, 1H), 5.41 (t, J = 22.9 Hz, 1H), 4.23 (m, 8H), 1.29 (m, 12H) 

13C NMR (126 MHz, CD3OD) ! 166.5, 151.6, 140.9, 139.5, 129.9, 128.5, 126.9, 

126.6, 121.1, 120.8, 116.7, 63.9, 63.7, 47.4, 15.2 

31P NMR (81 MHz, CD3OD) ! 17.68 

MS (ESI+) m/z 513.2 [M+Na]+  

 

General protocol (B) for Suzuki cross-coupling reactions with 2-

aminobenzothiazole BP 39b:  
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DMF:H2O (10/1, 3 mL) was added to a vial of 39b (1 eq., ~0.2 mmol), boronic 

acid (1.2 eq.), K3PO4 (1.2 eq.) and Pd(dppf)Cl2-DCM (5mmol%). The vial was 

purged and flushed with argon. Upon flushing with argon again, the mixture 

stirred at 80oC overnight. The mixture was filtered through Celite and washed 

with (1:1) EtOAc/MeOH. The crude mixture was purified by flash column 

chromatography (5-100% EtOAc/hexanes – 80% EtOAc/MeOH, solid loading) to 

afford the desired product. 

 

Tetraethyl (((5-(4-methoxyphenyl)benzo[d]thiazol-2-yl)amino)methylene) 

bisphosphonate (39d, R5 = m): 

 

Isolated in 42% yield (58 mg). 

1H NMR (400 MHz, CD3OD) ! 7.66 (dd, J = 12.5, 4.9 Hz, 2H), 7.57 (d, J = 8.8 

Hz, 2H), 7.35 (dd, J = 8.2, 1.8 Hz, 1H), 7.00 (d, J = 8.8 Hz, 2H), 5.40 (t, J = 22.9 

Hz, 1H), 4.30 – 4.16 (m, 8H), 3.83 (s, 3H), 1.30 (td, J = 7.1, 3.6 Hz, 12H) 

13C NMR (126 MHz, CD3OD) ! 160.7, 140.6, 134.8, 129.1, 122.2, 122.1, 117.6, 

115.3, 106.4, 65.2, 55.8, 16.7 

31P NMR (81 MHz, CD3OD) ! 17.68 

MS (ESI+) m/z 543.2 [M+Na]+   

 

Benzothiazole bisphosphonic acid synthesis according to general protocol for 

hydrolysis of bisphosphonic esters:  

S

N
NH

P(O)(OEt)2
(EtO)2(O)P

O
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(Benzo[d]thiazol-2-ylamino)methylene bisphosphonic acid (40a): 

 

Isolated in 85% yield (125 mg). 

1H NMR (500 MHz, D2O, ND4OD) ! 7.80 (d, J = 7.8 Hz, 1H), 7.30 (d, J = 8.0 

Hz, 1H), 7.22 (t, J = 7.7 Hz, 1H), 7.01 (t, J = 7.6 Hz, 1H) 

13C NMR (126 MHz, D2O, ND4OD) ! 151.4, 129.6, 126.1, 121.4, 121.3, 116.9 

31P NMR (81 MHz, D2O, ND4OD) ! 12.52 

HRMS (ESI-) m/z calculated for C8H9SN2O6P2 [M – H]- 322.96620, found 

322.96642 

 

((5-Phenylbenzo[d]thiazol-2-yl)amino)methylene bisphosphonic acid (40b): 

 

Isolated in 81% yield (26 mg). 

1H NMR (500 MHz, D2O, ND4OD) ! 7.63 (d, J = 7.4 Hz, 3H), 7.55 (s, 1H), 7.41 

(t, J = 7.7 Hz, 2H), 7.30 (dd, J = 14.5, 7.4 Hz, 2H) 

13C NMR (126 MHz, D2O, ND4OD) ! 213.8, 152.2, 140.6, 138.8, 129.1, 127.6, 

127.0, 121.7, 120.0, 114.9 

Het NH
PO(OH)2

(HO)2OP

Het NH
PO(OEt)2

(EtO)2OP
1. TMSBr
DCM, RT

2. MeOH

S

N
NH

P(O)(OH)2
(HO)2(O)P

S

N
NH

P(O)(OH)2
(HO)2(O)P
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31P NMR (81 MHz, D2O, ND4OD) ! 12.77 

HRMS (ESI-) m/z calculated for C14H13SN2O6P2 [M – H]- 398.99750, found 

398.99806 

 

((5-(4-methoxyphenyl)benzo[d]thiazol-2-yl)amino)methylene bisphosphonic acid 

(40c): 

 

Isolated in 80% yield (37 mg). 

1H NMR (500 MHz, D2O, ND4OD) ! 7.68 (m, 3H), 7.59 (s, 1H), 7.33 (d, J = 8.2 

Hz, 1H), 7.11 – 7.06 (m, 2H), 3.85 (s, 3H) 

13C NMR (126 MHz, D2O, ND4OD) ! 156.5, 152.2, 151.4, 138.3, 133.9, 128.4, 

126.1, 121.7, 119.7, 119.1, 117.0, 116.8, 114.5, 71.8, 21.1 

31P NMR (81 MHz, D2O, ND4OD) ! 12.93 

HRMS (ESI-) m/z calculated for C15H15SN2O7P2 [M – H]- 429.00807, found 

429.00818 

!

2.4.3 Biological Assays 

Reagents for Enzymatic Assay: Liquid scintillation cocktail was purchased from 

MP Biomedicals: Ecolite (#882475), ligroin was purchased from Sigma Aldrich, 

3H-IPP was purchased from American Radiolabeled Chemicals (ART 0377A: 1 

mCi/mL, 60 Ci/ mmol in 0.1 M Tris pH 7.5), and unlabeled IPP and GPP were 

S

N
NH

P(O)(OH)2
(HO)2(O)P

O
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purchased from Isoprenoids, Lc. as ammonium salts. 

hFPPS Solution: The hFFPS enzyme was stored at -80 °C as a 2 µg/µL solution in 

the eluent buffer (50 mM HEPES at pH 7.5, 500 mM NaCl, 250 mM imidazole, 

5% glycerol, and 0.5 mM TCEP). 

IPP Solution: 3H-IPP was diluted with IPP to a specific activity of 33 mCi/mmol 

and 100 µM concentration in 1 M Tris at pH 7.7. It was stored at -10 °C, warmed 

to 0 °C, and kept on ice during assay setup. 

GPP Solution: GPP was dissolved and diluted to a concentration of 100 µM in 1 

M Tris at pH 7.7. It was stored at -10 °C, warmed to 0 °C, and kept on ice during 

assay setup. 

Expression and Purification of Recombinant hFPPS: A plasmid encoding N-

terminally His6-tagged human FPPS (vector p11; SGC Oxford) was transformed 

into E. coli BL21(DE3) cells. The cells were induced overnight for hFPPS 

expression in the presence of 1 mM IPTG at 18°C and lysed in a buffer containing 

50 mM HEPES (pH 7.5), 500 mM NaCl, 10 mM !-mercaptoethanol, 5 mM 

imidazole, and 5% (v/v) glycerol. Once the lysate was cleared by centrifugation, it 

was passed through a Ni-NTA agarose column. Elution was accomplished with an 

increasing imidazole gradient. Fractions containing hFPPS were pooled and 

applied to a Superdex 200 column, whereby the protein was eluted in high purity 

in a buffer containing 10 mM HEPES (pH 7.5), 10 mM !-mercaptoethanol, 500 

mM NaCl, and 5% glycerol. The protein sample was concentrated to 12.5 mg/mL 

with a spin column concentrator. 

In Vitro hFPPS Inhibition Assay: The assay was based on a literature procedure 

with minor modifications.17 All assays were run in triplicate using 40 ng of the 
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human recombinant FPPS and 10 µM of both substrates, GPP and IPP (3H-IPP, 

3.33 mCi/mmol), in a final volume of 100 µL buffer containing 50 mM Tris at pH 

7.7, 0.5 mM TCEP, 2 mM MgCl2, and 20 µg/mL BSA. Assays were run with a 10 

min preincubation period; the enzyme and inhibitor were incubated in the assay 

buffer in a volume of 80 µL at 37 °C for 10 min. After 10 min, the GPP and IPP 

substrates were added to start the reaction and bring the inhibitor and substrate to 

the desired final concentrations. After the addition of all substrates, assays were 

incubated at 37 °C for 20 min. Upon termination of the assays by the addition of 

200 µL of HCl/methanol (1:4), followed by incubation for 10 min at 37 °C, the 

assay mixture was extracted with 700 µL of ligroin (in order to separate reaction 

products from the unused substrate). Once the aqueous and organic layers 

separated, 300 µL of the ligroin upper phase was combined with 8 mL of 

scintillation cocktail. The radioactivity was counted using a Beckman Coulter 

LS6500 liquid scintillation counter. 

Expression, Purification, and In Vitro Inhibition Assay of Recombinant hGGPPS: 

A plasmid encoding N-terminally His6-tagged human GGPPS (vector pNIC28-

Bsa4, SGC Oxford) was transformed into E. coli BL21(DE3) cells as previously 

reported.60 The protocols for both the purification and in vitro assay of hGGPPS 

were used as described by Kavanagh and co-workers.60 

!
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Appendix – Spectral Data  

NMR Spectra of compound 12 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 13 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 14a 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 14b 
1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 14c 
1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 15a 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 15b 

1H NMR (400 MHz, D6-DMSO) 

 

 

 

 

 

 

 

 

13C NMR (75 MHz, D6-DMSO) 
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NMR Spectra of compound 16a 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 16b 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (75 MHz, CDCl3) 
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NMR Spectra of compound 16c 

1H NMR (400 MHz, CDCl3) 
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13C NMR (75 MHz, CDCl3) 
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NMR Spectra of compound 16d 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 16e 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (75 MHz, CDCl3) 
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NMR Spectra of compound 17a 

1H NMR (400 MHz, CDCl3) 
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13C NMR (75 MHz, CDCl3) 
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NMR Spectra of compound 18a 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 18b 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 18c 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 18d 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 18e 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

13C NMR (126 MHz, CDCl3) 
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NMR Spectra of compound 18f 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 18g 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (75 MHz, CDCl3) 
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NMR Spectra of compound 19a 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 19b 

1H NMR (500 MHz, CDCl3 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 19c 

1H NMR (500 MHz, CD3OD) 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 19d 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 19e 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 19f 

1H NMR (500 MHz, CDCl3) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 36a 

1H NMR (400 MHz, CDCl3) 

 

 

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 36b 

1H NMR (500 MHz, CD3OD) 

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 36c 

1H NMR (500 MHz, CD3OD 

                                                                

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 36d 

1H NMR (500 MHz, CD3OD) 

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 36e 

1H NMR (400 MHz, CDCl3) 

                                                    

 

 

 

 

 

13C NMR (125 MHz, CDCl3) 
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NMR Spectra of compound 36f 

1H NMR (500 MHz, CD3OD) 

                                                   

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 36g 

1H NMR (500 MHz, CD3OD) 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 36h 

1H NMR (300 MHz, CD3OD) 

 

 

 

 

 

 

13C NMR (75 MHz, CD3OD) 
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NMR Spectra of compound 37a 

1H NMR (400 MHz, D2O, ND4OD) 

 

                                   

 

 

 

 

 

13C NMR (125 MHz, D2O, ND4OD) 

 

 



! "#$!

NMR Spectra of compound 37b 

1H NMR (400 MHz, D2O, ND4OD) 

 

 

 

 

 

 

 

13C NMR (125 MHz, D2O, ND4OD) 
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NMR Spectra of compound 37c 

1H NMR (400 MHz, D2O, ND4OD) 

                                

 

 

 

 

 

13C NMR (75 MHz, D2O, ND4OD) 
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NMR Spectra of compound 37d 

1H NMR (400 MHz, D2O, ND4OD) 

 

 

 

 

 

 

13C NMR (126 MHz, D2O, ND4OD) 
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NMR Spectra of compound 37e 

1H NMR (500 MHz, D2O, ND4OD) 

 

 

 

 

 

 

13C NMR (125 MHz, D2O, ND4OD) 
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NMR Spectra of compound 39a 

1H NMR (500 MHz, D6-DMSO) 

 

 

 

 

 

 

 

13C NMR (125 MHz, D6-DMSO) 
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NMR Spectra of compound 39b 

1H NMR (500 MHz, CD3OD) 

 

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 39c 

1H NMR (500 MHz, CD3OD) 

                                                        

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 39d 

1H NMR (400 MHz, CD3OD) 

                 

 

 

 

 

 

 

 

13C NMR (125 MHz, CD3OD) 
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NMR Spectra of compound 40a 

1H NMR (500 MHz, D2O, ND4OD) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, D2O, ND4OD) 
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NMR Spectra of compound 40b 

1H NMR (500 MHz, D2O, ND4OD) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, D2O, ND4OD) 
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NMR Spectra of compound 40c 

1H NMR (500 MHz, D2O, ND4OD) 

 

 

 

 

 

 

 

 

13C NMR (125 MHz, D2O, ND4OD) 

 

 


