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Ac    Acetyl 

Ac2O    Acetic anhydride 

aq.    Aqueous 

Cat.    Catalytic 

CH2Cl2   Dichloromethane  

CHCl3    Chloroform  

CH3CN   Acetonitrile  

Conc.    Concentrated 

DCE    1,2-Dichloroethane   

DMF    N,N-Dimethylformamide 

DMAP    N,N'-Dimethylaminopyridine 

DMSO    Dimethyl sulfoxide 

DMA                                 Dimethylacetamide 

DBU                                1,8-Diazabicyclo(5.4.0)undec-7-ene 

DTBP                                Di-tert-butyl peroxide 

Et2O    Diethyl ether 

EtOAc    Ethyl acetate 

Et3N    Triethylamine 

PhMgBr  Phenyl magnesium bromide 

nBuLi    n-Butyl lithium 

HRMS    High Resolution Mass Spectrometry 

AcOH    Acetic acid 

Me    Methyl 

NMR    Nuclear Magnetic Resonance 

NaH   Sodiumhydride 

NBS                                 N-bromosuccinimide 

HFIP               Hexafluoro-2-propanol  

CTAB    Cetyltrimethylammonium Bromide  

Ph    Phenyl 

Py    Pyridine 



ABBREVIATIONS AND ACRONYMS 

 
 

 
 

 

AgOAc   Silver acetate 

TBHP                              tert-Butyl hydroperoxide 

TIPS                  Triisopropylsilane 

TFA                                 Trifluoroacetic acid 

TFE                                   2,2,2-Trifluoroethanol 

TBAI                                 Tetra-n-butylammonium iodide 

TEMPO                           (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

PPh3    Triphenylphosphine 

rt    Room Temperature 

sat.    Saturated 

tBuOK    Potassium tertiary butoxide 

TBAF    Tetra-n-butylammonium fluoride 

THF   Tetrahydrofuran 

AMLA                             Ambiphilic Metal Ligand Activation 

CMD                               Concerted Metallation-Deprotonation 

DG                                   Directing group 

 

 

Abbreviations used for NMR spectral informations: 

br  broad   s  singlet  dt  doublet of triplets 

d  doublet  t  triplet   ddd  doublet of doublet of doublets 

m  multiplet  q  quartet ddt  doublet of doublet of triplets 

quint  quintet  sept  septet  tt  triplet of triplets 



GENERAL REMARKS 

 All the moisture and air sensitive reactions have been carried out in 

anhydrous solvents under argon atmosphere in oven-dried glassware. The 

anhydrous solvents were distilled prior to use: CH2Cl2, DCE and DMF from 

CaH2; methanol from Mg cake; THF on Na/benzophenone; triethylamine and 

pyridine over KOH; acetic anhydride from sodium acetate.  

 1H NMR spectra were recorded on AV–200 MHz, AV–400 MHz, JEOL AL- 400 

(400 MHz) and DRX–500 MHz spectrometer using tetramethylsilane (TMS) 

as an internal standard. Chemical shifts have been expressed in ppm units 

downfield from TMS. 

 13C NMR spectra were recorded on AV–50 MHz, AV–100 MHz, JEOL AL- 100 

(100 MHz) and DRX–125 MHz spectrometer. 

 High-resolution mass spectra (HRMS) were recorded on a Thermo Scientific 

Q-Exactive, Accela 1250 pump and also EI Mass spectra were recorded on 

Finngan MAT–1020 spectrometer at 70 eV using a direct inlet system. 

 Infrared spectra were scanned on Shimadzu IR 470 and Perkin-Elmer 683 or 

1310 spectrometers with sodium chloride optics and are measured in cm–1. 

 All reactions are monitored by Thin Layer Chromatography (TLC) carried 

out on 0.25 mm E-Merck silica gel plates (60F–254) with UV light, I2, and 

anisaldehyde in ethanol as developing agents. 

 All evaporations were carried out under reduced pressure on Buchi rotary 

evaporator below 50 °C unless otherwise specified. 

 Silica gel (60–120), (100–200), and (230–400) mesh were used for column 

chromatography. 
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Ph. D. Thesis                                                                                                       Synopsis 
 
 
 
 
 

 

Rupali G. Kalshetti (Candidate)                  I                  Dr. C. V. Ramana (Supervisor) 

 

Keywords: Ir/Rh catalysed C-H activation, Oxidative Rearrangement 

1. Introduction and Statement of Purpose:  

In recent years, transition metal catalysed direct/directed C-H activation strategies 

have gained importance in synthetic organic chemistry. In particular, directed C-H 

activation has become a very popular and a useful method to synthesize a large number of 

aromatic as well as heteroaromatic compounds of interest.1 In this context, the synthesis of 

molecules that bear suitable directing groups, particularly their late stage functionalization 

(LSF) via C-H activation strategies has become an important tool to build focused libraries 

of organic scaffolds of small drug molecules and also of complex polymers.2  

2,2-diraylacetaldehydes represent a highly functionalized core with the potential 

for various ring annulations. Despite this, due to their ready deformylation, the methods 

for their synthesis are scarce and there are only a limited number of reports on their utility 

in organic synthesis. This warrants the development of reliable methods for their synthesis 

and the demonstration of their utility in natural product synthesis.3 One of the simple 

possibilities in this context is their two carbon Wittig-Gennari olefination and 

intramolecular lactonization leading to a 5,5-diarybutenolide core – a popular synthetic 

target in natural products synthesis.4   
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2. Objectives:  

a) The synthesis of alkynyl quinozolin-4-ones employing iridium(III) catalysed directed 

C-H activation. 

b) The use of early and late stage C-H activation strategies to build focussed small 

molecule libraries around the recently launched sickle cell anemia drug Voxelotor 

(GBT 440).  

c) Tuning the oxidative rearrangement of stilbenes towards diarylhydroxyacetaldehydes.  

3. Methodology:  

This thesis deals with the development of new methodologies that involve C–C/C–

heteroatom bond formations. The thesis comprises of three chapters, where the first 

chapter contains Iridium(III)-catalysed selective mono-/dialkynylation of 2-

(hetero)arylquinazolin-4-one scaffolds via directed C–H bond activation. The second 

chapter deals with the building of focused small molecule libraries around the recently 

launched sickle cell anemia drug Voxelotor (GBT 440) employing early and late-stage C-

H functionalization. The third chapter describes the direct conversion of stilbenes to 

diaryl-α-hydroxyacetaldehydes and their utility in the synthesis of 5,5-diarybutenolides. 

 

 Chapter I: Iridium(III)-Catalysed Alkynylation of 2-(Hetero)arylquinazolin-4-one 

Scaffolds via C–H Bond Activation:  

               Alkynes are an important class of functional groups that can be introduced 

traditionally, by using transition metal catalyzed cross coupling reactions. Recently, some 

alternative catalytic reactions have been reported that facilitate C-H bond activation 

without the necessity of pre-functionalization of the substrate. The directed C-H 

alkynylation is considered as an important alternative to the Sonogashira reaction.5 

Coming to the directed C–H functionalization of the pendant aryl ring present in the 2-

arylquinazolin-4-one core, the latest report of C-H bond activation on 2-

(Hetero)arylquinazolin-4-ones was published by Cui et al. in 2018, which documented the 

C-H amination using iridium (III) complexes.6 Prior to that arylation, alkenylation and 

cross dehydrogenative coupling with acrylates and acetylation on 2-

(Hetero)arylquinazolin-4-ones have been reported  using [Pd], [Ru], [Rh] and [Cu]-

complexes by various research groups until 2018.7 This compilation of the C–H 

functionalization of 2-arylquinazolin-4-ones revealed that the corresponding directed 
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alkynylation via C–H bond functionalization on these scaffolds is unknown, which 

prompted us to explore in this direction. In this chapter, we have established the directed 

C–H alkynylation of 2-(hetero)arylquinazolin-4-ones with the ethynylbenziodoxolone 

reagent (TIPS-EBX) employing an Ir(III)-catalyst. Conditions for both monoalkynylation 

as well as dialkynylation have been developed with a variety of substrates having higher 

yields for all the compound synthesized. 

 

Chapter II: Building focussed small molecule libraries around Voxelotor (GBT 440) 

via early and late stage C-H functionalization:  

              Sickle-cell anaemia (SCA) is a chronic disorder prevalent mainly in the scheduled 

population. India is estimated to have the second highest burden of the disease, with 

highest prevalence in the socioeconomically disadvantaged communities such as the tribal 

population, which accounts for 8.5% of the total Indian population.8 Along with the 

difficulties associated with its diagnosis, the treatment of SCA is hampered because of the 

lack of available medicines. Hydroxyurea is the only drug that has been used for the 

treatment of SCA, though paracetamol or ibuprofen is prescribed for pain relief. Voxelotor 

(GBT 440) is a very recently introduced drug for the treatment of Sickle cell anemia that 

acts by inhibiting haemoglobin S (HbS) polymerization.9 In 2017, as part of the GoI 

National Sickle Cell Anemia Control Program, an initiative has been taken to identify 

novel drug candidates for SCA. GBT 440, which was in Phase III clinical trials (renamed 

as Voxelotor after its approval in 2020), has been selected as a promising scaffold in this 

regard.  

The structure of the Voxelotor presents three interesting scaffolds, pyridine, 

pyrazole and a salicylaldehyde that are linearly linked. Keeping the C-H functionalization 

as a key tool, we have opted to build GBT 440 like scaffolds by the olefination of the 

pyrazolylpyridine scaffold and also by the direct late stage functionalization of GBT 440.  

        Section I: Rhodium(III)-Catalysed Alkenylation of 2-(1-isopropyl-1H-pyrazol-5-

yl)pyridine Scaffolds via C–H Bond Activation:   
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                      In this section, the directed C–H alkenylation of 2-(1-isopropyl-1H-pyrazol-5-

yl)pyridine with the alkenes, acrylates and amides employing a Rh(III)-catalyst has been 

described. The broad scope of this reaction and the compatibility of various functional 

groups such as -F, -Cl, -Br, -OMe, -NO2, alkyl, acrylates and amides has been explored to 

synthesize a focussed library having functional group variations on the newly introduced 

styryl ring. Simultaneously, the directed C–H alkylation of 2-(1-isopropyl-1H-pyrazol-5-

yl)pyridine has been explored using the  corresponding diazo compounds, which include 

ketoesters, phosphonates, diesters and TIPS-EBX, by employing a Rh(III)-catalyst. 

 

Section II: Functionalization of the Pyrazole unit of GBT 440 via C–H Bond 

Activation:  

                 Considering the possibility that further derivatization of the drug could show 

better activity than the GBT-440 itself, we began our endeavor by carrying out the directed 

C–H alkenylation of GBT-440 with alkenes, acrylates, amides etc. by employing a Rh(III)-

catalyst.  Simultaneously, we also explored the broad scope and compatibility of various 

functional groups such as -F, -Cl, -Br, -OMe, -NO2, alkyl, acrylates, amides, ketones, 

aldehydes etc. Biological evaluation of synthesized compounds revealed good results, 

especially for a 4-Chloro substituted GBT-440 compound that showed higher activity than 

the GBT-440 itself. 
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Chapter III: Oxidative Rearrangement of Stilbenes to 2,2-Diaryl-2-

hydroxyacetaldehydes:  

                In 2012, Fry and coworkers documented the anodic oxidation of 

diphenylacetaldehyde leading to benzophenone and proposed a mechanism for its 

formation, with α-hydroxydiphenylacetaldehyde as an intermediate.10 Given the potential of 

the α-hydroxydiarylacetaldehyde core as a building block in synthesis and the scarcity of 

methods available for its synthesis, we speculated on the possibility of synthesizing α-

hydroxydiphenylacetaldehyde via controlled oxidation of stilbenes.  Our successful efforts 

in this direction culminated in the development of a one-pot iodine-catalyzed oxone-

mediated oxidative rearrangement of stilbenes leading to 2,2-diaryl-2-

hydroxyacetaldehydes. With the help of control experiments, we have found that the 

intermediate diarylacetaldehyde undergoes α-hydroxylation, with oxygen being transferred 

from the water present in the reaction. The resulting α-hydroxy aldehydes have been 

subjected for a one-pot Stille-Gennari olefination followed by cyclisation leading to 5,5-

diaryl-γ-butenolides 

 

4. Summary:  

a) Successfully developed [Ir]-catalysed ortho-alkynylation of 2-

(hetero)arylquinazolin-4-ones with TIPS-IBX. Suitable conditions for both  

monoalkynylation as well as dialkynylation have been identified. 

b) Established the pyridine directed C-H activation protocol for the selective 

alkenylation/alkylation of the pyrazole ring using a Rh(III) catalyst. 

c) Late stage functionalization of GBT-440 has been successfully executed to 

synthesise a variety of analogues and potential candidate that is more active than 

GBT-440 has been identified. 

d) Developed a simple methodology for the synthesis of 2,2-diaryl-2-

hydroxyacetaldehydes via oxidative rearrangement of stilbenes and the utility of 

these derivatives has been been examined for the synthesis of γ-butenolides. 
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5. Future direction:  

a) As part of the utility of the synthesized alkynylquinozolinones, we have established 

protocols for regioselective intramolecular cyclizations. Extending the scope of these 

reactions is expected to deliver diverse tetracyclic scaffolds with potential bioactivity.  

b) The late-stage functionalization of GBT-440 is quite successful in identifying a better 

candidate. This can be further explored to introduce some popular functional groups 

such as trifluromethyl, fluro and sulphone that are trivially employed in medicinal 

chemistry programs. 

c) The oxidative rearrangement that we have developed is quite novel and has the 

potential, when explored with other disubstituted olefins, to synthesize highly 

functionalized carbonyl compounds. In addition, one of the 2,2-diaryl-2-

hydroxyacetaldehydes that we have synthesized could be used directly for securing a 

new synthesis of sacidumlignan D.   
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CHAPTER I 

 

Iridium(III)-Catalysed Alkynylation of 2-

(Hetero)arylquinazolin-4-one Scaffolds via 

C–H Bond Activation  

 



Chapter I  Introduction 

P a g e  | 1 
 

 

1.1 Introduction:  

 Nitrogen-containing heterocyclic compounds embrace a large section of biologically 

important structural motifs abundantly found in natural products, pharmaceuticals and 

agrochemicals.1 This, indeed, has been responsible for a larger research focus on the synthesis of 

N-heterocyclic compounds over the last two centuries.2 In fact, 60-70% of the currently marketed 

drug molecules consist of at least one nitrogen-containing heterocyclic unit in their entire structure.3 

Quinazoline is one such privileged skeleton that is widely found in various natural products and is 

an important heterocyclic moiety that had been explored in various drug discovery programs such 

as anti-fungal,4 anti-bacterial,5 anti-cancer,6 anti-inflammatory,7 anti-hypertensive, anti-

convulsant,8 and anti-proliferative9 chemistry. Interestingly, the quinazoline scaffold was 

synthesized much earlier by Gries and co-workers in 1869 (4-cyanoquinozolinone was synthesized 

from the reaction of anthranilic with cyanogens) before the documentation of the first member of 

this family vasicine, which has its own Indian origin.10 Vasicine, also known as peganine, was 

isolated in 1888 from the Indian medicinal tree Adhatoda vasica and later from other species. So 

far, close to 200 quinazoline alkaloids have been isolated, thus making this as a special class of the 

alkaloids family with broad biological activities displayed, with the quinazoline scaffold being 

considered as a promising scaffold in drug discovery programs. Some representative examples of 

the drug molecules and biologically active molecules consisting of the quinazoline or its oxidized 

version quinazoline-4-one scaffolds are depicted in Figure F1.1. From the number of examples 

provided, it becomes apparent that the quinazoline and quinazolinone are quite popular scaffolds in 

medicinal chemistry and advancements in this domain, especially in novel approaches to 

constructing these scaffolds, and also functionalizing these scaffolds are equally important. As the 

focus of this chapter is going to be mainly on the alkynylation of 2-arylquinazolinones via C–H 

activation, a brief compilation of methods for the synthesis of 2-arylquinazolinones, a brief 

introduction to C–H activation followed by a brief description about the documented work on the 

functionalization of 2-arylquinazolinones via C–H activation, and finally the details about the 

alkynylation via C–H activation will be presented.  
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Figure F1.1: Representative examples of bioactive quinazolinone and quinazoline based 

molecules, and drugs. 

1.2 Advanced synthetic strategies for building 2-arylquinazolin-4-one scaffolds: The 

significance of quinazolinone scaffolds in biological and medicinal areas has attracted many a 

chemist’s interest to synthesize compounds containing the quinazolinone ring, as they are the 

precursors of around 200 naturally found alkaloids. The traditional way to make these 

quinazolinone rings is to employ the 2-aminobenzoic acids or related derivatives such as 2-amino 

benzamide, isatoic anhydride, 2-amino benzonitrile, 2-carbomethoxyphenyl isocyanate, N-

arylnitrilium salts, and 4H-3,1-benzoxazinones as appropriate starting materials that undergo 

condensation reactions with aldehydes or carboxylic acids in the presence of a dehydrating agent 

or in some cases by providing heat. Amongst the vast literature documented on the 2-aryl-

quinazoline-4-one synthesis, some of the important methods are listed below in Table T1.1. 
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Table T1.1: Literature reports for the synthesis of 2-aryl quinozoline-4-one 

Sr. 

No. 

Starting material Coupling partner Reaction condition Yield 

(%)  

Reference 

1 

 

 

Na2S2O4 

DMF-H2O(9:1) 

90 °C, 5 h 

65-92 Synthesis 2013, 45, 

2043. 

2 

 

 

FeCl3, TBHP, DMSO, 60 

°C, 7 h 

37-93 RSC Adv. 2014, 4, 

6486. 

3  [Cp*IrCl2], xylene, reflux, 

24-120 h 

50-94 J. Org. Chem. 

2011, 76, 7730. 

4  
 

CuBr, K2CO3, DMSO, 120 

°C, 24 h 

39-99 Synthesis 2013, 45, 

3349. 

5   ZnI2, TBHP, DMSO, 110 

°C, 16 h 

60-90 RSC Adv. 2014, 4, 

8. 

6   α-MnO2-150, TBHP, 

chlorobenzene, 80 °C, 16 h 

71-99 Chem. 

Commun. 2015, 

51, 9205. 

7   I2, DMSO, DMC, 100 °C, 

12–26 h 

41-93 RSC Adv. 2013, 3, 

10817. 

8   Pt/HBEA, mesitylene, 

reflux, 24 h 

65-95 Catal. Sci. 

Technol. 2014, 4, 

1716. 

9   Ru(PPh3)3(CO)(H)2, 

xantphos, crotononitrile, 

toluene, reflux, 24 h 

40-85 Org. Biomol. 

Chem. 2012, 10, 

240. 

10   KOH, air, toluene, 90 °C, 

20 h 

48-98 Monatsh. Chem. 

2015, 

146, 1343. 

11   Pd(OAc)2, TPPMS, H2O, 

120 °C, 16 h 

65-96 J. Org. Chem. 

2012, 

77, 7046. 

12  

 

I2, DMSO, 110 °C 48-81 Org. Lett. 2013, 

15, 378. 

13  

 

TFA, Toluene, 90 °C, 16 h 45-98 Org. Chem. Front. 

2015, 2, 366. 

14  ArBr Pd(OAc)2, BuPAd2, DMF, 

DBU, CO, 120 °C, 16 h 

43-96 Chem. Eur. J. 

2013, 
19, 12635. 

15  ArI 
 

PdCl2, DPPP, 

CaCl2, tBuONa, Toluene, 

145 °C, 8 h 

41-93 J. Org. 

Chem. 2014, 79, 

5082. 

16  ArCHO or Het-

CHO 

DMSO, 120 °C,  

16 h, Open flask 

42-86 Tetrahedron Lett. 

2014, 55, 2340. 

17  

 

I2, O2, DMSO, 110 °C, 16 

h 

50-82 J. Org. Chem. 

2015, 80, 6915. 
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18   

 

 

DMSO, 140 °C,  

16 h, O2, 4-8 h 

14-83 Tetrahedron 2016, 

72, 1330. 

19  [Ni(MeTAA)] 

NatOBu, Xylene, 100 °C, 

36 h 

24-90 J. Org. Chem. 

2017, 82, 7165. 

20   Toluene, NaOH,  

90 °C, 36 h 

  

35-95 J. Org. Chem. 

2019, 84, 10160. 

21  

 

Pd(TFA)2, bpy, DMSO, 

100 °C, O2, 12 h 

37-85 Org. Chem. Front., 

2018, 5, 2734. 

22  

 

K2S2O8 

ACN: H2O, 6 h, rt 

72-94 ChemistrySelect 

2017, 2, 4963. 

23 

 

ArCHO Ga(OTf)3, NH4OAc 

DMSO, 85 °C 

50-70 min,  

79-92 Tetrahedron 

Lett. 2008, 49, 

3814. 

24  

 

FeCl3, 1, 4-dioxane, 80 °C, 

2-8 h 

78-93 Synlett 2014, 25, 

821. 

25  

 

K2CO3, DMSO, 90 °C, 6 h 90-97 Synlett 2012, 23, 

85. 

26 

 

 

DTBP, TsOH 

DMSO, 110 °C 

20 h 

26-92 Chem. Commun. 

2014, 50, 6471. 

27  ArCHO p-TsOH, THF, rt, 10 min, 

PIDA, rt, 1 h 

47-92 Synthesis 2013, 45, 

2998. 

28  

 

t-Bu-NC 

Pd(PPh3)2Cl2 

Cu(OAc)2 

DMF, 100 °C 

43-97 J. Org. Chem. 

2018, 83, 9201. 

29 

  
 

CuI, L-Proline 

Cs2CO3, DMF 

80 °C 

74-95 Chem. Commun. 

2008, 6333 

30 

 
 

CuI, Cs2CO3, DMF 

rt  

40-97 Angew. Chem. Int. 

Ed. 2009, 48, 

348. 

31  

 

FeCl3, Cs2CO3, DMF, 120 

°C 

60-82 J. Comb. Chem. 

2009, 

11, 653. 

32 

 

 

CuBr, K2CO3, air, DMSO, 

110-120 °C 

43-84 Org. Lett. 2011, 

13, 1274. 

J. Org. Chem. 

2011, 76, 3846. 



Chapter I  Introduction 

P a g e  | 5 
 

33  

 

Cu(OAc)2, tBuOK, tBuOH, 

100 °C, 16 h 

25-84 J. Org. Chem. 

2018, 83, 10352. 

34  

 

TMSN3 

Air or TBHP 

CuI, 

DMSO, 80 °C 

41-89 J. Org. Chem. 

2016, 81, 5046. 

35 

  

Pd(OAc)2, BuPAd2, 

K2CO3, DMSO/H2O 

55-86 Green Chem., 

2014, 16, 1336. 

36 

 
 

CuBr, K2CO3, air, DMF, 

120 °C, 24 h 

21-73 Eur. J. Org. Chem. 

2014, 2682. 

Chin. Chem. Lett. 

2015, 26, 369. 

37 

 

 

CuI, NaOH, NMP, 120 °C, 

12 h 

52-85 RSC Adv. 2014, 4, 

44811. 

38 

 

- Pd(OAc)2, CuO, CO, 

AcOH, 110 °C 

53-81 J. Org. Chem. 

2011, 76, 6362. 

39 

 

ArBr 

 

Pd(OAc)2, BuPAd2, 

DMSO/H2O, CO, K2CO3, 

120 °C,  

16 h 

30-91 Green Chem. 

2014, 16, 1336. 

40 

  

CuBr, NMP, O2, 80 °C 51-96 J. Org. Chem. 

2015, 80, 7099. 

41 

 
 

TBHP 

K3PO4 

DMSO, rt 

42-90 Org. Lett. 2016, 

18, 2942. 

42 

 

ArI LiOtBu 

CuI 

Pd(OAc)2 

DMF, 120 °C, μW, 10 min 

14-96 Org. Lett. 2015, 

17, 1700. 

 

1.3 C–H Activation: In the recent past, catalytic C–H activation has become a broadly applied 

strategy across various domains of organic synthesis.11 C–H activation involves activating the non-

acidic C–H bond by metal coordination using different mechanisms, depending on the substrate. 

Ar–Ar coupling via C–H activation has been recognized as an alternative sustainable/green 

approach for the traditional cross-coupling reactions. In addition, a wide range of classical organic 

reactions such as alkylation, hydroxylation, acylation, alkoxy-carbonylation, alkenylation, 

amination, amidation, alkynylation, borylation and hydroxyamination have been explored via C–H 
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activation to synthesize a variety of molecules with high diversity. The major difference between 

traditional cross coupling and cross coupling via C–H activation is that the former requires pre-

activation while the latter does not, in most of the cases. Although some reactions require one 

coupling partner to be activated, cross dehydrogenative coupling reactions do not require 

preactivation of the coupling partners.   

 C–H bond activation and C–H bond functionalization are two different concepts, as the first 

reaction is reversible while the second is irreversible. The concept of C–H functionalization when 

applied to organic molecules precludes the extra efforts required for the prefunctionalization, which 

avoids generation of waste and thus can be utilized for the synthesis of complex molecules via late 

stage functionalization. There are many transition metals that are used to carry out this type of C–

H activation, such as Pd, Ni, Co, Rh, Ir, Ru, Re, Fe, as these metals have high reactivity towards 

C–H bonds. However, some challenges are also associated with these reactions, as we cannot get 

the reactivity of the particular C–H bond, which forces us to apply harsh conditions. To avoid such 

issues researchers have started using directing groups for these transformations.  

 

Figure F1.2: Representation of the C–H activation and functionalization concept. 

1.4 Direct/Directed C–H Activation:  

 Direct C–H activation is a concept wherein the reaction proceeds without the involvement 

of any directing group. Direct C–H activation is a widely used method, as it does not require the 

addition and removal of directing groups in the reaction, which minimises the reaction steps. 

Although this method looks easy, it is not very popular, because of the low selectivity of C–H 

bonds, which results in unwanted products. Therefore, the advanced version of C–H bond activation 

includes the installation of the directing group to increase the selectivity, and is known as directed 

C–H bond activation. In this, the metal co-ordinates to the directing group initially and forms the 

metallacycle, which allows the activation of the proximal C–H bond with ease (Figure F1.3).  The 
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advantages associated with this method are: the coordination ability of the metal to the substrate, 

regioselectivity, and most importantly, activation of the desired C–H bond. Due to these advantages, 

this method has gained a lot of attention and popularity in the field of synthetic organic chemistry.  

Even though the installation and removal of the directing groups increases the number of the steps, 

it is essential to the reaction, as it predominantly gives us the formation of desired products. 

Nowadays, scientists are exploring new avenues of directed C–H bond activation by using the 

substrate itself as the directing group for product formation. In this regard, a lot of research has 

been conducted to design various substrates that will act as directing groups in the reaction, thus 

avoiding the need to install the directing groups externally. This is possible mainly by the use of 

heterocyclic substrates that act as directing groups, thereby undergoing the directed C–H activation, 

which gives rise to the formation of biologically active compounds and analogues of important 

natural products. Aligning ourselves with these interests and thought processes, we have aimed to 

employ the directed C–H activation protocol to build a library of biologically active compounds.  

 

Figure F1.3: Representation of directing group assisted C–H activation. 

 

1.5 Directing groups:12 A potential directing group has various requirements that need to be 

fulfilled. The main requirement is the strict necessity of proximity of the directing group (DG) to 

achieve the selective activation of C–H bonds. It must be electron-donating enough for co-

ordination with the transition metal. The DGs commonly employed are Lewis bases that should be 

labile or semi-labile ligands, so that they do not block a coordination site at the metal center 

permanently. Achieving good reactivity and selectivity in some cases has proved to be very 

challenging - so the use of donor groups as directing groups is necessarily required in such cases. 

Nowadays, the trend is to use the directing groups as substrates themselves for conducting the C–

H activation, which includes bipyridyl, amides and carbonyls, sulfoxides, quinoline-N-oxide and 

pyrrole. Till date, a diverse collection of directing groups have been documented that comprise of 

amides, amines, imines, carboxylic acids, ketones, esters and hydroxyl groups. (Figure F1.4) These 
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directing groups are used to do modifications such as arylations, aminations, alkylations, 

alkenylations and alkynylation reactions. 

 

Figure F1.4: Most used directing groups for C–H activation. 

 

1.6 Mechanism of C–H activation:13 There are five different types of mechanisms proposed for 

the activation of the C–H bonds. There are as follows: 

1. Oxidative addition: It is the insertion of an electron rich metal between a C–H bond. By 

interacting strongly in a synergistic fashion, the σ C–H bond coordinates with the metal 

by dπ-back donation to the σ* C–H orbital, which results in an overall lowering of the 

bond energy, thus leading to the cleavage of the C–H bond.   As the C–H bond cleaves, 

there is formation of a new M–C bond and M–H bond through a three-membered 

transition state. This oxidative addition mechanism is mainly for electron-rich, low-valent 

complexes of the late transition metals (Re, Fe, Ru, Os, Ir, and Pt) as the formation of the 

new bonds and increase in the oxidation state of the metal in the transition state are 

energetically favourable.  

 

2. Electrophilic aromatic substitution (base-assisted intramolecular electrophilic 

substitution): This mechanism proceeds through  the electronic interaction of the 

electrophilic metals that behave as Lewis acids, with the π-electronic cloud of the substrate 

generating the cationic complex C(aryl)–M bond without changing the oxidation state of 
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the metal. This leads to an increase in the acidity of the C–H bond, which facilitates the 

deprotonation by re-aromatization on reacting with the base. Generally, the base is 

associated at the coordination sphere of the metal complex. This mechanism is also called 

the base assisted intramolecular electrophilic type substitution.  

 

3. σ–Bond metathesis: This type of mechanism mainly occurs with electron deficient metals 

having high oxidation states. It proceeds via the formation of two new sigma bonds and 

cleavage of two old sigma bonds through a concerted four-membered transition state 

without increasing the oxidation state of the metal. In this mechanism, the M–H species 

is not observed and thus it directly leads to the formation of the M–R2 and the R1–H bond.  

 

4. Single electron transfer (SET): This mechanism involves the homolytic cleavage of the 

C–H bond, which results in the formation of a metal hydride and a carbon radical. The 

carbon radical on recombining with the metal center gives the alkyl or aryl hydride metal 

oxidized species.  

 

5.Concerted metalation deprotonation (CMD): In this type of mechanism, there is a 

combined interaction of the metal and ligand with the C–H bond, which results in the 

deprotonation by the intramolecular base that is associated with the metal center in a 
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concerted way, so that the M–C bond is formed. Here, the C–H activation occurs on the 

bond that is present in close proximity to the metal center and the directing group. This 

type of mechanism is very diverse, as it includes a variety of metals and directing groups.  

 

 

1.7 Directed C–H activation on the arylquinazolin-4-one scaffold:  

 As mentioned previously, the quinazoline and quinazolinone scaffolds have been widely 

employed by medicinal chemists for the development of new drugs or drug candidates. Integrated 

with the pyrimidine core and the provision of a fused aryl ring, along with the possible pendant 

aryl/alkyl groups at C2/N3, these scaffolds offer multiple sites for C–H functionalization with an 

inbuilt directing group. This allows a handle for the post modification via C–H activation. Thus 

providing an easy approach for generating the focused libraries around these 

quinazoline/quinazolin-4-one scaffolds. This possibility has been well explored for the arylation, 

acetoxylation, halogenation, alkenylation and sulphamidation reactions on these scaffolds. Many 

groups have utilized the pendant aryl ring present in the quinazolin-4-one for the development of 

new scaffolds by applying the directed C–H activation protocol to enhance the structural diversity 

and molecular complexity of quinazolines. This has also paved a path for the synthesis of fused N-

heterocyclic cores that are found in bioactive quinazolinones and in some natural products.  

 Directed C–H functionalization of the pendant aryl ring in the 2-arylquinazolin-4-one core 

has been well explored and, till date, a huge library of compounds containing the quinazolinone 

core have been synthesized.14 This was achieved through reactions such as C–H amination, 

arylation, alkenylation and cross dehydrogenative coupling with acrylates and acetoxylation, 

documented using [Pd], [Ru], [Rh], [Ir] and [Cu]-complexes. Coming to the reports with [Ir]-

complexes, there are very few in this regard (Scheme S1.1). Thus, shown below is a gist of the 

research work done on quinazolinone rings in the past few years using the directed C–H activation 

protocol.  
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Scheme S1.1: C–H functionalization of 2-Aryl-quinazolin-4-one scaffold by using various 

transition metals 

Acetoxylation: The first report of selective oxidative functionalization of aryl-substituted 

quinazolinones takes into consideration the dual activation of both the amide and the ortho-

chelating imine group, and was reported by Subba Reddy et al. in 2012. They have developed an 

efficient quinazoline directed acetoxylation and methoxylation of C2-aryl groups using palladium 

as the catalyst. Here, the acetoxylation was carried out using a 5.0 mol% Pd(OAc)2 catalyst with 

PhI(OAc)2 as the oxidant in DCE solvent under reflux conditions, to get the 

monoacetoxylation/methoxylation as well bis-acetoxylation/methoxylation  products S1.2B in 

good to excellent yields. (Scheme S1.2). 

 

Scheme S1.2: Reddy's acetoxy-substituted 4(3H)-quinazolinone synthesis 

(Reddy, B. V. S.; Narasimhulu, G.; Umadevi, N.; Yadav, J. S. Synlett 2012, 23, 1364–1370) 

Later, in 2017, Mhaske’s group developed a complementary method for the acetoxylation 

of the C8-Me group of the quinazolinone ring. For this transformation, there is a requirement of the 

protection of the N3 hydrogen, as it increases the possibility of the acetoxylation of the C8-Me 

group of the fused aryl ring of the quinazoline instead of the ortho-C–H activation of the pendant 

aryl ring. In this method, the 2-arylquinazolione S1.3A undergoes the acetoxylation reaction in the 

presence of Pd(OAc)2 as catalyst followed by the addition of the PhI(OAc)2 as the oxidant to afford 

the desired product S1.3B in good yields. (Scheme S1.3). 
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Scheme S1.3: Mhaske's approach for the C(sp)3 Acetoxylation 

(Garad, D. N.; Mhaske, S. B. J. Org. Chem. 2017, 82, 10470–10478) 

 

 Interestingly, when a tert-Bu group is present at the C2 position of the quinazolinone ring, 

one of its methyl groups gets selectively acetoxylated instead of the C8-Me group (Scheme S1.4). 

 

Scheme S1.4: Mhaske's approach for the C(sp)3 Acetoxylation 

(Garad, D. N.; Mhaske, S. B. J. Org. Chem. 2017, 82, 10470–10478) 

Amination: In 2014, Wu and Chen reported a palladium-catalyzed intramolecular aerobic 

oxidative C–H amination protocol for the synthesis of indazolo[3,2-b]quinazolinones S1.5B from 

2-aryl-3-(arylamino)quinazolinones. Detailed mechanistic investigations revealed that the reaction 

involves the formation of the dimeric palladacycle, which is the key intermediate that undergoes 

the cascade rollover cyclometalation and C–H amination to derive the product S1.5B in good yield. 

(Scheme S1.5). 

 

Scheme S1. 5: Chen & Wu's synthesis of indazolo[3,2-b]quinazolinones 

(Yang, W.; Chen, J.; Huang, X.; Ding, J.; Liu, M.; Wu, H. Org. Lett. 2014, 16, 5418–5421) 

 

In 2016 Banerji and co-workers disclosed the synthesis of the fused 

quinazolinones/phenanthridine hetero pentacyclic compounds using Pd-catalyzed aerobic oxidative 

C–H amination of the strained quinazolinone scaffold S1.6A. The utilization of the Pd(OAc)2 and 

Cu(OAc)2 catalyst combination in DMF as solvent at 160 °C leads to the formation of the fused 

heterocyclic quinazolinone compounds S1.6B in good to excellent yields. (Scheme S1.6). 
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Scheme S1.6: Banerji's approach for C–H Amination 

 (Banerji, B.; Bera, S.; Chatterjee, S.; Killi, S. K.; Adhikary, S. Chem. -Eur. J. 2016, 22, 3506–3512) 

 

In 2015, Peng and co-workers carried out the remarkable rhodium (III) catalyzed C–H 

amidation of the diarylquinazoline, where sulphonyl azide was used as an amine source to get the 

regioselective mono or bis amidation of the corresponding quinazoline ring S1.7A in DCE as a 

solvent, which was heated at 80 °C for 72 h to get the required product S1.7B or S1.7C in good 

amounts. This reaction showed tolerance of various functional groups such as nitro, fluoro, chloro, 

and naphthyl during the amidation reaction. (Scheme S1.7). 

 

Scheme S1.7: Direct C–H Amidation of 2,4-Diarylquinazoline 

(Zhang, C.; Zhou, Y.; Deng, Z.; Chen, X.; Peng, Y. Eur. J. Org. Chem. 2015, 1735–1744) 

Later in 2016, Kaliappan’s group disclosed a copper-catalyzed two-fold cascade C–N bond 

coupling reaction in between the N-anilinoquinazolinones S1.8A and aryl/heteroaryl halides S1.8B 

leading to the formation of N-Aryl benzimidazoquinazolinones S1.8C. A variety of 

benzimidazoquinazolinones have been synthesized in good to excellent yields. (Scheme S1.8). 

 

Scheme S1.8: Kaliappan's Synthesis of N-Aryl Benzimidazoquinazolinones  

(Banerjee, A.; Subramanian, P.; Kaliappan, K. P. J. Org. Chem. 2016, 81, 10424–10432) 

 Following this, Cui and co-workers reported a Ir-catalyzed diamination of C2-aryl 

quinazolin-4-(3H)-one S1.9A with para-toluenesulfonyl azide S1.9B leading to the synthesis of 
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ortho-diamided quinazolinones S1.9C. The employed conditions involved the use of an iridium 

catalyst and AgSbF6 additive in trifluoroacetic acid at 80 °C in 2.5 h and resulted in the formation 

of a diamide product S1.9C in good to excellent yield. In this, the scope of the different substituents 

present on the quinazolinone, as well as the scope of the substituted sulfonyl azides, has been 

explored with very good results. (Scheme S1.9). 

 

Scheme S1.9: Iridium catalyzed Direct C–H sulfamidation 

(Feng, Y.; Li, Y.; Yu, Y.; Wang, L.; Cui, X. RSC Advances 2018, 8, 8450–8454) 

 In 2018, Peng and co-workers reported the C–H amination of 2-arylquinazolinones S1.10A, 

which reacted with N-alkyl-O-benzoyl-hydroxylamines S1.10B in the presence of [Rh(Cp*Cl2)]2. 

PivOH was used as the additive, K3PO4 as the base; then the reaction mixture was heated in a 

toluene/MeCN solvent mixture at 50 °C for 12 h, which resulted in the formation of the diaminated 

product S1.10C in good yields (Scheme S1.10).  

 

Scheme S1.10: Rh(III) catalyzed C–H amination of 2-aryl quinazolinones scaffolds 

 (Zhang, Y.; Huang, J.; Deng, Z.; Mao, X.; Peng, Y. Tetrahedron 2018, 74, 2330–2337) 

 Recently, Cui and co-workers reported the mono-sulfamidation of 2-aryl quinazolinones 

S1.11A using the sulfonyl azide S1.11B as the aminating reagent in the presence of an iridium 

catalyst, with AgSbF6 as the additive in DCE solvent, which was refluxed at 80 °C for 1 h. This 

resulted in the formation of sulfamidated quinazolinones S1.11C in good yields. A series of 

functionalized mono-sulfamided 2-arylquinazolinones have been synthesized using low catalyst 

loading. (Scheme S1.11). 
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Scheme S1.11: Iridium catalyzed mono-sulfamidation of 2-aryl quinazolinones scaffolds 

 (Feng, Y.;  Zhang, Z.; Fua, Q.; Yao, Q.;  Huang, H.;  Shen, J.; Cui, X. Chin. Chem. Lett. 2020, 31, 58–60) 

Arylation: The Pd catalyzed direct C2-arylation on quinazolinone ring appears to have been 

unexplored until 2015. The first report came in 2015 from the Fruit and Besson group, who 

developed a Pd-catalyzed direct C2–H (hetero)arylation of quinazolin-4-one S1.12A using aryl 

iodides. In this method, the N3 had to be protected with a benzyl group and it could be deprotected 

using AlCl3 afterwards. The arylation using various aryl iodides required Pd and Cu as the catalyst 

combination and the use of LiOtBu as the base in DMF at 120 °C under microwave irradiation 

(Scheme S1.12). 

 

Scheme S1.12: Pd catalyzed Direct C–H Arylation 

(Laclef, S.; Harari, M.; Godeau, J.; Schmitz-Afonso, I.; Bischoff, L.; Hoarau, C.; Levacher, V.; Fruit, C.; Besson, T. Org. Lett. 

2015, 17, 1700–1703) 

 Following this, the same group further extended their work with aryl bromides, as well as 

with aryl chlorides, using Pd(OAc)2 as the catalyst and PPh3 or PCy3 as ligands. Under the same 

conditions, a variety of hetero halides were also found to be compatible and provided the 

corresponding C2-heteroarylated quinazolinones in good yields (Scheme S1.13). 

 

Scheme S1.13: Pd catalyzed Direct C–H Arylation using aryl halides 

(Godeau, J.; Harari, M.; Laclef, S.; Deau, E.; Fruit, C.; Besson, T.  Eur. J. Org. Chem. 2015, 7705–7717) 

 In 2016, Peng and co-workers revealed a novel method for the synthesis of quinazolinone-

fused phenanthridinones S1.14C from 2-arylquinazolinones using the Pd catalyst. This comprises 
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of a direct intermolecular C–H arylation of 2-arylquinazolines S1.14A with ortho di-haloarenes 

S1.14B followed by intramolecular C–N coupling in the presence of a Pd catalyst, Xphos ligand, 

K2CO3 in DMF at 160 °C for 72 h (Scheme S1.14). 

 

Scheme S1.14: Pd catalysed Direct C–H Arylation using dihaloarenes 

(Yu, Y.; Yue, Y.; Wang, D.; Li, X.; Chen, C.; Peng, J. Synthesis 2016, 48, 3941–3950) 

 In 2017, Park and Hong et al. developed a variety of direct functionalization methods on 

the 2-phenylquinazolin-4(3H)-ones scaffold. Here, the unmasked quinozoline-4-one ring 

underwent a couple of reactions such as N-arylation, annulative 𝜋-extension, and C–H fluorination 

using the Pd, Cu catalyst. After that, the utility of derived products was shown by preparing the 

graphene-based non-electronic device, so that it allowed electronic recognition of the real-time Hg+ 

ions in the aqueous solution. At first, N-arylation was done by using a copper catalyst, the quinoline-

based ligand, with a hypervalent diphenyliodonium triflate used as an aryl source in the presence 

of K2CO3 as the base in DMF solvent at 130 °C in 24 h. This led to the desired N-arylated product 

S1.15B in hand. Next, the annulative π–extension was explored by using Pd(OAc)2 as the catalyst, 

BrettPhos as the ligand, and Ph2IOTf2 as the aryl source. The use of silver trifluoroacetate was 

found to be the suitable oxidant. Furthermore, the whole mixture was refluxed in DMF solvent at 

130 °C for 24 h to obtain the annulated compound S1.15C in good yield. Lastly, fluorination of the 

quinazolinone scaffolds was explored by reacting with N-fluorobenzenesulfonimide as the fluorine 

source in the presence of the Pd catalyst in DMF solvent at 150 °C in 12 h, leading to the formation 

of the fluorinated quinazolinone compound S1.15D in excellent yield. (Scheme S1.15). 



Chapter I  Introduction 

P a g e  | 17 
 

 

Scheme S1.15: Pd/Cu catalysed C–H functionalization of 2-aryl-quinazolin-one ring 

(Lee, J. B.; Kang, M. E.; Kim, J.; Lee, C. Y.; Kee, J.-M.; Myung, K.; Park, J.-U.; Hong, S. Y. Chem. Commun. 2017, 53, 10394–

10397) 

 In the same year, Mhaske et al. reported the arylation of the pendant aryl ring of the 

quinazolin-4-one using a palladium catalyst. Here, the 2-arylquinazolin-4-one S1.16A reacts with 

diphenyliodonium triflates S1.16B in the presence of the Pd(OAc)2 catalyst, with Na2CO3 as the 

base heated in AcOH solvent at 90-120 °C for 30–36 h, leading to the formation of the monoarylated 

quinazolin-4-one compound S1.16C in good yields. The scope of the substituent present on the 

quinazolin-4-one ring, as well as the feasibility of the various diaryliodonium triflates were checked 

to show the applicability of this method. (Scheme S1.16). 

 

Scheme S1.16: Pd catalyzed Direct C–H Arylation of pendant aryl ring 

(Garad, D. N.; Viveki, A. B.; Mhaske, S. B.  J. Org. Chem. 2017, 82, 6366–6372) 

 Recently, in 2020 Khirsagar et al. have established the cross dehydrogenative coupling 

reaction of the aromatic aldehydes S1.17B as well as benzyl alcohols with 2-arylquinozoliones 

S1.17A using the Pd catalyst, with TBHP as the oxidant in acetonitrile/chlorobenzene solvent in 

1:4 ratio at 120 °C in 36 h, resulting in the formation of the expected ketones S1.17C in good yields. 

(Scheme S1.17). 



Chapter I  Introduction 

P a g e  | 18 
 

 

Scheme S1.17: Pd catalyzed CDC coupling of aldehyde and quinazolinone 

 (Kshirsagar, U. A.; Waghmare, D. S.; Tambe, S. D. New J. Chem., 2020, 44, 16697) 

Alkylation: In 2021, Peng et al. reported the alkylation of arylquinazoline-4-one S1.18A, which 

reacts with the cycloproponols S1.18B in the presence of RhCp*Cl2 catalyst, AgSbF6  additive, 

Ag2O oxidant, benzoic acid proton source in MeOH solvent at room temperature in 17 h. This 

resulted in the formation of the quinazolin-4(3H)-one scaffold containing β-aryl ketone S1.18C in 

good yield.  (Scheme S1.18) 

 

Scheme S1.18: Rh(III) catalyzed alkylation of arylquinazolin-4-one 

(Chen, M-W.; Lou, M.; Deng, Z.; Yang, Q.; Peng, Y. Asian J. Org. Chem. 2021, 10, 192–195) 

Alkenylation: In 2015, Xuan and co-workers reported the synthesis of the pyrrolo[2,1-

b]quinazolin-9(1H)-one motif S1.19C by the reaction of the arylquinazolin-4-ones S1.19A with 

olefins S1.19B in the presence of a ruthenium catalyst and Cu(OAc)2 oxidant in DCE solvent at 

100 °C to get the alkenylated/annulated product S1.19C in good to moderate yields. The scope of 

the range of alkenes/acrylates was explored here and this strategy became efficient for the synthesis 

of the pyrrolo[2,1-b]quinazolin-9(1H)-one scaffold. However, the coupling reaction between 

S1.19A and N, N-dimethyl acrylamide, styrenes, methyl methacrylate and vinyl sulphone was 

found to be incompatible in the current approach.  (Scheme S1.19). 

 

Scheme S1.19: Ru-catalyzed oxidative coupling of 2-aryl-quinazolinone with olefins 

(Zheng, Y.; Song, W.-B.; Zhang, S.-W.; Xuan, L.-J.   Org. Biomol. Chem. 2015, 13, 6474–6478) 
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 In 2016 Peng and co-workers have reported the quinozoline-one directed and rhodium 

catalyzed sequential C–H activation followed by the addition with the acrylates to synthesize a 

variety of pyrrolo[2,1-b]quinazolin-9(1H)-one S1.20C compounds in one go. The quinozolin-4-one 

ring S1.20A compound was heated in the presence of acrylates S1.20B, RhCp*Cl2 catalyst, AgSbF6 

additive, Cu(OAc)2 oxidant and NaOAc base in 1,4-dioxane solvent for 5 h, leading to the formation 

of the pyrrolo[2,1-b]quinazoli-9(1H)-one S1.20C derivative in good yields. (Scheme S1.20). 

 

Scheme S1.20: Ru-catalyzed C–H activation/aza-Michael addition of 2-aryl-quinazolinone with olefin 

(Jiang, X.; Yang, Q.; Yuan, J.; Deng, Z.; Mao, X.; Peng, Y.; Yu, C. Tetrahedron 2016, 72, 1238–1243) 

 In 2018, Mhaske et al. carried out C–H alkenylation followed by the hydroamidative 

cyclization of the arylquinazolin-4-one ring S1.21A by reacting it with terminal alkynes S1.21B in 

the presence of the RuCl3.xH2O catalyst, K3PO4 base, and dibenzoyl peroxide aoxidant in DMF 

solvent heated at 120 °C for 36 h, leading to the formation of the alkenylated compound S1.21C in 

good yield and, in some cases, the annulated product S1.21D was also formed in good to moderate 

yield when electron-withdrawing groups were present on the terminal alkynes. The scope of the 

different substituted terminal alkynes and various quinazolinones was studied to show the 

compatibility of this method. (Scheme S1.21). 

 

Scheme S1.21: Ru-catalyzed alkenylation/amidative cyclisation of 2-aryl-quinazolinone with alkynes 

(Viveki, A. B.; Mhaske, S. B. J. Org. Chem. 2018, 83, 8906–8913) 

 Recently, in 2020, Peng et al. documented the monofluoronation of the quinazolinone rings 

where the 2-arylquinazolinone ring S1.22A reacted with 2,2-difluorovinyl tosylate S1.22B in the 

presence of a RhCp*(MeCN)3(SbF6)2 complex, with CsOPiv as the base in HFIP solvent heated at 

60 °C for 12 h. This led to the formation of a 2-(o-monofluoroalkenylaryl)quinazolinone S1.22C 

derivative. (Scheme S1.22). 
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Scheme S1.22: Rh(III) catalyzed synthesis of monofluoroquinazolinone derivatives 

(Wang, N.; Yang, Q.; Deng, Z.; Mao, X.; Peng, Y. ACS Omega 2020, 5, 14635–14644) 

C–H functionalization/Annulation: Recently in 2020, Ma & Szostak et al. reported the Rh(III)-

catalyzed C–H activation followed by an annulation reaction of the 2-arylquinazolin-4-one S1.23A 

ring with sulfoxonium ylides S1.23B to get the isoquinolino[1,2-b]quinazolines derivatives S1.23C 

in good yields. The scope of the various arylquinazolin-4-ones, as well as the variety of sulfoxonium 

ylides, was checked. Reaction conditions included the use of CH3CN as a solvent, which was heated 

up to 160 °C for 24 h to get the expected product in good to excellent yield. Mainly, the synthesized 

mono-C6-substituted isoquinolino[1,2-b]quinazolines compound showed promising cytotoxic 

activity. The reported reaction was very eco-friendly, as the byproduct formed after the reaction 

was only DMSO and H2O which were released after the reaction. (Scheme S1.23). 

 

Scheme S1.23: Rh(III) catalyzed synthesis of Isoquinolino[1,2-b]quinazolines 

(Zhang, J.; Wang, X.; Chen, D.; Kang, Y.; Ma, Y.; Szostak, M. J. Org. Chem. 2020, 85, 3192–3201) 

 In 2018, Jana and co-workers reported the Ruthenium(II) catalyzed directed C–H allylation 

followed by hydroamination of the arylquinazolin-4-one S1.24A scaffolds in the presence of 

AgSbF6 and with adamantine carboxylic acid as the additive. This gave a good result because of 

less nucleophilicity and better proton donation than the other acids, when stirred in DCE solvent at 

130 °C for 10 min to get the dihydroisoquinolino[1,2-b] quinazolinones derivatives S1.24C in good 

yields. (Scheme S1.24). 

 

Scheme S1.24: Ru(II) catalyzed synthesis of Dihydroisoquinolino[1,2-b]quinazolinones 

(Bairy, G.; Das, S.; Begam, H. M.; Jana, R. Org. Lett. 2018, 20, 7107–7112) 
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 In 2019, Lee and co-workers reported the Rh(III) catalyzed C–H activation of 

arylquinazolin-4-one ring S1.25A reacted with maleimides S1.25B in the presence of AgSbF6 as 

an additive and wth the use of Cu(OAc)2 as the oxidant in DMF solvent heated at 90 °C for 4 h 

under nitrogen atmosphere to get the spiroisoindoloquinazolinones S1.25C in good yields. A 

variety of substituted arylquinozolin-ones and also maleimides were employed to check the 

feasibility of the reaction. In one go, the C-C and C-N bond formation took place by using C–H 

activation followed by aza-Michael addition leading to spirocyclisation of the corresponding 

compounds. (Scheme S1.25). 

 

Scheme S1.25: Rh(III) catalyzed synthesis of spiroisoindoloquinazolinones 

(Devkota, S.; Lee, H-J.; Kim, S. H.; Lee, Y. R.  Adv. Synth. Catal. 2019, 361, 5587–5595) 

 In 2018, Wang and co-workers reported the C–H functionalization of the quinazolinone 

rings, where in the first case, the 2-arylquinazolinone S1.26D ring reacted with a 1,3-diketone-2-

diazo S1.26B compound in the presence of a Ru(II) catalyst, with AgNTf2 as the additive in tBuOH 

solvent at 90 °C for 40 min, resulting in the formation of the annulated 8H-isoquinolino[1,2-

b]quinazolin-8-ones product S1.26E in good yield. In the second case, the diazo compound S1.26A 

reacted with the 2-phenyl-dihydrophthalazine-1,4-dione S1.26B in the presence of Ir(III) catalyst, 

AgSbF6 as the additive in DCE solvent at 100 °C for 14 h, resulting in the formation of 

phthalazino[2,3-a]cinnoline-8,13-diones S1.26C in good yields. In this method, the reaction 

conditions were mild and favorable for a variety of functionalized diazo ketones, 2-

arylquinozolinones as well as with a variety of 2-phenyl-dihydrophthalazine-1,4-diones. (Scheme 

S1.26). 
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Scheme S1.26: Ru(II)/Ir(III) catalyzed C–H functionalization of cyclic amides 

 (Cai, P.; Zhang, E.; Wu, Y.; Fang, T.; Li, Q.; Yang, C.; Wang, J.; Shang, Y. ACS Omega 2018, 3, 14575–14584) 

 In 2019 Dabri and co-workers disclosed the first report of CDC coupling followed by 

annulation, which gave the formation of hydroxyisoindolo[1,2-b]quinazolinone S1.27C. Here, 2-

arylquinozolinone S1.27A first reacted with aldehydes S1.27B, undergoing the CDC reaction in the 

presence of a Pd catalyst and TBHP oxidant, which led to further intramolecular cyclization, 

revealing the formation of the expected product in 16 h at 80 °C in good yields. These conversions 

were applied to a diverse range of aldehydes and quinazolinones and proceeded with high yield and 

regioselectivity. (Scheme S1.27). 

 

Scheme S1.27: Pd catalyzed synthesis of Hydroxyisoindolo[1,2-b]quinazolinone 

(Dabiri, M.; Lehi, N. F.; Movahed, S. K.; Khavasi, H. R. Eur. J. Org. Chem. 2019, 2933–2940) 

 Parthasarathy et al. reported the synthesis of tetracyclic quinazolinones using a cobalt 

catalyst. 2-aryl quinazolinones S1.28A react with symmetrically substituted alkynes S1.28B in the 

presence of a cobalt catalyst and AgSbF6 additive, with Cu(OAc)2 as the oxidant in DCE solvent. 

The system was heated at 110 °C for 16 h, resulting in the formation of the annulated product 

S1.28C in good yields. Quinazolinone containing the electron-donating as well as electron-

withdrawing substituents was found to be compatible under these reaction conditions. The scope of 

unsymmetrically substituted alkynes was also checked. Interestingly, they observed different 

products and explained the mechanism to show how they were formed. (Scheme S1.28). 

 

Scheme S1.28: Co catalyzed C–H functionalization of quinazolinones by alkynes 

 (Kumaran, S.; Parthasarathy, K. Eur. J. Org. Chem. 2020, 866–869) 

 Recently in 2020, Mishra and Kim and co-workers reported the hydroxyalkylation of the 2-

aryl quinazolinones ring. Where there is a coupling reaction in between the activated aldehydes 

S1.29B and the 2-aryl quinazolinones S1.29B in the presence Ru(II) catalyst, with Cu(OAc)2 as the 
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oxidant, the reaction mixture was heated in DCE solvent at 150 °C for 20 h, leading to the formation 

of the tetracyclic isoindoloquinozolinones core S1.29C in good to moderate yields. Suitable 

conditions for both hydroxyalkylation as well for cyclization were established successfully. For the 

hydroxyalkylation, NaOAc was the best base optimized. (Scheme S1.29). 

 

Scheme S1.29: Ru(II) catalyzed synthesis of isoindoloquinazolinones 

(Choi, J. H.; Kim, K.; Oh, H.; Han, S.; Mishra, N.K.; Kim, I. S. Org. Biomol. Chem. 2020, 18, 9611–9622) 

 In 2019, Jana et al. reported allylation followed by the hydroamination reaction of o-

substituted quinazolinones using a Ru(II) catalyst. Here, the migration of the allyl group from the 

quinazolinone ring S1.30A to the ortho position of the aryl ring occurs, which further leads to fast 

cyclization with the nitrogen of the quinazolinone ring in 10 min at 130 °C in DCE solvent, leading 

to the synthesis of the rutaecarpine analogs S1.30B in good yields. (Scheme S1.30). 

 

Scheme S1.30: Ru(II) catalyzed C–H allylation/Hydroamination 

 (Bairya, G.; Nandia, A.; Mannaa, K.; Jana, R. Synthesis 2019, 51, 2523–2531) 

 Recently, Cheng et al. reported the 4+1 annulation reaction in between sulfoxonium ylides 

S1.31B and 2-aryl quinazolinones S1.31A in the presence of the RhCp*OAc2.H2O catalyst, with 

AgNO3 as the suitable additive, Cu(OAc)2 as the oxidant in DCE solvent at 120 °C in 12 h, resulting 

in the formation of the tetracyclic core S1.31C in good yields. Different 12-benzoyl isoindolo[1,2-

b]quinazolin-10 (12H)-ones S1.31C derivatives were synthesized in good to moderate yields. The 

scope of the various sulfoxonium ylides and 2-arylquinazolinones were successfully checked to 

expand the work. (Scheme S1.31). 

 

Scheme S1.31: Rhodium catalyzed 4+1 annulation reaction of 2-aryl quinazolinones scaffolds 
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(Wanga, C.; Qian, P-C.; Chen, F.; Cheng, J. Tetrahedron Lett. 2020, 61, 152441)  

 

 From this brief compilation on directed C–H activation of the 2-arylquinazolinones, it 

becomes apparent that these are very good substrates for post modification and amicable for 

functionalization with a majority of the electrophiles that have been employed in the C–H activation 

studies. However, it is interesting to note that the alkynylation of 2-arylquinazolinones has been 

never explored, despite that fact that these alkynes can be further manipulated for further structural 

modification and elaborations. This prompted us to look at the documented work on the catalytic 

C–H alkynylations and brief compilation of the same follows.  

1.8 Alkynylation reaction by C–H activation:  

Alkynes are an important recurring structural unit widely explored in organic synthesis. “Alkyne” 

is a unique functional group in organic synthesis that allows the introduction of a wide range of 

carbon and/or hetero atom centered functional groups that can be easily transformed into carbo-

/heterocycles of varying ring sizes.15 Interestingly, there are many active pharmaceuticals and 

natural products that contain an alkyne unit.  The Corey-Fuchs reaction and the Seyferth-Gilbert 

homologation are the classical reactions to form terminal C≡C bonds and the alkyne-alkyne cross 

metathesis forms the internal alkynes. However, in general, the addition of a functionalized alkyne  

at the desired carbon center was carried out by employing alkylation, nucleophilic addition to 

carbonyls or opening of epoxides, as well as cross coupling reactions such as Sonogashira coupling. 

In recent years, there has been a tremendous interest in the catalytic alkynylation of C–H bonds to 

avoid pre-functionalization of the reacting substrates.16 Indeed, the direct/directed alkynylation of 

sp2 C–H bonds is considered as a reliable alternative to Sonogashira coupling.17,18 In this pursuit, 

terminal alkynes,19 haloalkynes,20 borane alkynes,21 and alkynylated hypervalent iodine reagents22 

are the four different types of alkyne precursors used for the directed alkynylation reaction. Among 

all the alkynylating reagents, cyclic hypervalent iodine reagents are the latest reagents used for 

efficient transfer of the alkyne group.  

Hypervalent Iodine Compounds:22 The hypervalent iodine compounds have been widely 

employed for many transformations such as oxidations, single electron transfer, rearrangements and 

radical reactions in synthetic areas to make the carbon-carbon or carbon-hetero bonds. Recently, 
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they have also been identified as potent functional group transfer reagents. In 1991, Ochiai first 

introduced such an alkynyl-substituted member of this family of potent hypervalent iodine reagents. 

Again in 1996, the Zhadkin group discovered the triisopropylsilylethynyl-1,2-benziodoxol-3(1H)-

one (TIPS-EBX) reagent including other cyclic hypervalent iodine reagents of this family. 

 

Figure F1.5: Selected examples of cyclic hypervalent iodine reagents 

 The TIPS-EBX and related EBX reagents in general are prepared by the reaction of 2-

iodobenzoic acid with trimethylsilyl triflate, (triisopropylsilyl)(trimethylsilyl)acetylene and 

pyridine. These reagents show exceptional reactivity as they deliver the electrophilic acetylene 

group easily under mild reaction conditions, as it is a very stable, active reagent. After its discovery, 

TIPS-EBX was left unexplored till 2009, when the Waser group used it for the first time for the 

alkynylation of indoles and pyrroles by using gold catalysis. This pioneering work brought TIPS-

EBX and other hypervalent iodine reagents into the limelight, which initiated a lot of research work 

using these hypervalent reagents to carry out useful electrophilic alkynylation transformations.  

 Coming to the alkynylation via C–H activation, the directed alkynylation reactions occupy 

a special role in this regard, as they are regioselective and can be conducted even at room 

temperature.18 A variety of functional groups such as amines, amides, anilides, imines, esters, 

carboxylic acids, ketones, hydroxyls and various heterocycles have been employed as directing 

groups for directed C–H bond alkynylations. The alkyne sources employed in this pursuit include 

terminal alkynes,19 haloalkynes,20 borane alkynes,21 and alkynylated hypervalent iodine reagents.22 

There are various inorganic metal complexes (Pd, Ru, Rh, Ir, Co etc.) that have been used to 

catalyze  different types of C–H bond- (sp3, sp2 and sp) activation processes.  As this chapter 

mainly deals with the directed alkynylation reactions via C–H activation, a comprehensive 
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compilation of various reports of the metal catalyzed C–H alkynylation reactions are summarized 

in the table below. 

Table T1.2: Transition metal catalyzed C–H alkynylation by using various directing groups and 

metals: 

Sr. 

No 

Directing groups Alkylating reagent Reactions conditions Product Reference 

1 

 

 

Pd(OAc)2 

AgOAc 

LiCl 

Toluene, 110 °C 

 

J. Am. Chem. 

Soc. 2011, 

133, 12984. 

2 

 
 

 
 

Pd(OAc)2 (cat.) 

PR3 or NHC (cat.) 

Cs2CO3 

Et2O, 80 °C 

 

J. Am. Chem. 

Soc. 2013, 

135, 3387. 

3 Pd(OAc)2 

L =  

AgOAc 

Toluene, 110 °C 

Angew. 

Chem. Int. 

Ed. 2017, 56, 

1873. 

4 

 

 

Pd(OAc)2 

L, Ag2CO3, Toluene 

50 °C, 48 h 

 

 

Science 2017, 

355, 499. 

5 

 

 
[Cp*CoCOI2] 

AgF, Mg(OCH3)2 

TFE, 110 °C, 24 h 

 

Org. Lett. 

2015, 17, 

4094. 

6 

 

 
Pd(OAc)2, AgOTf, 

K2CO3, PhMe, 70 °C 

 

Org. Lett. 

2009, 11, 

3250. 

7 

 

 PdCl2(PPh3)2 

KOAc, 30-80 °C, 

PhMe 

 

J. Am. Chem. 

Soc. 2007, 

129, 7742. 
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8 

 

 

 

9 

 

 

 

10 

 

 

 

11 

 

 PdCl2(PPh3)2 

NaOAc 

THF, 50 °C 

 

Tetrahedron 

Lett. 2009, 

50, 763. 

12 

 

 

AuCl, Et2O, 23 °C 

 

Angew. 

Chem. Int. 

Ed. 

2009, 48, 

9346. 

13 

 

 
 

 

Pd(OAc)2 

Xantphos 
tBuOLi 

Dioxane, 100 °C  

Org. Lett. 

2010, 12, 

1868. 

 

CuBr.Sme2 

DPE-Phos 
tBuOLi, Dioxane 

120 °C, 2h 

Org. Lett. 

2010, 12, 

4038. 

 

 

 

 

Pd(OAc)2 

DPE-Phos 

tBuOLi 

1,4-dioxane 

 

Org. Lett. 

2012, 14, 

1824. 

14 

 

NiBr2, dtbpy 
tBuOLi 

diglyme, toluene 

100 °C, O2, 1-3h 

 Org. Lett. 

2010, 

12, 2358. 

15  

 

PdCl2, dppe, Ag2O 

60 °C, 12h 

 

 

 Eur. J. Org. 

Chem. 2013, 

7902. 

16  

 

1,10-phenanthroline 
tBuOLi, O2, CH3CN, 

rt, 48h 

 Org. Lett. 

2014, 16, 

4488. 
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17   Pd cat. 

Ag2O, Cs2CO3 

DMF, 85 °C, 6h 

Or 

Pd cat. 

Ag2O, DMF, 80 °C 

O2 

 Tetrahedron 

2015, 

71, 1975. 

18 

 

 
Pd(OAc)2, Xantphos, 

tBuOLi 

Dioxane, 100 °C  

Org. Lett. 

2010, 12, 

1868. 

19 

 

 
 

Ni(Cod)2, dppbz, 
tBuOLi 

PhMe, reflux, 1 h 
 

Org. Lett. 

2009, 11, 

4156. 

20 

 

 

CuBr.Sme2, 

DPEPhos 
tBuOLi 

Dioxane, 120 °C, 1h 

 

Angew. 

Chem. Int. 

Ed. 2009, 48, 

9553. 

21 

  

CuI, 1,10 

phenanthroline 
tBuOLi 

PhMe, 1 h 
 

J. 

Org. Chem. 

2010, 75, 

1764. 

22 

  

Al2O3, rt 

 

Tetrahedron 

Lett. 2004, 

45, 6513. 

Tetrahedron 

2008, 64, 

5541. 

23 

 

 
GaCl3, nBuLi, 

DtBMP, PhCl, 120 

°C 

 

J. Am. Chem. 

Soc. 2002, 

124, 8528. 

24 

 

 
GaCl3, nBuLi, 

DtBMP, PhCl, 120 

°C 

 

Tetrahedron 

Lett. 2004, 

45, 4333. 

25 

 

 

[Cp*CoCOI2] 

AgSbF6 

K2CO3 

TFE, 25 °C, 18 h 
 

Org. Lett. 

2015, 17, 

5316. 

26 

 

 

[Cp*RhCl2] 

NaOAc 

DCE, rt, 12h 

 

Angew. 

Chem. 2014, 

53, 2722. 

27 

 

 

[Cp*RhCl2] 

Zn(Otf)2 

DCE, rt or 80 °C, 16h 

 

J. Am. Chem. 

Soc. 2014, 

136, 4780. 
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28 

 

[Cp*IrCl2]2 

AgNTf2, DCE 

30 °C, 16h 

 

 

29 

 

 

[Cp*Rh(MeCN)3][Sb

F6]2 

PivOH, MS (4 A°), 

rt, 12h, DCE 

 

Org. Lett. 

2014, 16, 

4598. 

30 

 

 
[Cp*Rh(MeCN)3][Sb

F6]2 

Xylene 

80 °C, 12h, under air 

 

Org. Lett. 

2015, 17, 

1938. 

31 

 

 
[Cp*Rh(MeCN)3][Sb

F6]2 

Xylene 

80 °C, 12h, under air 

 

 

 

 

Org. Lett. 

2015, 17, 

1938. 

32  

 

[Cp*RhCl2]2 

Zn(Otf)2 

80 °C, 12h, N2, DCE 

 

J. Org. 

Chem. 2016, 

81, 715. 

 

33 

 

 
[Cp*RhCl2]2 

AgSbF6 

80 °C, 16h, DCE 

 

Org. Lett. 

2016, 18, 

1056. 

34 

 

 

[Cp*IrCl2]2 

AgNTf2, EtOH 

rt, 10h 

 

J. Org. 

Chem. 2015, 

80, 1946. 

35 

 

 

[Cp*IrCl2]2 

KHCO3 

t-amyl-OH 

70 °C, 24h 

 
 

Org. Lett. 

2017, 19, 

2474. 

36 

 

 

[Cp*IrCl2]2 

AgNTf2, 

NaOAc, AgOAc 

DCE:HFIP 

120 °C, 24h 
 

J. Org. 

Chem. 2017, 

82, 

13003. 
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37 

 
 

38 

 

 [Cp*IrCl2]2 

AgNTf2, 

NaOAc, AgOAc 

Cs2CO2 

DCE:HFIP 

100 °C, 12h 
 

Org. Chem. 

Front. 

2019, 6, 284. 

39 

 

 

[Cp*IrCl2]2 

AgOTf, 

NaOPiv-H2O, TFE 

80 °C, 24h 

 

Angew. 

Chem. Int. 

Ed. 2019, 

58, 9856. 

40 

 

1. [Cp*IrCl2]2 

AgOTf, 

NaOPiv-H2O, 

TFE, 80 °C, 24h 

2. KOH, tBu4PBr, 

DCM, rt, 15 min  
41 

 

 

[Cp*RhCl2]2 

DIPEA 

MeCN, rt, 2 h 

 

Angew. 

Chem. Int. 

Ed. 

2015, 54, 

4949. 

42 

 

 

[IrCp*Cl2]2, Py, 

KOAc, DCE, 10 h, rt 

 

Chem. Eur. J. 

2017, 23, 

2748. 

43 

 

 

[IrCp*Cl2]2, AgNTf2, 

DCE, 80 °C, 16 h 

 

Org. Biomol. 

Chem., 

2016, 14, 

2944. 

44 

 

 

[IrCp*Cl2]2, PivOH, 

Cs2CO3, 80 °C, 12 h 

 

Org. Lett. 

2018, 

20, 2454. 

 

45 

 

 

[IrCp*Cl2]2, 

AgSBF6, DCE, 18 h, 

30 °C 

 

Org. Biomol. 

Chem., 

2016, 14, 

2898. 
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46 

 

 

 

[Cp*IrCl2]2  LiOAc 

NaBArF
4 AgOAc 

DCE, 100 °C 36 h. 

 

ACS Catal. 

2020, 10, 

5173. 

 

47 

 

 

Pd(OAc)2 

PPh3, 

(CH3)2CHCO2H 

Cs2CO3 

AgCO3 

Toluene, 90 °C, 24 h 
 

Eur. J. Org. 

Chem. 2018, 

2645. 

48 

 

 

 
tBuOLi 

1, 4-dioxane 

130 °C, 12h 

 

Asian J. Org. 

Chem. 2018, 

7, 1390. 

49 

 

 

 

[Cp*RhCl2]2 

Ag2CO3 

AgSbF6 

DCE, 100 °C, air, 12 

h 

 

Eur. J. Org. 

Chem. 2020, 

1100. 

 

 Amongst the documented reports for C–H bond activation, iridium complexes occupy a 

special place due to their high reactivity towards the C–H bond cleavage.23 So, coming to the Ir(III)-

catalyzed directed alkynylations using EBX-based reagents (Figure F1.6),23a-23i  the Jiang, Zeng, 

Li and Xie groups reported the carbonyl/carboxylate and pyrimidine directed ortho C–H 

alkynylation of (hetero)aryl rings. The selective terminal alkynylation of 2-vinylanilines has been 

reported by the Nachtsheim group. Li and co-workers, on the other hand, documented an Ir-

catalyzed pyridine directed alkynylation of pendant aryl units of N1-aryl-7-azaindol derivatives 

using TIPS-EBX. Very recently, Zhao and co-workers reported the selective ortho-alkynylation of 

Cbz-protected benzylamines employing bromoalkynes as the electrophilic alkynylating agents, 

while Nishi & Miura reported the sulfur directed alkynylation of indoles at the C4 and C7 positions 

in a selective manner.   
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Figure F1.6: Ir(III) catalyzed alkynylation using different directing groups. 

 From the comprehensive compilation provided above, it is evident that the quinazolinone 

scaffold offers an inbuilt directing group for post-modification, especially for the pendant C2-aryl 

groups. As mentioned, this has been explored for the functionalization via C–H activation with a 

majority of the electrophiles, although the alkynylation of 2-arylquinazolinones has never been 

explored despite that fact that these alkynes can be further manipulated for further structural 

modification and elaborations. In the following section, we will be describing our studies on this 

aspect, especially employing the [Ir]-complexes, which, as indicated above, have shown superior 

reactivity.  
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1.9 Present work: 

N-containing heterocyclic compounds such as quinazoline and quinazoline-4-ones are 

interesting scaffolds ubiquitously present in approved/investigational drug candidates, as well as 

in many natural products (Figure F1.7). Their wide biological activities had drawn significant 

attention for their construction and also post functionalization.24 As a part of our ongoing program 

on C–H activation functionalization at ambient temperatures employing [Ir]-complexes,25 the 

directed alkynylation of 2-arylquinazolin-4-ones has been undertaken, considering the fact that it 

provides a versatile functional group that will allow bringing diversity in the future for 

quinazolinone derivatives by applying a diverse range of transformations documented with 

alkynes. Despite several C–H functionalizations reported on the corresponding 2-aryl 

quinazolinones, interestingly, there is no report till now for a directed alkynylation on the 2-aryl 

quinazoline-4-one ring. This prompted us to take a chance for developing an efficient methodology 

for the quinazoline-4-one directed C–H alkynylation of the aryl ring with Ir(III) complexes, and 

further, to employ the strategy for regioselective intramolecular cyclizations. 

 

Figure F1. 7: Pharmacological importance of bioactive quinazolinone and quinazoline based 

molecules, drugs, and natural products. 
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In this context, the preliminary experiments were conducted employing 2-

phenylquinazolin-4-one (1a, 1 equiv) as the model substrate and TIPS-EBX (2, 1.2 equiv) as the 

alkynylating reagent and [IrCp*Cl2]2 (5 mol%) and AgSbF6 (10 mol%) as the catalyst systems. 

Initially, different solvents were screened to see the feasibility of the proposed alkynylation. As 

shown in Table T1.3, the reaction outcome seems to be solvent dependent. When conducted in 

CH3CN at rt, the reaction was sluggish and gave monoalkynylated quinazolin-4-one 3a (21%), 

along with dialkynylated quinazolin-4-one 4a (10%) (Table T1.3, entry 1). The products yield was 

improved when we switched to other aprotic polar solvents such as THF and dioxane. However, 

both mono- and dialkynylated products were obtained in varying proportions (Table T1.3, entries 

2-3). The structures of the obtained products were established with the help of spectral and 

analytical data. In the 1H NMR spectrum of compound 3a, the characteristic peak of the ortho 

proton of the aryl group of the quinazoline ring disappeared and the multiplet for 21 protons of the 

TIPS groups was seen to resonate at δ 1.38–0.99 ppm. In the 13C NMR spectrum of compound 3a, 

the three methyl groups of the TIPS group appeared as a quartet at δ 18.6 ppm and the three methine 

carbons resonated at δ 11.2 ppm. A further distinctive acetylene peak of the TIPS-alkyne appeared 

at δ 104.1 and at δ 100.4, both as singlet carbons. Next, in the HRMS, the calculated accurate mass 

for the compound was found to be 403.2200 and it was found at 403.2206, thus satisfying the 

expected monoalkynylation product formation. Next, we analyzed the dialkylated product 4a. In 

that case, too, we observed that the two ortho protons peak of the aryl group of quinazolinone 

disappeared completely and the multiplet of 42 protons of the TIPS group were observed to 

resonate at δ 0.86 ppm. In the 13C NMR spectrum of 4a, the twelve methyl carbons of the TIPS 

group appeared as a quartet at δ 18.3 ppm and the six methane carbons resonated at δ 11.0 ppm as 

a doublet. Further, the four carbons from the acetylene group resonated at 102.6 and 97.2 as the 

quaternary carbons. HRMS peak at 583.3543 provided additional clues for the dialkynylation 

product.  

With this structure confirmation, we further moved to a detailed examination of the 

reaction conditions by varying the solvent, temperature and catalyst. Interestingly, when the 

reactions were conducted in protic solvents such as methanol, ethanol and trifluroethanol at room 

temperature (Table T1.3, entries 4-8), the dialkynylated product was not observed and the 
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monoalkynylated product was obtained in varying yields. It was found that methanol was a good 

choice of solvent for this reaction, giving 3a in 89% isolated yield (entry 4). At this juncture, to 

check the possibility of carrying out the dialkynylation exclusively, the reactions were conducted 

using 2.5 equiv of TIPS-EBX (with respect to 1a) and different non-polar solvents such as toluene, 

dichloromethane and dichloroethane at different temperatures. As shown in Table T1.3, the best 

results were obtained in dichloroethane at 70 °C, resulting in the dialkynylated product 4a in 94% 

isolated yield (entry 14). Control experiments revealed that the presence of the Ir-complex was 

essential and that under similar conditions, the Rh(III) complex performed poorly (entries 15–17). 

Table T1.3: Optimization studiesa 

 

entry catalyst/ 

additive 

 solvent temp. (°C) 

time (h) 

yieldb (%) 

3a 4a 

1 [A]/a  CH3CN rt/16 21 10 

2 [A]/a  THF rt/12 42 8 

3 [A]/a  Dioxane rt/16 44 trace 

4 [A]/a  MeOH rt/16 89 trace 

5 [A]/a  EtOH rt/16 52 trace 

6 [A]/a  HFIP rt/16 36 trace 

7 [A]/a  TFE rt/16 30 trace 

8 [A]/a  Toluene rt/16 35 12 

9 [A]/a  DCM rt/16 38 22 
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10 [B]/a  DCE rt/16 27 trace 

11 [A]/b  DCE rt/16 18 43 

12 [A]/a  MeOH 70/12 20 53 

13 [A]/a  DCM 70/12 12 62 

14 [A]/a  DCE 70/12 -- 94 

15 [B]/a  DCE 70/12 12 40 

16 [B]/b  DCE 70/12 8 32 

17 [B]/b  DCE 70/12 trace 28c 

18 [A]/b  DCE 70/12 8 68 

19 [A]/b  DCE 70/12 24 38c 

aReaction conditions: For entries 1-10: 0.05 mmol of 1a, 0.06 mmol of 2a, 5 mol % of catalyst, 10 mol % of additive, dry solvent 

(1.0 mL), 16 h; for entries 12-19: 0.05 mmol of 1a, 0.125 mmol of 2a, 5 mol % of [IrCp*Cl2]2, 10 mol % of additives, dry solvent 

(1.0 mL), 12 h. bIsolated yields. cNaOAc (1.2 eq.) was used. 

 

Having the complementary conditions for the selective mono- or dialkynylation in hand, 

we proceeded to explore the scope of the current transformations employing diverse 2-

(hetero)arylquinazolin-4-one scaffolds (Scheme S1.32). Initially, we examined the scope of 

substituents on the para-position (F, Cl, Br, Me, OMe, CF3; respectively 1b–1g).  The selective 

mono-/dialkynylation of these substrates 1b–1g proceeded smoothly with 2 under optimized 

conditions and provided the corresponding monoalkynylated products 3b–3g (81-91%) and 

dialkynylated products 4b–4g (77-96%) in good to excellent yields. Coming to the 1H NMR 

spectrum of compound 3b, the one ortho proton of the aryl group of quinazoline ring was seen to 

disappear and the multiplet for 21 protons of the TIPS groups was seen to resonate at δ 1.30–1.06 

ppm. In the 13C NMR spectrum of compound 3b, the three methyls from the TIPS group appeared 

as the quartet at δ 18.6 ppm and three methine carbons resonated at δ 11.1 ppm. A further 

distinctive acetylene peak of TIPS-alkyne appeared both as a singlet at δ 102.9 and at δ 102.1 ppm.  

Next, in the HRMS, the calculated accurate mass for the compound was 421.2106 and it was found 

at 421.2110 thus confirming the monoalkynylation product formation. Similarly, in case of 

dialkynylated compound 4b, two ortho proton peaks of the aryl group of quinazolinone were seen 
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to disappear completely and the multiplet of 42 protons of the TIPS group was observed to resonate 

at δ 0.85 ppm. In the 13C NMR spectrum of compound 4b, the twelve methyl carbons of the TIPS 

group appeared as a quartet at δ 18.3 ppm and the six methine carbons resonated at δ 10.9 ppm as 

a doublet. Furthermore, all the four carbons from the acetylene group were seen as quaternary 

carbons, out of which two carbons resonated at δ 101.5 with a corresponding fluorine coupling 

constant value of JC-F = 3.0 Hz and the other two at δ 98.7 ppm. The HRMS peak at 601.3449 

provided additional support for the assigned structure of the dialkynylation product 4b. 

 

 

 

Scheme S1.32: Selective mono- or dialkynylation of substrates containing substituent at the para-

position 

  

In the 1H NMR spectrum of compound 3f, the one ortho proton of the aryl group of 

quinazoline ring was seen to disappear and the multiplet for 21 protons of the TIPS groups was 

seen to resonate at δ 1.29–1.10 ppm. In the 13C NMR spectrum of compound 3f, the three methyl 

carbons from the TIPS group appeared as the quartet at δ 18.7 ppm and the three methine carbons 

resonated at δ 11.2 ppm. A further distinctive quaternary acetylene peak of TIPS-alkyne appeared 

at δ 102.9 and another at δ 102.1 ppm.  Next, in the HRMS, the calculated accurate mass for the 

compound was 433.2306 and it was found at 433.2310, thus satisfying the expected 

monoalkynylation product formation. Similarly, in case of the dialkynylated product 4f, we 

observed that two ortho protons peaks of the aryl group of quinazolinone were missing completely 

and the TIPS group multiplet integrating for 42 protons was seen to resonate at δ 0.86 ppm. In the 
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13C NMR spectrum, the twelve methyl carbons of the TIPS group appeared as a quartet at δ 18.3 

ppm and the six methine carbons resonated at δ 10.9 ppm as a doublet. Further, out of the four 

carbons from the acetylene group, two carbons resonate at δ 102.7 and the other two at δ 96.8. All 

four appeared as the quaternary carbons. An HRMS peak at 613.3649 provided additional evidence 

for the dialkynylation product 4f.  

Next, the selective mono-/dialkynylation of substrates 1h–1j having different substituents 

at the meta-position (F, Br, OMe; respectively 1h–1j) was carried out. These reactions proceeded 

smoothly with 2 under optimized conditions and provided the corresponding monoalkynylated 

products 3h–3j (71-74%) and dialkynylated products 4h–4j (67-76%) in good to excellent yields. 

Next, the alkynylation of the ortho-substituted derivatives 1k–1m has been carried out to look at 

the possible steric hindrance of another ortho-substitution on the reaction outcome. The reactions 

proceeded smoothly under the optimized conditions at rt and provided the corresponding 

alkynylated derivatives 3k–3m in good yields. Even with the 2,4-dimethoxy aryl substrate, the 

alkynylation reaction proceeded smoothly and provided the corresponding product 3n in 89% yield 

(Scheme S1.33). 

 

 

Scheme S1.33: Selective mono- or dialkynylation of substrates containing substituent at meta and 

ortho-position 

 

After having explored the scope of the reaction with substrates having variations mainly 

on the pendant aryl rings, we next proceeded further to examine the substrate scope by varying the 

substitution on the quinazoline aryl ring, along with the changing of the substitution, by also 
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varying the pendant aryl ring. As shown in Scheme S1.34, the selective mono-/dialkynation of the 

C7–(Me, F, Br or NO2) substituted 2-phenylquinazolin-4-ones 1o–1r has been examined initially.  

In all the cases, the mono- and dialkynylation with 2 proceeded smoothly and provided the 

corresponding monoalkynylated products 3o–3r (70-82%) and dialkynylated products 4o–4r (79-

86%) in very good yields. However, the monoalkynylation of 6,7-dimethoxy-2-phenylquinazolin-

4(3H)-one (1s) gave the corresponding monoalkynylated product 3s in 62% yield, along with the 

dialkynylated product 4s in 14% yield.  

 

Scheme S1.34: Selective mono- or dialkynylation of substrates containing substituents present on 

quinazoline aryl ring 

Next, the scope of the alkynylation reaction has been examined by employing quinazolin-

4-ones 1t–1y having C2-napthyl and heteroaryl substituents. In case of 2-(1-napthyl) quinazolin-

4(3H)-one (1t), the alkynylation happened as expected at the C2 of the naphthyl ring and gave the 

corresponding product 3t in 84% yield. In the 1H NMR spectrum of compound 3t, the one ortho 

proton of the naphthyl ring was seen to disappear and the multiplet for 21 protons of the TIPS 

groups was seen to resonate at δ 1.06–0.78 ppm. In the 13C NMR spectrum of compound 3t, the 

three methyls from the TIPS group appeared as a quartet at δ 18.4 ppm and the three methine 

carbons resonated at δ 11.0 ppm. A further distinctive acetylene peak of TIPS-alkyne appeared 

both as singlet at δ 103.9 and at δ 97.9 ppm.  Next, in the HRMS, the calculated accurate mass for 

the compound was 453.2357 and it was found at 453.2361, thereby confirming the expected 
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product formation.  On the other hand, in case of the isomeric 2-(2-napthyl) quinazolin-4(3H)-one 

(1u), the monalkynylation took place selectively at the C3 position instead of C1, resulting in the 

product 3u. In the 1H NMR spectrum of compound 3u, the one ortho proton of the naphtyl ring 

was seen to disappear and the multiplet for 21 protons of the TIPS groups was seen to resonate at 

δ 1.22–1.09 ppm. In this case, two protons that are at the C1 and C4 positions appeared as two 

singlets: one at δ 8.73 ppm and another at δ 8.17 ppm. This proves that the alkynylation took place 

regioselectively at the C3 position rather than at the C1 position due to steric factors. In the 13C 

NMR spectrum of compound 3u, the three methyl carbons from the TIPS group appeared as a 

quartet at δ 18.7 ppm and the three methine carbons resonated at δ 11.2 ppm. A further quaternary 

acetylene peak of the TIPS-alkyne appeared at δ 104.5 and another at δ 99.1 ppm.  Next, in the 

HRMS, the calculated accurate mass for the compound was found to be 453.2357 and it was found 

at 453.2355, thus demonstrating the 3u product formation. This site selectivity seemed to originate 

from steric hindrance from the fused aromatic ring. The dialkynylation of 1u was also facile, giving 

the 1,3-dialkynylated product 4u in 76% yield. Coming to the alkynylation of 2-heteroaryl 

quinazolin-4-ones such as (2-furanyl; 1v), (2-thiophenyl; 1w), (3-indolyl; 1x) and (3-

benzothiophenyl; 1y), under the standard reaction conditions, the alkynylation with 2 proceeded 

smoothly and gave the products 3v-3y in good yields (70–83%).  

 

Scheme S1.35: Selective mono- or dialkynylation of substrates containing C2-napthyl and 

heteroaryl substituents. 
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However, 2-(2-pyridyl)quinazolin-4-none was found to be intact under these reaction 

conditions, suggesting the possible formation of a stable N,N’-bidentate iridium complex, which 

seemed to inhibit further reactions. Interestingly, when (E)-2-styrylquinazolin-4(3H)-one (1z) was 

employed as a substrate, under the standard reaction conditions, the alkynylation with 2 proceeded 

selectively at the -carbon of the styrene and gave 3z in 73% yield.  

 

Scheme S1.36: Selective mono-alkynylation of 2-(2-pyridyl)quinazolin-4-none and (E)-2-

styrylquinazolin-4(3H)-one. 

To have a substrate for exploring the synthetic utility, the mono- and dialkynylation of 2-

phenylquinazolin-4(3H)-one 1a was carried out on a 1 g scale using 5 mol % of the iridium 

complex. The reactions proceeded smoothly to afford 3a (1.5 g) and 4a (2.3 g) in 82% and 92% 

yields respectively.  

 

Attempted alkynylation with different R-EBX regents: 

The possibility of using R-EBX (R = n-octyl or phenyl) has been examined under both 

mono and dialkylation conditions. At room temperature, both substrates are intact and when 

heated, the R-EBX was seen to undergo an internal redox process resulting in the 2-oxo-2-(n-octyl 

or phenyl)ethyl 2-iodobenzoate derivatives (Scheme S1.37).26-28 
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Scheme S1.37: Alkynylation attempts with R-EBX. 

 

Synthetic utility and gram scale reaction:  

Next, to explore the synthetic utility, the complementary 5-exo-dig and 6-endo-dig 

cycloisomerization reactions of alkyne 3a (Scheme S1.38) were carried out by employing, 

respectively, tetra-n-butylammonium fluoride (TBAF) and sodium hydride (NaH) in DMF. The 

cyclization of alkyne 3a with TBAF proceeded smoothly and provided the cyclized product 8 in 

84% yield. On the other hand, the reaction of alkyne 3a with NaH, required harsh conditions and 

the cyclization proceeded in a complementary 6-exo dig fashion to provide the known compound 

9 in moderate yields.29 Coming to the structural assignment of compound 8, in the 1H NMR 

spectrum, the terminal olefinic methylene protons appeared separately as singlets with a chemical 

shift difference of 1.03 ppm. One of the protons, which was oriented towards the carbonyl, 

appeared down field (due to the anisotropic effect of the amide carbonyl oriented syn to this proton) 

at δ 7.07 ppm and another at δ 5.94 ppm, both as singlets. In 13C NMR spectrum of the compound, 

this methylene carbon appeared as a triplet at δ 101.8 ppm. A further HRMS value calculated for 

the same was at 247.0866 and it accurately matched with the found value of 247.0865. Coming to 

the known compound 9, in the 1H NMR spectrum, the two olefinic  protons appeared separately at 

δ 8.67 ppm and at δ 7.05 ppm, both as doublets with a characteristic cis-olefin coupling constant 

J = 7.8 Hz. In the 13C NMR of compound 9, these internal olefin carbons resonated at δ125.8 ppm 

and δ 113.2 ppm, both as doublets. 

 

Scheme S1.38: Selective 5-exo-dig and 6-endo-dig cycloisomerization with TBAF and NaH. 
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On the other hand, the electrophilic 6-endo-dig bromocyclization of compound 3a with N-

bromosuccinimide (NBS) resulted in the formation of 10 in 88% yield. Coming to the structural 

elucidation, in the 1H NMR spectrum of compound 10, the TIPS group containing the methyl 

proton appeared at δ 1.31 ppm as a br. singlet and a methine proton appeared at δ 1.84–1.74 ppm 

as a multiplet. In the 13C NMR, the methyl carbon from the TIPS group appeared at δ 19.4 ppm as 

a quartet and the methine carbon appeared at δ 14.2 ppm as doublet.  Next, the bromine and TIPS 

attached two quaternary carbons appeared as singlets at δ 120.0 ppm and at δ 136.7 ppm 

respectively. A further HRMS value found at 483.1292 confirmed the assigned structure of 

compound 10. 

 

Scheme S1.39: Selective electrophilic 6-endo-dig bromocyclization with NBS. 

 

After having explored the possible complementary cycloisomerization with TBAF, NaH 

and NBS, next we examined the possibility of carrying out the one-pot desilylation with TBAF 

followed by the [Pd]-catalyzed Sonogashira coupling and intramolecular hydroamination. As 

shown in Scheme S1.41, the reaction of compound 3a and iodobenzene, in the presence of 

PdCl2(PPh3)2 (10 mol%) and CuI (30 mol%) along with TBAF (0.4 mL, 1M in THF, 1.2 equiv) in 

THF at rt, provided a new compound within 1 h, which was characterized as the known compound 

11 (Scheme S1.40). The spectral data of compound 11 was in agreement with the data reported by 

the Wang group.30 For example, in the 1H NMR spectrum of compound 11, the terminal olefinic 

proton resonated down field δ 9.15 ppm as a singlet, thus indicating its orientation syn to the amide 

carbonyl. In the 13C NMR spectrum, the same olefinic carbon appeared at δ 122.9 ppm as a doublet. 
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Scheme S1.40: [Pd]-catalyzed Sonogashira coupling and intramolecular hydroamination. 

 

Control and competitive experiments: 

After having established the scope and viability at large scales and also the synthetic utility 

of the alkynylated products, we next proceeded further to understand the course of the reaction 

with the help of labeling and control experiments.  As shown in Scheme S1.41, no labeling was 

noticed when the reaction was carried out in CD3OD at rt. Only nominal 10% deuterium labeling 

was seen when the reaction was heated in a mixture of DCE and CD3OD. These labelling 

experiments revealed that the C−H bond cleavage was a reversible process (Scheme S1.41a). 

When the reaction was carried out in the presence of 2, no deuterium incorporation was observed 

in the recovered 1a, indicating that the alkynylation process proceeded faster than the deuteration. 

As expected, the competitive reaction of an equimolar amount of 1h (3-flurophenyl), 1j  (3-

methoxphenyl) and 2 under standard conditions gave 3h in 21% and 3j in 68% isolated yield 

respectively (1:3.2 ratio), indicating that electron-rich phenyl groups underwent alkynylation faster 

(Scheme S1.41c).  

 

Scheme S1.41: Control and Competition Experiments. 
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Mechanistic Proposal:  

Based upon the previous reports,31-34 we propose the following tentative mechanistic 

pathway (Scheme S1.42). The catalytic cycle can begin with the formation of the monomeric 

IrCp*(SbF6)2 complex, upon reaction of the dimeric iridium complex with AgSbF6. This can 

undergo a coordinative C–H insertion with 2-arylquinazolin-4-one 1, resulting in the 

cyclometalated Ir(III)-complex A.31 There are two possible pathways proposed for the transfer of 

the alkyne group from the TIPS-EBX to the aryl ring. In one path, the involvement of an 

intermediate Ir(V) species occurs via oxidative addition, resulting in the alkynyl-Ir(V) species B, 

which can undergo a reductive elimination, generating the key Ir(III)-alkyne intermediate C (path 

a). 16b, 32 In another path, the complexation of the intermediate A with the alkyne unit TIPS-EBX 

followed by a regioselective migratory insertion of alkyne results in the intermediate D which, 

upon the α-elimination of 2-iodobenzoic acid, results in the iridium vinylidene species E.33,34b The 

intermediate E then undergoes a concerted R group-migration followed by elimination, resulting 

in intermediate C, a species that is common in both the pathways a and b. Finally, the alkynylated 

product 3 and the active Ir(III)-species are generated by the dissociation of alkyne from C by 

complexing with 2-arylquinazolin-4-one 1, which undergoes a C–H insertion to continue the 

catalytic cycle.  

 

Scheme S1.42: Mechanistic Proposal. 
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1.10 Conclusions:  

In conclusion, [Ir]-catalysed ortho-alkynylation of 2-(hetero)arylquinazolin-4-ones with 

TIPS-EBX has been established. In methanol, selective monoalkynylation has been observed at 

room temperature. On the other hand, the dialkynylation could be conducted by switching to 1,2-

dichloroethane as a solvent and conducting the reaction at 70 °C. A wide-range of mono-

/dialkynylated quinazolin-4-ones have been synthesized in good to excellent yields. The synthetic 

utility of these substrates has been demonstrated by carrying their cycloisomerization with TBAF, 

NaH and NBS to arrive at complementary cyclization products. In addition, the possibility of 

Sonogashira coupling and concomitant intramolecular hydroamination has also been demonstrated 

successfully.  Thus, considering the ease of functionalizing the alkyne groups and the importance 

of the quinazolin-4-one scaffold in new drug discovery programs, this late stage alkynylation 

provides an attractive handle to synthesize molecules of therapeutic interest. 
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Experimental section: 

General procedure for iridium catalyzed C–H monoalkynylation of quinazolin-2-ones: To a 

screw capped vial with a spinvane triangular–shaped Teflon stir bar were added aryl quinqzolinone 

(0.2 mmol), TIPS-EBX (0.24 mmol), [IrCp*Cl2]2 (5 mol%, 8 mg), AgSbF6 (10 mol%, 7 mg), and 

methanol (3 mL) under air. The reaction mixture was stirred at room temperature for 16 h. After 

completion, the reaction mixture was diluted with CH2Cl2 and washed with sat. NaHCO3 followed 

by brine, dried (Na2SO4) and concentrated under reduced pressure. The resulting crude was 

purified by column chromatography (5:1 petroleum ether/EtOAc) to afford monoalkynylated 

quinazolin-2-ones 3. 

General procedure for iridium catalyzed C–H dialkynylation of quinazolin-2-ones: To a 

screw capped vial with a spinvane triangular shaped teflon stir bar were added quinazolin-4-one 

(0.2 mmol), TIPS-EBX (0.5 mmol), [IrCp*Cl2]2 (5 mol%, 8 mg), AgSbF6 (10 mol%, 7 mg) and 

1,2-dichloroethane (3 mL) under air. The reaction mixture was stirred at 70 °C for 12 h. After 

completion, the reaction mixture was diluted with CH2Cl2 and washed with sat. NaHCO3 followed 

by brine, dried (Na2SO4) and concentrated under reduced pressure. The resulting crude was 

purified by column chromatography (9:1 petroleum ether/EtOAc) to afford dilalkynylated 

quinazolin-4-ones 4. 

2-(2-((Triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3a):  

The product was obtained as white solid; Yield: 72 mg (89%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 146–147 °C; IR(neat) max: 3022, 2944, 2142, 2863, 2150, 1671, 1563, 

1368, 1213, 881, 769, 675 cm–1; 1H NMR (400 MHz, CDCl3) δ 10.76 (s, 1H), 

8.34–8.23 (m, 2H), 7.84– 7.72 (m, 2H), 7.69–7.57 (m, 1H), 7.54–7.45 (m, 3H), 

1.38–0.99 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 151.2 (s), 

149.1 (s), 134.8 (d), 134.5 (d), 133.7 (s), 130.8 (d), 130.0 (d), 129.2 (d), 128.0 (d), 127.0 (d), 126.5 

(d), 121.4 (s), 120.6 (s), 104.1 (s), 100.4 (s), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: 

[M + H]+ calcd for C25H31N2OSi 403.2200, found 403.2206. 

2-(4-Fluoro-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3b).  
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The product was obtained as white solid; Yield: 68 mg (81%). Rf: 0.4 (5:1 petroleum ether/EtOAc) 

Mp: 154–155 °C; IR(neat) max: 2944, 2861, 2155, 1655,1462, 1370, 1223, 

876, 768, 637 cm–1 ; 1H NMR (400 MHz, CDCl3) δ10.71 (s, 1H), 8.42–8.10 

(m, 2H), 7.85–7.71 (m, 2H), 7.59–7.43 (m, 1H), 7.32 (dd, J = 8.7, 2.6 Hz, 

1H), 7.22 (ddd, J = 8.9, 7.8, 2.7 Hz, 1H), 1.30–1.06 (m, 21H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 163.6 (ds, JC–F = 253.7 Hz), 162.3 (s), 161.3 (s), 150.3 (s), 149.0 (s), 134.6 

(d), 132.6(dd, JC-F = 9.2 Hz), 130.0 (ds, JC-F = 2.9 Hz), 128.0 (d), 127.1 (d), 126.5 (d), 122.6 (ds, 

JC-F = 10.1 Hz) 121.2 (dd, JC-F = 23.6 Hz), 117.1 (dd, JC-F = 21.6 Hz),  102.9 (s), 102.1 (s), 18.6 (q, 

6C), 11.1 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C25H30FN2OSi 421.2106, found 

421.2110. 

2-(4-Chloro-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3c). 

The product was obtained as white solid; Yield: 70 mg (81%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 151–152 °C; IR(neat) max: 2948, 2860, 2152, 1670, 1463, 1368, 1228, 

860, 732, 660 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.77 (s, 1H), 8.29 (dd, J 

= 8.2, 3.2 Hz, 2H), 7.79 (d, J = 3.8 Hz, 2H), 7.61 (d, J = 2.0 Hz, 1H), 7.49 

(ddd, J = 8.6, 6.5, 2.9 Hz, 2H), 1.35–1.04 (m, 21H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 161.3 (s), 150.2 (s), 149.0 (s), 137.0 (s), 134.7 (d), 134.2 (d), 131.9 (s), 131.5 (d), 129.6 

(d), 128.0 (d), 127.2 (d), 126.5 (d), 121.9 (s), 121.4 (s), 102.8 (s), 102.3 (s), 18.6 (q, 6C), 11.1 (d, 

3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for, C25H30ClN2OSi 437.1810 found 437.1816. 

2-(4-Bromo-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3d). 

The product was obtained as white solid; Yield: 80 mg (84%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 153–154 °C; IR(neat) max: 3281, 2938, 2862, 2146, 1691, 1467, 1372, 

1213, 880, 727, 634 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.71 (s, 1H), 8.30 

(dt, J = 7.9, 1.1 Hz, 1H), 8.23 (d, J = 8.6 Hz, 1H), 7.89–7.74 (m, 3H), 7.64 

(dd, J = 8.6, 2.1 Hz, 1H), 7.57–7.41 (m, 1H), 1.26–0.93 (m, 21H); 13C{1H} 

NMR (100 MHz, CDCl3) δ 161.2 (s), 150.2 (s), 149.0 (s), 137.1 (d), 134.7 (d), 132.6 (d), 132.3 

(s), 131.5 (d), 128.1 (d), 127.2 (d), 126.5 (d), 125.2 (s), 122.1 (s), 121.4 (s), 102.7 (s), 102.5 (s), 

18.6 (q, 6C), 11.1 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C25H30BrN2OSi 481.1305, 

found 481.1312. 
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2-(4-Methyl-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3e). 

The product was obtained as white solid; Yield: 76 mg (91%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 149–150 °C; IR(neat) max: 2944, 2861, 2158, 1680, 1571, 1463, 1369, 

1222, 840, 710, 669 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.79 (s, 1H), 8.30 

(d, J = 7.7 Hz, 1H), 8.23 (d, J = 8.2 Hz, 1H), 7.86–7.64 (m, 2H), 7.54–7.39 

(m, 2H), 7.31 (dd, J = 8.2, 1.0 Hz, 1H), 2.41 (s, 3H), 1.76–0.81 (m, 21H); 

13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 151.2 (s), 149.2 (s), 141.4 (s), 135.2 (d), 134.5 (d), 

130.7 (s), 130.3 (d), 130.0 (d), 128.0 (d), 126.7 (d), 126.5 (d), 121.3 (s), 120.2 (s), 104.5 (s), 100.1 

(s), 21.1 (q), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C26H33N2OSi 

417.2357, found 417.2362. 

2-(4-Methoxy-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3f). 

The product was obtained as white solid; Yield: 72 mg (83%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 150–151 °C; IR(neat) max: 2937, 2859, 2143, 1685, 1578, 1460, 1370, 

1226, 726, 664 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.81 (s, 1H), 8.32 (d, 

J = 8.9 Hz, 1H), 8.30–8.26 (m, 1H), 7.79–7.72 (m, 2H), 7.45 (ddd, J = 8.2, 

6.0, 2.3 Hz, 1H), 7.09 (d, J = 2.6 Hz, 1H), 7.04 (dd, J = 8.9, 2.7 Hz, 1H), 

3.89 (s, 3H), 1.29–1.10 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 161.3 (s), 150.9 

(s), 149.3 (s), 134.46 (d), 132.0 (d), 127.8 (d), 126.6 (d), 126.5 (d), 125.9 (s), 121.6 (s), 121.2 (s), 

119.3 (d), 115.8 (d), 104.2 (s), 100.6 (s), 55.6 (q), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) 

m/z: [M + H]+ calcd for C26H33N2O2Si 433.2306, found 433.2310. 

2-(4-(Trifluoromethyl)-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3g).    

The product was obtained as white solid; Yield: 74 mg (77%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 169–170 °C; IR(neat) max: 2922, 2862, 2140, 1668, 1564, 1464, 1330, 

1120, 899, 774, 660 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.78 (s, 1H), 

8.42 (d, J = 8.3 Hz, 1H), 8.31 (d, J = 8.0 Hz, 1H), 7.86 (s, 1H), 7.84–7.77 

(m, 2H), 7.74 (dd, J = 8.3, 1.3 Hz, 1H), 7.58–7.47 (m, 1H), 1.46–0.86 (m, 

21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.3 (s), 149.9 (s), 148.8 (s), 136.8 (s), 134.8 (d), 

133.0 (s), 132.7 (s), 131.43 (qd, JC-F3 = 3.8 Hz), (q, J = 7.5,Hz), 130.8 (d), 128.2 (d), 127.5 (d), 

126.6 (d), 125.6 (qd, JC-F3 = 3.5 Hz), 123.2 (qs, JC-F3 = 273.0 Hz), 121.8 (s), 121.5 (ds, J = 1.2 Hz),  
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102.6 (s), 18.6 (q, 6C), 11.1 (d, 3C). HRMS (ESI–TOF) m/z: [M + H]+ calcd for C26H30F3N2OSi 

471.2074, found 471.2081. 

2-(5-Fluoro-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3h). 

The product was obtained as white solid; Yield: 62 mg (73%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 136–137 °C; IR(neat) max: 3296, 2943, 2862, 2150, 1685, 1554, 1462, 

1285, 844, 721, 672 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.86 (s, 1H), 8.30 

(d, J = 7.9 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.89–7.71 (m, 2H), 7.57–7.40 

(m, 2H), 7.36–7.20 (m, 1H), 1.31–1.02 (m, 21H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 164.2 (ds, 1JC–F = 252.7 Hz),161.4 (s), 150.2 (s), 148.9 (s), 135.5 (s), 134.7 (d), 130.0 

(dd, 3JC–F = 8.7 Hz) , 128.1 (d), 127.2 (d), 126.5 (d), 125.5 (dd, 4JC–F = 3.4 Hz), 121.4 (s), 117.8 

(dd, 2JC–F = 21.8 Hz), 110.0 (ds, 2JC–F = 18.8 Hz), 107.2 (s), 96.5 (s), 18.6 (q, 6C), 11.1 (d, 3C); 

HRMS (ESI–TOF) m/z: [M + H]+ calcd for C25H30FN2OSi 421.2106, found 421.2107. 

2-(5-Bromo-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3i). 

The product was obtained as white solid; Yield: 68 mg (71%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 164–165 °C; IR(neat) max: 3024, 2939, 2861, 2152, 1665, 1603, 1465, 

1291, 878, 767, 658 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.82 (s, 1H), 8.51 

(d, J = 2.1 Hz, 1H), 8.31 (d, J = 7.7 Hz, 1H), 7.86–7.75 (m, 2H), 7.61 (dd, J = 

8.3, 2.1 Hz, 1H), 7.54–7.48 (m, 2H), 1.23–1.18 (m, 21H); 13C{1H} NMR (100 

MHz, CDCl3) δ 161.3 (s), 149.7 (s), 148.9 (s), 136.0 (d), 134.9 (s), 134.7 (d), 133.9 (d), 132.9 (d), 

128.6 (d), 127.32 (d), 126.5 (d), 123.6 (s), 121.4 (s), 119.3 (s), 103.2 (s), 102.2 (s), 18.6 (q, 6C), 

11.1 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C25H30BrN2OSi 481.1305, found 

481.1313. 

2-(5-Methoxy-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3j). 

The product was obtained as white solid; Yield: 64 mg (74%). Rf: 0.6 (5:1 petroleum ether/EtOAc) 

Mp: 122–123 °C; IR(neat) max: 2938, 2862, 2150, 1664, 1591, 1463, 1241, 

1025, 877, 773, 668 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 11.00 (s, 1H), 8.30 

(d, J = 7.9 Hz, 1H), 7.84–7.74 (m, 3H), 7.56 (d, J = 8.6 Hz, 1H), 7.48 (t, J = 

7.3 Hz, 1H), 7.01 (dd, J = 8.6, 2.5 Hz, 1H), 3.91 (s, 3H), 1.22–1.01 (m, 21H); 
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13C{1H} NMR (100 MHz, CDCl3) δ 161.6 (s), 160.0 (s), 151.1 (s), 149.1 (s), 136.3 (d), 135.1 (s), 

134.5 (d), 128.0 (d), 127.0 (d), 126.5 (d), 121.4 (s), 117.8 (d), 114.1 (d), 112.9 (s), 104.2 (s), 98.4 

(s), 55.7 (q), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C26H33N2O2Si 

433.2306, found 433.2311. 

2-(2-Fluoro-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3k). 

The product was obtained as white solid; Yield: 62 mg (76%). Rf: 0.4 (5:1 petroleum ether/EtOAc) 

Mp: 153–154 °C; IR(neat) max: 2941, 2863, 2154, 1665, 1467, 1371, 1221, 

871, 761, 648 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.33 (s, 1H), 8.25 (d, J = 

8.0 Hz, 1H), 7.91–7.71 (m, 2H), 7.52 (ddd, J = 8.1, 4.8, 3.5 Hz, 1H), 7.47–7.37 

(m, 2H), 7.24–7.11 (m, 1H), 0.97–0.74 (m, 21H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 162.3 (s), 159.9 (ds, JC–F = 251.2 Hz), 148.9 (s), 147.6 (s), 134.6 (d), 131.7 (dd, JC-F = 

9.2 Hz), 129.3 (dd, JC-F = 3.3 Hz), 128.1 (d), 127.4 (d), 126.4 (d), 125.0 (ds, JC-F = 3.5 Hz), 124.6 

(ds, JC-F = 16.4 Hz), 121.4 (s), 116.4(dd, JC-F = 21.6 Hz), 102.2 (ds, JC-F = 3.8 Hz), 97.9 (s), 18.4 

(q, 6C), 11.0 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C25H30FN2OSi 421.2106, found 

421.2107. 

2-(2-Chloro-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3l). 

The product was obtained as white solid; Yield: 64 mg (74%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 184–185 °C; IR(neat) max: 2943, 2864, 2153, 1670, 1462, 1379, 1228, 

860, 738, 661 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.47 (s, 1H), 8.23 (d, J = 

8.1 Hz, 1H), 7.86–7.68 (m, 2H), 7.57–7.48 (m, 2H), 7.46 (dd, J = 8.2, 1.3 Hz, 

1H), 7.43–7.34 (m, 1H), 0.87–0.80 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 162.6 (s), 150.2 

(s), 148.9 (s), 135.6 (s), 134.6 (d), 133.1 (s), 131.4 (d), 130.9 (d), 129.7 (d), 128.1 (d), 127.4 (d), 

126.3 (d), 125.2 (s), 121.4 (s), 102.3 (s), 97.8 (s), 18.3 (q, 6C), 10.9 (d, 3C); HRMS (ESI–TOF) 

m/z: [M + H]+ calcd for, C25H30ClN2OSi 437.1810 found 437.1814. 

2-(2-Bromo-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3m). 
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The product was obtained as white solid; Yield: 75 mg (78%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 194–195 °C; IR(neat) max: 3222, 2940, 2862, 2148, 1666, 1468, 1370, 

1220, 882, 730, 636 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.83 (s, 1H), 8.26 

(dd, J = 8.4, 4.5 Hz, 1H), 7.79 (d, J = 3.6 Hz, 2H), 7.64 (d, J = 8.1 Hz, 1H), 

7.58 (dd, J = 7.8, 1.1 Hz, 1H), 7.55–7.49 (m, 1H), 7.32 (t, J = 8.0 Hz, 1H), 

1.04–0.71 (m, 21H); 13C{1H}NMR (100 MHz, CDCl3) δ 161.9 (s), 151.1 (s), 148.8 (s), 137.4 (s), 

134.6 (d), 132.8 (d), 131.9 (d), 131.1 (d), 128.1 (d), 127.4 (d), 126.4 (d), 125.2 (s), 121.8 (s), 121.5 

(s), 102.2 (s), 98.0 (s), 18.4 (q, 6C), 11.0 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C25H30BrN2OSi 481.1305, found 481.1309. 

2-(2,4-Dimethoxy-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3n). 

 

The product was obtained as white solid; Yield: 82 mg (89%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 129–130 °C; IR(neat) max: 2922, 2860, 2145, 1671, 1596, 1387, 1216, 

1021, 861, 734, 643 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 11.3 (s, 1H), 8.55 

(d, J = 7.9 Hz, 1H), 8.20 (s, 1H), 8.11–7.97 (m, 2H), 7.72 (ddd, J = 8.2, 6.7, 

1.6 Hz, 1H), 7.51 (s, 1H), 4.29 (s, 3H), 4.23 (s, 3H), 1.58–1.31 (m, 21H); 

13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 150.9 (s), 150.7 (s), 150.0 (s), 149.2 (s), 134.5 (d), 

127.8 (d), 126.7 (d), 126.6 (s), 126.5 (d), 121.2 (s), 116.2 (d), 113.2 (s), 112.1 (d), 104.5 (s), 99.5 

(s), 56.2 (q), 56.2 (q), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C27H35N2O3Si 463.2411, found 463.2419. 

7-Methyl-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3o). 

The product was obtained as white solid; Yield: 68 mg (82%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 118–119 °C; IR(neat) max: 2935, 2859, 2155, 1655, 1610, 1456, 1216, 

880, 791, 666 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.59 (s, 1H), 8.29 (dd, 

J = 7.4, 1.5 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 7.65 (dd, J = 7.1, 1.6 Hz, 1H), 

7.60 (s, 1H), 7.55–7.45 (m, 2H), 7.31 (d, J = 8.1 Hz, 1H), 2.52 (s, 3H), 1.49–

0.76 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.2 (s), 151.2 (s), 149.3 (s), 145.5 (s), 134.8 

(d), 133.7 (s), 130.68 (d), 130.0 (d), 129.2 (d), 128.5 (d), 127.8 (d), 126.3 (d), 120.5 (s), 119.0 (s), 
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104.2 (s), 100.5 (s), 21.9 (q), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd 

for C26H33N2OSi 417.2357, found 417.2352. 

7-Fluoro-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin4(3H)-one(3p).  

The product was obtained as white solid; Yield: 63 mg (75%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 121–122 °C; IR(neat) max: 3283, 2944, 2861, 2143, 1687, 1576, 1373, 

1285, 879, 765, 676 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.92 (brs, 1H), 

8.33–8.17 (m, 2H), 7.69–7.56 (m, 1H), 7.54–7.48 (m, 2H), 7.43 (d, J = 9.7 

Hz, 1H), 7.24–7.13 (m, 1H), 1.31–0.84 (m, 21H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 166.7 (ds, 1JC–F = 254.2 Hz), 160.7 (ds, JC-F = 2.6 Hz), 152.4 (s),  151.3(ds, JC-F = 13.2 

Hz), 134.9 (d), 133.3 (ds, JC-F = 3.1 Hz), 131.0 (d), 130.0 (d), 129.2 (dd, JC–F = 2.0 Hz), 129.1 (d), 

120.7(ds, JC-F = 2.4 Hz), 118.1 (ds, JC–F = 1.8 Hz), 115.7 (dd, JC–F = 23.6 Hz), 113.3 (dd,JC–F = 21.8 

Hz), 104.1 (s), 100.7 (s), 18.6 (q, 6C), 11.2 (d, 3C); 19F NMR (377 MHz, CDCl3) δ –103.2.; HRMS 

(ESI–TOF) m/z: [M + H]+ calcd for C25H30FN2OSi 421.2106, found 421.2100. 

7-Bromo-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3q). 

The product was obtained as white solid; Yield: 75 mg (78%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 124–125 °C; IR(neat) max: 3308, 2941, 2143, 2864, 1689, 1587, 1462, 

1234, 880, 769, 659 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.86 (s, 1H), 

8.31 (d, J = 8.1 Hz, 1H), 8.14 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 

7.70–7.62 (m, 1H), 7.58 (dd, J = 8.5, 1.9 Hz, 1H), 7.56–7.45 (m, 2H), 1.56–

0.89 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.8 (s), 152.2 (s), 150.1 (s), 135.0 (d), 133.0 

(s), 131.1 (d), 130.8 (d), 130.3 (d), 130.1 (d), 129.3 (d), 129.3 (s), 127.9 (d), 120.5 (s), 120.2 (s), 

104.1 (s), 101.1 (s), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C25H30BrN2OSi 481.1305, found 481.1298. 

7-Nitro-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3r). 

The product was obtained as yellow solid; Yield: 62 mg (70%). Rf: 0.4 (5:1 petroleum 

ether/EtOAc) Mp: 147–148 °C; IR(neat) max: 3261, 2933, 2862, 2150, 

1702, 1576, 1347, 1228, 880, 731, 676 cm–1 ; 1H NMR (500 MHz, CDCl3) 

δ 11.16 (s, 1H), 8.64 (d, J = 2.1 Hz, 1H), 8.46 (d, J = 8.7 Hz, 1H), 8.44–
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8.39 (m, 1H), 8.24 (dd, J = 8.7, 2.1 Hz, 1H), 7.73–7.66 (m, 1H), 7.62–7.43 (m, 2H), 1.26–1.03 (m, 

21H); 13C{1H} NMR (125 MHz, CDCl3) δ 160.1 (s), 153.0 (s, 2C), 151.8 (s), 149.7 (s), 135.2 (d), 

132.2 (s), 131.6 (d), 130.2 (d), 129.5 (d), 128.4 (d), 125.5 (s), 123.6 (d), 120.5 (d), 104.0 (s), 101.8 

(s), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C25H30N3O3Si 448.2051, 

found 448.2047. 

6,7-Dimethoxy-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (3s). 

The product was obtained as white solid; Yield: 58 mg (62%). Rf: 0.5 (5:1 petroleum ether/EtOAc) 

Mp: 129–130 °C; IR(neat) max: 2942, 2861, 2148, 1656, 1569, 1385, 1269, 

1218, 1080, 980, 878, 668 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.65 (s, 

1H), 8.33 (dd, J = 7.6, 1.5 Hz, 1H), 7.70–7.66 (m, 2H), 7.57–7.48 (m, 2H), 

7.29 (s, 1H), 4.06 (s, 3H), 4.04 (s, 3H), 1.33–1.10 (m, 21H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 160.7 (s), 155.1 (s), 149.9 (s), 149.3 (s), 145.4 (s), 134.9 (d), 133.5 (s), 130.6 

(d), 129.7 (d), 129.3 (d), 120.3 (s), 114.7 (s), 108.5 (d), 105.5 (d), 104.3 (s), 100.5 (s), 56.4 (q), 

56.3 (q), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C27H35N2O3Si 

463.2411, found 463.2408. 

2-(2-((Triisopropylsilyl)ethynyl)naphthalen-1yl)quinazolin-4(3H)-one (3t). 

The product was obtained as yellow solid; Yield: 76 mg (84%). Rf: 0.6 (5:1 petroleum 

ether/EtOAc) Mp: 202–203 °C; IR(neat) max: 2943, 2858, 2142, 1662, 1466, 

1371, 1221, 880, 768, 670, 634 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.71 (s, 

1H), 8.29 (d, J = 7.5 Hz, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.86 (d, J = 7.5 Hz, 

1H), 7.84–7.79 (m, 2H), 7.76 (d, J = 8.8 Hz, 1H), 7.63 (d, J = 8.5 Hz, 1H), 

7.58–7.45 (m, 3H), 1.06–0.78 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 162.0 (s), 151.6 (s), 

149.0 (s), 134.7 (d), 134.5 (s), 132.9 (s), 130.7 (s), 130.2 (d), 128.7 (d), 128.3 (d), 128.1 (d), 128.0 

(d), 127.3 (d), 127.2 (d), 126.4 (d), 124.9 (d), 121.5 (s), 121.0 (s), 103.9 (s), 97.9 (s), 18.4 (q, 6C), 

11.0 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C29H33N2OSi 453.2357, found 453.2361.  

2-(3-((Triisopropylsilyl)ethynyl)naphthalen-2-yl)quinazolin-4(3H)-one (3u). 
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The product was obtained as white solid; Yield: 64 mg (72%). Rf: 0.6 (5:1 petroleum ether/EtOAc) 

Mp: 194–195 °C; IR(neat) max: 2941, 2861, 2148, 1665, 1602, 1462, 1370, 

1224, 880, 763, 668, 639 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.76 (s, 1H), 

8.73 (s, 1H), 8.31 (d, J = 7.8 Hz, 1H), 8.17 (s, 1H), 7.97 (d, J = 7.1 Hz, 1H), 

7.86 (d, J = 7.9 Hz, 2H), 7.83–7.74 (m, 1H), 7.65–7.53 (m, 2H), 7.50 (t, J = 

7.4 Hz, 1H), 1.22–1.09 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.5 (s), 151.6 (s), 149.3 

(s), 135.3 (d), 134.3 (d), 133.6 (s), 132.5 (s), 130.8 (d), 130.3 (s), 129.0 (d), 128.5 (d), 128.0 (d), 

127.9 (d), 127.4 (d), 126.9 (d), 126.5 (d), 121.3 (s), 117.0 (s), 104.5 (s), 99.1 (s), 18.7 (q, 6C), 11.2 

(d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C29H33N2OSi 453.2357, found 453.2355. 

2-(3-((Triisopropylsilyl)ethynyl)furan-2-yl)quinazolin-4(3H)-one (3v). 

The product was obtained as yellow solid; Yield: 64 mg (83%). Rf: 0.6 (5:1 petroleum 

ether/EtOAc) Mp: 148–149 °C; IR(neat) max: 2924, 2858, 2139, 1655, 1370, 

1211, 881, 748, 642 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.37 (s, 1H), 8.29 

(dd, J = 8.0, 1.1 Hz, 1H), 7.84 (dd, J = 8.2, 0.7 Hz, 1H), 7.77 (ddd, J = 8.3, 7.1, 

1.6 Hz, 1H), 7.62 (d, J = 1.9 Hz, 1H), 7.48 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H), 6.66 

(d, J = 1.9 Hz, 1H), 1.31–1.13 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.7 (s), 148.7 (s), 

146.7 (s), 145.2 (d), 143.0 (s), 134.8 (d), 128.1 (d), 127.2 (d), 126.7 (d), 121.8 (s), 115.6 (d), 110.4 

(s), 103.9 (s), 96.9 (s), 18.8 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C23H29N2O2Si 393.1993, found 393.1995. 

2-(3-((Triisopropylsilyl)ethynyl)thiophen-2-yl)quinazolin-4(3H)-one (3w).  

The product was obtained as yellow solid; Yield: 64 mg (79%). Rf: 0.5 (5:1 petroleum 

ether/EtOAc) Mp: 136–137 °C; IR(neat) max: 2944, 2861, 2141, 1689, 1464, 

1348, 1212, 769, 710, 668 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 11.03 (s, 1H), 

8.28 (d, J = 7.9 Hz, 1H), 7.82–7.61 (m, 2H), 7.49–7.41 (m, 2H), 7.18 (d, J = 5.1 

Hz, 1H), 1.36–1.12 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.9 (s), 

148.9 (s), 146.8 (s), 138.5 (s), 134.6 (d), 132.5 (d), 129.8 (d), 127.6 (d), 126.7 (d), 126.6 (d), 121.6 

(s), 121.2 (s), 102.3 (s), 100.4 (s), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ 

calcd for C23H29N2OSSi 409.1764, found 409.1765. 

2-(2-((Triisopropylsilyl)ethynyl)-1H-indol-3-yl)quinazolin-4(3H)-one (3x). 
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The product was obtained as yellow solid; Yield: 60 mg (70%). Rf: 0.5 (5:1 petroleum 

ether/EtOAc) Mp: 209–210 °C; IR(neat) max: 3254, 2937, 2862, 2139, 1661, 

1584, 1418, 1235, 874, 718, 674 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.52 

(brs, 1H), 8.89 (d, J = 7.4 Hz, 1H), 8.70 (brs, 1H), 8.30 (dd, J = 7.9, 1.1 Hz, 

1H), 7.85 (d, J = 7.6 Hz, 1H), 7.76 (ddd, J = 8.3, 7.1, 1.6 Hz, 1H), 7.43 (ddd, 

J = 8.1, 7.2, 1.2 Hz, 1H), 7.40–7.31 (m, 3H), 1.36–1.11 (m, 21H); 13C{1H} 

NMR (100 MHz, CDCl3) δ 161.6 (s), 149.9 (s), 148.5 (s), 135.8 (s), 134.4 (d), 127.9 (d), 126.5 

(d), 126.0 (d), 125.6 (s), 125.5 (d), 123.9 (d), 122.7 (d), 121.3 (s), 118.4 (s), 113.4 (s), 110.8 (d), 

105.9 (s), 96.8 (s), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C27H32N3OSi 442.2309, found 442.2305. 

2-(2-((Triisopropylsilyl)ethynyl)benzo[b]thiophen-3-yl)quinazolin-4(3H)-one (3y). 

The product was obtained as yellow solid; Yield: 72 mg (78%). Rf: 0.6 (5:1 petroleum 

ether/EtOAc) Mp: 170–171 °C; IR(neat) max: 2930, 2861, 2133, 1664, 1594, 

1457, 885, 765, 684, cm–1 ; 1H NMR (400 MHz, CDCl3) δ 10.49 (s, 1H), 9.00 

(d, J = 7.9 Hz, 1H), 8.34 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 8.1 Hz, 1H), 7.83–

7.75 (m, 2H), 7.54–7.45 (m, 3H), 1.51–1.06 (m, 21H); 13C{1H} NMR (100 

MHz, CDCl3) δ 161.2 (s), 149.0 (s), 147.4 (s), 139.2 (s), 136.7 (s), 134.6 (d), 130.1 (s), 128.2 (d), 

127.2 (d), 126.8 (d), 126.6 (d), 126.6 (d), 125.9 (d), 124.8 (s), 121.7 (ds, 2C), 108.9 (s), 97.7 (s), 

18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C27H31N2OSSi 459.1921, 

found 459.1916. 

(Z)-2-(1-Phenyl-4-(triisopropylsilyl)but-1-en-3-yn-2-yl)quinazolin-4(3H)-one (3z). 

The product was obtained as yellow thick liquid; Yield: 62 mg (73%). Rf: 0.6 (5:1 petroleum 

ether/EtOAc) IR(neat) max: 3308, 2941, 2864, 1689, 1587, 1462, 1234, 

880, 769, 659, cm–1 ; 1H NMR (500 MHz, CDCl3) δ 11.33 (s, 1H), 8.30 (d, 

J = 7.9 Hz, 1H), 7.80 (d, J = 8.0 Hz, 2H), 7.79–7.71 (m, 2H), 7.52–7.42 

(m, 4H), 7.12 (s, 1H), 1.46–1.09 (m, 21H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 161.0 (s), 150.2 (s), 149.2 (s), 136.9 (s), 134.6 (d), 129.9 (d), 129.0 (s), 128.8 (d, 2C), 

127.8 (d), 127.4 (d), 127.24 (d), 126.9 (d, 2C), 126.7 (d), 121.8 (s), 109.5 (s), 102.9 (s), 18.7 (q, 
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6C), 11.2 (d, 3C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C27H33N2OSi 429.2357, found 

429.2356. 

2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4a).  

The product was obtained as white solid; Yield: 110 mg (94%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp. 188–189 °C; IR(neat) max: 2943, 2862, 2148, 1666, 1459, 

1370, 1224, 880, 669 cm–1; 1H NMR (400 MHz, CDCl3) δ 9.00 (s, 1H), 8.28 

(d, J = 7.9 Hz, 1H), 7.75 (dd, J = 4.6, 1.2 Hz, 2H), 7.58–7.54 (m, 2H), 7.52–

7.48 (m, 1H), 7.40 (dd, J = 8.3, 7.4 Hz, 1H), 0.86 (s, 42H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 161.4 (s), 151.2 (s), 148.9 (s), 138.9 (s), 134.4 (d), 132.7 (d, 2C), 129.8 (d), 

128.1 (d), 127.1 (d), 126.2 (d), 123.3 (s, 2C), 121.6 (s), 102.6 (s, 2C), 97.2 (s, 2C), 18.3 (q, 

12C),11.0 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C36H51N2OSi2 583.3534, found 

583.3543. 

2-(4-Fluoro-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4b).  

The product was obtained as white solid; Yield: 100 mg (83%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp: 168–169 °C. IR(neat) max: 2942, 2863, 2149, 1668, 1464, 

1369, 1223, 996, 878, 662 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.26 (s, 1H), 

8.27 (d, J = 7.7 Hz, 1H), 7.88–7.65 (m, 2H), 7.52–7.48 (m, 1H), 7.26 (d, J = 

8.6 Hz, 2H), 0.85 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 162.4 (ds, JC–

F = 251.7 Hz), 161.6 (s), 150.5 (s), 148.9 (s), 135.5(ds, JC-F = 3.4 Hz), 134.4 (d), 128.1 (d, 2C), 

127.3 (d), 126.2 (d), 125.4 (ds, JC-F = 10.9 Hz, 2C), 121.6 (s), 119.7(dd, JC-F = 23.3 Hz),  101.5(ds, 

JC-F = 3.0 Hz, 2C), 98.7 (s, 2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ 

calcd for C36H50FN2OSi2 601.3440, found 601.3449. 

2-(4-Chloro-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4c).  

The product was obtained as white solid; Yield: 100 mg (81%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp: 185–186 °C; IR(neat) max: 2942, 2863, 2152, 1664, 1498, 

1369, 1212, 999, 772, 662 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.10 (s, 1H), 

8.27 (d, J = 7.7 Hz, 1H), 7.82–7.71 (m, 2H), 7.54 (s, 2H), 7.53–7.48 (m, 1H), 

0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 150.3 (s), 148.8 
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(s), 137.2 (s), 135.8 (s), 134.4 (d), 132.4 (d, 2C), 128.1 (d), 127.3 (d), 126.2 (d), 124.8 (s, 2C), 

121.6 (s), 101.3 (s, 2C), 98.9 (s, 2C), 18.3 (q, 12 C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + 

H]+ calcd for C36H50ClN2OSi2 617.3145, found 617.3153. 

2-(4-Bromo-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4d).  

The product was obtained as white solid; Yield: 110 mg (83%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp: 181–182 °C; IR(neat) max: 2942, 2862, 2152, 1667, 1464, 

1369, 1213, 939, 773, 670 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.09 (s, 1H), 

8.27 (d, J = 7.8 Hz, 1H), 7.79–7.72 (m, 2H), 7.69 (s, 2H), 7.53–7.49 (m, 1H), 

0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 150.4 (s), 148.8 

(s), 137.7 (s), 135.2 (d, 2C), 134.5 (d), 128.1(d), 127.3 (d), 126.2 (d), 124.9 (s, 2C), 123.6 (s), 

121.6 (s), 101.2 (s, 2C), 99.1 (s, 2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + 

H]+ calcd for C36H50BrN2OSi2 661.2640, found 661.2643. 

2-(4-Methyl-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4e).  

The product was obtained as white solid; Yield: 114 mg (96%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp: 190–191 °C. IR(neat) max: 2970, 2862, 2144, 1668, 1438, 

1369, 1212, 901, 653 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 8.98 (s, 1H), 8.27 

(d, J = 7.8 Hz, 1H), 7.74 (d, J = 3.8 Hz, 2H), 7.48 (m, 1H), 7.37 (s, 2H), 2.37 

(s, 3H), 0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.8 (s), 151.2 

(s), 148.9 (s), 140.1 (s), 136.2 (s), 134.3 (d), 133.3 (d, 2C), 128.1 (d), 127.0 (d), 126.1 (d), 123.0 

(s, 2C), 121.6 (s), 102.8 (s, 2C), 96.5 (s, 2C), 20.93 (q), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI–

TOF) m/z: [M + H]+ calcd for C37H53N2OSi2 597.3691, found 597.3702. 

2-(4-Methoxy-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4f).  

The product was obtained as white solid; Yield: 116 mg (95%). Rf: 0.8 (9:1 petroleum 

ether/EtOAc) Mp: 183–184 °C; IR(neat) max: 2940, 2862, 2144, 1669, 1496, 

1369, 1222, 880, 670 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.09 (s, 1H), 8.27 

(d, J = 7.9 Hz, 1H), 7.74 (dd, J = 4.6, 1.0 Hz, 2H), 7.54–7.40 (m, 1H), 7.05 

(s, 2H), 3.86 (s, 3H), 0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.6 

(s), 160.1 (s), 151.1 (s), 149.0 (s), 134.3 (d), 131.9 (s), 128.1 (d), 127.0 (d), 126.1 (d), 124.5 (s, 
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2C), 121.5 (s), 118.3 (d, 2C), 102.7 (s, 2C), 96.8 (s, 2C), 55.8 (q), 18.3 (q, 12C), 10.9 (d, 6C); 

HRMS (ESI–TOF) m/z: [M + H]+ calcd for C37H53N2O2Si2 613.3640, found 613.3649. 

2-(4-(Trifluoromethyl)-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4g).  

The product was obtained as white solid; Yield: 114 mg (88%). Rf: 0.8 (9:1 petroleum 

ether/EtOAc) Mp: 186–187 °C; IR(neat) max: 2942, 2860, 2156, 1670, 

1496, 1373, 1232, 950, 880, 674 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.44 

(s, 1H), 8.26 (d, J = 7.9 Hz, 1H), 8.10–7.63 (m, 4H), 7.53–7.49 (m, 1H), 

0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.5 (s), 150.1 (s), 148.8 

(s), 141.7 (s), 134.5 (d), 132.5 (qs, 2JC–F = 33.3 Hz), 129.0 (qd, 3JC–F = 3.6 Hz), 128.1 (d), 127.4 

(d), 126.2 (d, 2C), 124.5 (s, 2C), 122.9 (qs, 1JC–F = 273.2 Hz), 121.7 (s), 101.2 (s, 2C), 99.6 (s, 

2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C37H50F3N2OSi2 

651.3408, found 651.3420. 

2-(3-Fluoro-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4h).  

The product was obtained as white solid; Yield: 91 mg (76%). Rf: 0.6 (9:1 petroleum ether/EtOAc) 

Mp: 178–179 °C; IR(neat) max: 2933, 2861, 2140, 1667, 1463, 1370, 1226, 

881, 773, 674 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.14 (s, 1H), 8.29 (d, J = 

7.9 Hz, 1H), 7.81–7.68 (m, 2H), 7.56–7.48 (m, 2H), 7.18 (t, J = 8.5 Hz, 1H), 

0.87 (d, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 163. 9 (s), 162.7 (ds, J = 

252.1 Hz), 161.4 (ds, JC-F = 5.5 Hz), 149.9 (ds, JC-F = 2.2 Hz), 148.8 (s), 140.6 (s), 134.5 (d), 

134.1(dd, JC-F = 8.4 Hz), 128.2 (d), 127.4 (d), 126.2 (d), 121.6 (s), 119.3 (ds, JC-F = 4.0 Hz), 117.4 

(dd, JC-F = 21.9 Hz), 103.6 (ds, JC-F = 3.6 Hz), 101.7 (s), 96.8 (s), 95.5 (s), 18.3 (dq, JC-F = 2.6 Hz, 

12C), 11.0 (dd, JC-F = 4.6 Hz, 6C)19F NMR (376 MHz, CDCl3) δ –105.4.; HRMS (ESI–TOF) m/z: 

[M + H]+ calcd for C36H50FN2OSi2 601.3440, found 601.3452. 

2-(3-Bromo-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4i).  
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The product was obtained as white solid; Yield: 88 mg (67%). Rf: 0.7 (9:1 petroleum ether/EtOAc) 

Mp: 184–185 °C; IR(neat) max: 2940, 2863, 2148, 1681, 1463, 1371, 1209, 

991, 879, 669 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.12 (s, 1H), 8.27 (d, J = 

7.5 Hz, 1H), 7.78–7.72 (m, 2H), 7.68 (d, J = 8.6 Hz, 1H), 7.51 (ddd, J = 8.2, 

6.1, 2.2 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 0.91–0.74 (m, 42H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 161.5 (s), 150.7 (s), 148.9 (s), 140.5 (s), 134.5 (d), 134.0 

(d), 132.9 (d), 128.2 (d), 127.4 (d), 126.3 (d), 122.3 (s), 121.8 (s), 103.5 (s), 101.8 (s), 100.9 (s, 

2C), 98.5 (s, 2C), 18.4 (q, 6C), 18.3 (q, 6C), 11.0 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd 

for C36H50BrN2OSi2 661.2640, found 661.2640. 

2-(3-Methoxy-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one (4j).  

The product was obtained as white solid; Yield: 86 mg (74%). Rf: 0.8 (9:1 petroleum ether/EtOAc) 

Mp: 169–170 °C; IR(neat) max: 2942, 2863, 2133, 1669, 1496, 1370, 1232, 

880, 670 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 8.93 (s, 1H), 8.27 (d, J = 7.9 

Hz, 1H), 7.76–7.73 (m, 2H), 7.61–7.35 (m, 2H), 6.94 (d, J = 8.7 Hz, 1H), 

3.91 (s, 3H), 0.86 (s, 21H), 0.84 (s, 21H); 13C{1H} NMR (100 MHz, CDCl3) 

δ 161.4 (s), 160.9 (s), 151.0 (s), 149.0 (s), 140.4 (s), 134.3 (d), 134.0 (d), 

128.1 (d), 127.1 (d), 126.1 (d), 121.6 (s), 115.1 (s), 113.1 (s), 112.3 (d), 102.6 (s), 101.8 (s), 98.5 

(s), 94.6 (s), 56.4 (q), 18.4 (q, 12C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C37H53N2O2Si2 613.3640, found 613.3640. 

2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-methylquinazolin-4(3H)-one (4o).  

The product was obtained as white solid; Yield: 102 mg (86%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp: 202–203 °C; IR(neat) max: 2941, 2862, 2141, 1657, 

1453, 1370, 1224, 985, 879, 667 cm–1 ; 1H NMR (500 MHz, CDCl3) δ 8.90 

(s, 1H), 8.15 (d, J = 8.1 Hz, 1H), 7.61–7.55 (m, 3H), 7.39 (t, J = 7.8 Hz, 

1H), 7.31 (d, J = 8.1 Hz, 1H), 2.49 (s, 3H), 0.87 (s, 42H); 13C{1H} NMR 

(125 MHz, CDCl3) δ 161.3 (s), 151.1 (s), 149.0 (s), 145.2 (s), 138.9 (s), 

132.7 (d, 2C), 129.6 (d), 128.6 (d), 128.0 (d), 126.0 (d), 123.3 (s, 2C), 119.2 (s), 102.6 (s, 2C), 

97.1 (s, 2C), 21.9 (q), 18.3 (q, 12C), 11.0 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C37H53N2OSi2 597.3691, found 597.3684. 
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2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-fluoroquinazolin-4(3H)-one (4p). 

The product was obtained as white solid; Yield: 99 mg (83%). Rf: 0.7 (9:1 petroleum ether/EtOAc) 

Mp: 203–204 °C; IR(neat) max: 2940, 2863, 2145, 1663, 1608, 1452, 1370, 

1225, 985, 877, 667 cm–1 ; 1H NMR (400 MHz, CDCL3) δ 9.35 (s, 1H), 8.28 

(dd, J = 8.7, 6.2 Hz, 1H), 7.56 (d, J = 7.8 Hz, 2H), 7.44–7.36 (m, 2H), 7.21 

(td, J = 8.6, 2.3 Hz, 1H), 0.87 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 

166.5 (ds, JC–F = 254.3 Hz), 160.9 (s), 152.7 (s), 151.2 (ds, JC-F = 13.1 Hz), 138.5 (s), 132.7 (d, 

2C), 130.0 (d), 128.9 (dd, JC-F = 10.6 Hz),  123.2 (s, 2C), 118.3 (s), 115.8 (dd, JC-F = 23.6 Hz),  

113.4 (dd, JC-F = 22.1 Hz),  102.5 (s, 2C), 97.4 (s, 2C), 18.3 (q, 12C), 10.9 (d, 6C); 19F NMR (376 

MHz, CDCl3) δ –103.1.; HRMS (ESI–TOF) m/z: [M + H]+ calcd for C36H50FN2OSi2 601.3440, 

found 601.3450. 

2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-bromoquinazolin-4(3H)-one (4q).  

The product was obtained as white solid; Yield: 106 mg (80%). Rf: 0.7 (9:1 

petroleum ether/EtOAc) Mp: 202–203 °C; IR(neat) max: 2941, 2862, 2145, 

1661, 1596, 1445, 1370, 1225, 986, 881, 670 cm–1; 1H NMR (400 MHz, 

CDCl3) δ 9.05 (s, 1H), 8.13 (d, J = 8.5 Hz, 1H), 7.93 (d, J = 1.8 Hz, 1H), 7.61 

(dd, J = 8.5, 1.9 Hz, 1H), 7.57 (d, J = 7.9 Hz, 2H), 7.45–7.38 (m, 1H), 0.89 

(s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.8 (s), 152.5 (s), 149.9 (s), 138.4 (s), 132.8 (d, 

2C), 130.9 (d), 130.5 (d), 130.0 (d), 129.0 (s), 127.6 (d), 123.2 (s, 2C), 120.5 (s), 102.4 (s, 2C), 

97.5 (s, 2C), 18.4 (q, 12C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for 

C36H50BrN2OSi2 661.2640, found 661.2637. 

2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-nitroquinazolin-4(3H)-one (4r). 

The product was obtained as yellow solid; Yield: 98 mg (79%). Rf: 0.6 (9:1 petroleum 

ether/EtOAc) Mp: 212–213 °C; IR(neat) max: 2941, 2862, 2155, 1667, 

1606, 1534, 1453, 1346, 1228, 985, 880, 668 cm–1; 1H NMR (400 MHz, 

CDCl3) δ 9.72 (brs, 1H), 8.59 (d, J = 1.8 Hz, 1H), 8.42 (d, J = 8.7 Hz, 1H), 

8.26 (dd, J = 8.7, 2.0 Hz, 1H), 7.59 (d, J = 7.8 Hz, 2H), 7.45 (t, J = 7.8 

Hz, 1H), 0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.4 (s), 153.7 (s), 151.6 (s), 149.6 

(s), 137.9 (s), 132.9 (d, 2C), 130.3 (d), 128.1 (d), 125.7 (s), 123.6 (d), 123.1 (s, 2C), 120.8 (d), 
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102.4 (s, 2C), 97.7 (s, 2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd 

for C36H50N3O3Si2 628.3385, found 628.3372. 

2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-6,7-dimethoxyquinazolin-4(3H)-one (4s). 

The product was obtained as white solid; Yield: 112 mg (87%). Rf: 0.7 (9:1 petroleum 

ether/EtOAc) Mp: 193–194 °C; IR(neat) max: 2940, 2862, 2138, 1647, 

1608, 1457, 1385, 1269, 1213, 1093, 980, 878, 666 cm–1 ; 1H NMR (400 

MHz, CDCl3) δ 9.30 (s, 1H), 7.60 (s, 1H), 7.54 (d, J = 7.8 Hz, 2H), 7.38 

(t, J = 7.8 Hz, 1H), 7.19 (s, 1H), 4.01 (s, 3H), 3.95 (s, 3H), 0.88 (s, 42H); 

13C{1H} NMR (100 MHz, CDCl3) δ 161.1 (s), 154.8 (s), 149.9 (s), 149.3 (s), 145.3 (s), 138.8 (s), 

132.7 (d, 2C), 129.7 (d), 123.3 (s, 2C), 114.9 (s), 108.7 (d), 105.1 (d), 102.7 (s, 2C), 97.0 (s, 2C), 

56.4 (q), 56.2 (q), 18.4 (q, 12C), 11.0 (d, 6C); HRMS (ESI–TOF) m/z: [M]+ calcd for 

C38H54N2O3Si2 642.3667, found 642.3647. 

2-(1,3-Bis((triisopropylsilyl)ethynyl)naphthalen-2-yl)quinazolin-4(3H)-one (4u). 

The product was obtained as white solid; Yield: 96 mg (76%). Rf: 0.7 (9:1 petroleum ether/EtOAc) 

Mp: 204–205 °C; IR(neat) max: 2936, 2862, 2141, 1665, 1606, 1463, 

1371, 1023, 881, 665 cm–1 ; 1H NMR (400 MHz, CDCl3) δ 9.15 (s, 1H), 

8.40 (d, J = 8.1 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 8.10 (s, 1H), 7.85 (d, J 

= 7.8 Hz, 1H), 7.81–7.71 (m, 2H), 7.67–7.55 (m, 2H), 7.53–7.45 (m, 1H), 

0.92 (s, 21H), 0.88 (s, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.5 (s), 151.6 (s), 149.0 (s), 

136.6 (s), 134.3 (d), 133.3 (d), 133.0 (s), 132.6 (s), 128.6 (d), 128.3 (d), 128.2 (d), 128.1 (d), 127.1 

(d), 126.8 (d), 126.2 (d), 121.7 (s), 121.7 (s), 119.4 (s), 103.1 (s), 100.7 (s), 96.4 (s, 2C), 18.4 (q, 

6C), 18.3 (q, 6C), 11.0 (d, 6C); HRMS (ESI–TOF) m/z: [M + H]+ calcd for C40H53N2OSi2 

633.3691, found 633.3682. 

12-Methyleneisoindolo[1,2-b]quinazolin-10(12H)-one (8):  

To a solution of TIPS-alkyne 3a (81 mg, 0.2 mmol) in THF (1 mL) was added TBAF (0.24 mL, 

0.24 mmol) at 0 °C. After addition, the solution was warmed up to room 

temperature and stirred for another 1h and quenched with water, extracted with 

ethyl acetate (3×10 mL). The combined organic layers were dried over Na2SO4. 

The volatile compounds were removed in vacuo and the residue was subjected to column 
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chromatography on silica gel to afford 8 (42 mg; 84%). Colorless solid; Rf: 0.5 (5:1 petroleum 

ether/EtOAc); Mp: 280-282 °C; IR (neat) max: 2921, 2552, 1669, 1650, 1602, 1468, 1334, 873, 

768, 668 cm–1; 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 7.8 Hz, 1H), 8.17 (d, J = 7.4 Hz, 1H), 

7.90 – 7.76 (m, 3H), 7.63 (dt, J = 22.0, 7.3 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.07 (s, 1H), 5.94 (s, 

1H). 13C{1H} NMR (100 MHz, CDCl3) δ 160.8 (s), 151.8 (s), 147.6 (s), 139.7 (s), 135.6 (s), 134.4 

(d), 132.4 (d), 130.2 (d), 129.9 (s), 127.6 (d), 127.1 (d), 126.8 (d), 123.0 (d), 121.4 (s), 120.3 (d), 

101.8 (t); HRMS (ESI-TOF) m/z: [M + H]+ calcd for C16H11ON2 247.0866, found 247.0865. 

8H-Isoquinolino[1,2-b]quinazolin-8-one (9):  

To a solution of TIPS-alkyne 3a (81 mg, 0.2 mmol) in dry DMF (1.5 mL) was added NaH (60%) 

(4.8 mg, 0.2 mmol) at room temperature. The solution was heated at 80 °C for 10h and then 

extracted with ethyl acetate. The combined organic layers were dried over 

Na2SO4 and concentrated in vacuo. The residue was subjected to column 

chromatography on silica gel to afford 9 (20 mg 41%). yellow solid; Rf: 0.7 (5:1 

petroleum /EtOAc); Mp: 167-169 °C (168–170 °C)29; 1H NMR (400 MHz, CDCl3) δ 9.10 (d, J = 

8.0 Hz, 1H), 8.67 (d, J = 7.8 Hz, 1H), 8.48 (d, J = 7.9 Hz, 1H), 7.89 (dt, J = 15.0, 7.5 Hz, 2H), 7.77 

– 7.72 (m, 1H), 7.67 (dd, J = 12.8, 7.5 Hz, 2H), 7.53 (t, J = 7.0 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H); 

13C {1H} NMR (100 MHz, CDCl3) δ 159.5 (s), 147.6 (s), 146.2 (s), 134.8 (d), 132.9 (s), 132.2 (d, 

2C), 128.5 (d), 127.6 (d), 127.3 (d), 127.3 (d), 126.5 (d), 125.8 (d), 122.0 (s), 117.8 (s), 113.2 (d); 

LC-MS (ESI) m/z: 247 [M+H]. 

5-Bromo-6-(triisopropylsilyl)-8H-isoquinolino[1,2-b]quinazolin-8-one (10):  

To a solution of TIPS-alkyne 3a (81 mg, 0.2 mmol) in dioxane:water (1:1) (1.5 mL) was added 

NBS (53 mg, 0.3 mmol) at room temperature. The solution was heated at 80 °C for 10h and then 

extracted with ethyl acetate. The combined organic layers were dried over Na2SO4 and 

concentrated in vacuo. The residue was subjected to column chromatography on silica gel to afford 

10 (85 mg; 88%). yellow solid; Rf: 0.3 (5:1 petroleum /EtOAc); Mp: 180-182 °C; IR (neat) max: 

2948, 2667, 1676, 1598, 1564, 1466, 1367, 879, 749, 665 cm–1; 1H NMR (500 MHz, CDCl3) δ 

8.27 (d, J = 7.8 Hz, 1H), 8.18 (d, J = 7.5 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.74 – 7.62 (m, 2H), 

7.57 (t, J = 7.5 Hz, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 1.84 

– 1.74 (m, 3H), 1.31 (brs, 18H); 13C {1H} NMR (100 MHz, CDCl3) δ 170.1 (s), 

160.0 (s), 145.1 (s), 138.4 (s), 136.7 (s), 132.8 (d), 131.8 (d), 130.5 (s), 129.9 
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(d), 128.5 (d), 125.3 (d), 124.6 (d), 121.9 (d), 121.1 (d), 120.0 (s), 119.9 (s), 19.4 (q, 6C), 14.2 (d, 

3C); HRMS (ESI-TOF) m/z: [M + H]+ calcd for C25H30ON2
81BrSi 483.1285, found 483.1292. 

 (E)-12-Benzylideneisoindolo[1,2-b]quinazolin-10(12H)-one (11):  

In oven dried Schlenk tube was charged with TIPS-alkyne 3a (81 mg, 0.2 mmol), aryl iodide (49 

mg, 0.24 mmol), PdCl2(PPh)3 (14 mg, 10 mol%), CuI (11.4 mg, 30 mol%) in sequence. The 

Schlenk tube was vacuumed and backfilled with nitrogen for three times followed by adding 

anhydrous THF (1 ml). TBAF (0.4 mL, 1M in THF) was added into the solution at 0 °C and under 

the protection of nitrogen through syringe and then the Schenk tube was closed tightly. After 

warming up to room temperature and stirring for 1 hour, water was added and the resulting mixture 

was extracted with dichloromethane (2×20 mL). The combined organic layers were dried over 

Na2SO4 and concentrated in vacuo. The residue was subjected to column chromatography on silica 

gel to afford 11 (48 mg; 74%)  as yellow solid.Rf: 0.7 (5:1 petroleum /EtOAc);  

Mp: 184−186 °C (184-185 °C)30; 1H NMR (500 MHz, CDCl3) δ 9.15 (s, 1 H) 

8.48 (dd, J=8.01, 1.14 Hz, 1 H) 8.20 (d, J=7.63 Hz, 1 H) 7.83 - 7.88 (m, 1 H) 

7.77 - 7.83 (m, 1 H) 7.49-7.56 (m, 4 H) 7.46-7.49 (m, 2H) 7.41-7.46 (m, 1H) 7.33 - 7.38 (m, 1 H) 

7.27 - 7.30 (d, J= 8.0 Hz, 1 H); 13C {1H} NMR (125 MHz, CDCl3) δ 161.3 (s), 151.4 (s), 147.5 

(s), 135.3 (s, 2C), 134.4 (s), 134.3 (d), 131.9 (d), 130.7 (s), 129.6 (d), 129.0 (d, 2C), 128.8 (d, 2C), 

128.2 (d), 127.5 (d), 127.2 (d), 126.6 (d), 123.8 (d), 123.2 (d), 122.9 (d), 121.5 (s); HRMS (ESI-

TOF) m/z: [M + H]+ calcd for C22H15N2O 323.1179, found 323.1179. 

Procedure for D/H exchange studies in CD3OD at rt.  

A solution of 2-phenylquinazolin-4(3H)-one (1a, 22.2 mg, 0.10 mmol), [IrCp*Cl2]2 (4 mg, 5 mol 

%), AgSbF6 (3 mg, 10 mol %), CD3OD (1 mL) was stirred at rt for 16 h. Next, the reaction mixture 

was filtered through a pad of Celite and then washed with CH2Cl2 (5 mL x 3). Solvents were 

removed under reduced pressure and the compound was analysed by 1H NMR analysis. 

Procedure for D/H exchange studies in DCE at 70 °C.  

A solution of 2-phenylquinazolin-4(3H)-one (1a, 22.2 mg, 0.10 mmol), [IrCp*Cl2]2 (3.98 mg, 5 

mol%), AgSbF6 (3 mg, 10 mol%), 1,2-dichloroethane (0.5 mL) and CD3OD (0.5 mL) under air. 

The reaction mixture was stirred at 70 oC for 12 h. Next, the reaction mixture was filtered through 

a pad of Celite and then washed with CH2Cl2 (5 mL x 3). Solvents were removed under reduced 

pressure and the compound was analysed by 1H NMR analysis. 
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 1H NMR (200 MHz, CDCl3) δ 8.33 (d, J = 7.7 Hz, 1H), 8.29 – 8.18 (m, 1.80H), 7.84 (dd, J = 9.5, 

3.6 Hz, 2H), 7.71 – 7.45 (m, 4H). 

Procedure for D/H exchange studies in CD3OD at rt in the presence of 2. 

A solution of 2-phenylquinazolin-4(3H)-one (1a, 22.2 mg, 0.10 mmol), [IrCp*Cl2]2 (4 mg, 5 mol 

%), AgSbF6 (3 mg, 10 mol %), TIPS-EBX (2a, 51 mg, 0.11 mmol), CD3OD (1 mL) was stirred at 

rt for 16 h. Next, the reaction mixture was filtered through a pad of Celite and then washed with 

CH2Cl2 (5 mL x 3). Solvents were removed under reduced pressure and the compound was 

analysed by 1H NMR analysis. 

Procedure for doing the Intermolecular competition Experiment.  

A solution of equimolar amount of 1h, 1j and 2 (0.20 mmol), [IrCp*Cl2]2 (8 mg, 5 mol %), AgSbF6 

(7 mg, 10 mol %), TIPS-EBX (2a, 0.24 mmol), CH3OH (3 mL) was stirred at rt for 16 h. Next, the 

reaction mixture was filtered through a pad of Celite and then washed with CH2Cl2 (5 mL x 3). 

Solvents were removed under reduced pressure and the compound was isolated gave 3h in  21% 

and 3j in 68% yield respectively (1:3.2 ratio) and also analysed by 1H NMR analysis. 

Procedure for Alkynylation of 1a with Ph-EBX and n-Octyl-EBX:  

A solution of 2-phenylquinazolin-4(3H)-one 1a (0.2 mmol), Ph-EBX/n-octyl-EBX (0.24 mmol), 

[IrCp*Cl2]2 (5 mol%, 8 mg), AgSbF6 (10 mol%, 7 mg) and 1,2-dichloroethane (3 mL) was stirred 

at 70 °C for 12 h. The reaction mixture was diluted with CH2Cl2 and washed with sat. NaHCO3 

followed by brine, dried (Na2SO4) and concentrated under reduced pressure. The resulting crude 

was purified by column chromatography (9:1 pet. ether/EtOAc) to afford 2-oxo-2-phenylethyl 2-

iodobenzoate (38 mg; 52%) or 2-oxooctyl 2-iodobenzoate (36 mg, 48%) as yellow oils.  

2-Oxophenyl 2-iodobenzoate (6):26-28Rf: 0.6 (5:1 pet. ether/EtOAc); 1H NMR (400 MHz, CDCl3) 

δ 8.05 (dd, J = 15.9, 7.8 Hz, 2H), 7.97 (d, J = 7.7 Hz, 2H), 7.63 (t, J = 7.3 Hz, 1H), 7.51 (t, J = 7.6 

Hz, 2H), 7.45 (t, J = 7.6 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1H), 5.60 (s, 2H). 13C{1H} 

NMR (100 MHz, CDCl3) δ 191.7 (s), 165.8 (s), 141.5 (d), 134.2 (s), 134.1 (d), 

133.1 (d), 131.7 (d), 129.0 (d), 128.1 (d), 127.9 (d), 94.5 (s), 66.7 (t). HRMS 

(ESI-TOF) m/z: [M + H]+ calcd for  C15H12IO3  366.9826, found 366.9829. 
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2-Oxooctyl 2-iodobenzoate (7): Rf: 0.7 (5:1 pet. ether/EtOAc); IR(neat) max: 2927, 1725, 1583, 

1465, 1247, 1128, 1043, 1014, 739, 637 cm–1 ;  1H NMR (500 MHz, 

CDCl3) δ 8.01 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 1.4 Hz, 1H), 7.43 (t, J = 

7.6 Hz, 1H), 7.18 (td, J = 7.7, 1.5 Hz, 1H), 4.89 (s, 2H), 2.49 (t, J = 7.4 

Hz, 2H), 1.70 – 1.55 (m, 2H), 1.37 – 1.22 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H). 13C {1H} NMR (125 

MHz, CDCl3) δ 203.6 (s), 165.7 (s), 141.5 (d), 134.0 (s), 133.1 (d), 131.5 (d), 128.0 (d), 94.4 (s), 

68.6 (t), 38.9 (t), 31.52 (t), 28.8 (t), 23.2 (t), 22.5 (t), 14.0 (q).; HRMS (ESI-TOF) m/z: [M + H]+ 

calcd for   C16H22IO3 389.0608, found 389.0613. 

5. Experimental Procedure for synthesis of Quinazolinones.  

5.1 General Procedure A (for preparing 1a-1g, 1k-1m, 1t, 1v, 1w):35 A solution of 

anthranilamide (2.0 mmol; 1.0 equiv) and aryl aldehyde (2.4 mmol; 1.2 equiv) in DMSO (10 mL) 

was heated at 120 °C for 48 h. After complete consumption of the starting materials as indicated 

by TLC, the reaction mixture was poured in ice-water; the precipitate was filtered and 

recrystallized from ethanol.   

5.2 General Procedure B (for preparing 1h-j, 1n, 1o-s, 1u, 1y, 1z):36 A solution of amide (2 

mmol;1.0 equiv), aldehyde (2.2 mmol; 1.1 equiv.) and p-TsOH (0.1 mmol) in THF (20 mL) was 

stirred at rt for 10 min and then PIDA (3 mmol; 1.5 equiv.) was added portion-wise over 10-15 

min and stirring was continued for addition 2h. The reaction mixture was diluted with EtOAc (20 

mL) and stirred with sat. aq NaHCO3 solution (30 mL). The organic layer was separated and the 

aqueous layer was extracted with EtOAc (3 × 20 mL). The combined organic layer was washed 

with brine (3 × 30 mL), dried (Na2SO4) and concentrated under reduced pressure. The crude 

residue was purified by flash column chromatography to afford the desired quinazolinone. 

 

2-Phenylquinazolin-4(3H)-one (1a):35 392 mg (88%). 1H NMR (200 MHz, DMSO-d6) δ 12.56 

(s, 1H), 8.44 – 8.06 (m, 3H), 8.03 – 7.69 (m, 2H), 7.58 -7.49 (m, 4H).  
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2-(4-Fluorophenyl)quinazolin-4(3H)-one (1b):37 Yield: 442 mg (92%).  1H NMR (200 MHz, 

DMSO- d6) δ 12.59 (s, 1H), 8.25 (dd, J = 8.9, 5.5 Hz, 2H), 8.15 (d, J = 6.9 Hz, 1H), 7.85 (t, J = 

6.8 Hz, 1H), 7.73 (d, J = 7.5 Hz, 1H), 7.53 (t, J = 7.4 Hz, 1H), 7.40 (t, J = 8.8 Hz, 2H). 

 

 

 

 

2-(4-Chlorophenyl)quinazolin-4(3H)-one (1c):35 Yield: 452 mg (88%).  1H NMR (200 MHz, 

DMSO- d6) δ 12.6 (s, 1H), 8.28 (dd, J = 9.0, 5.4 Hz, 2H), 8.18 (d, J = 7.9 Hz, 1H), 7.95 – 7.68 (m, 

2H), 7.55 (ddd, J = 8.1, 7.0, 1.4 Hz, 1H), 7.42 (t, J = 8.9 Hz, 2H). 

 

 

 

2-(4-Bromophenyl)quinazolin-4(3H)-one (1d):37 Yield: 505 mg (84 %).  1H NMR (200 MHz, 

DMSO- d6) δ 12.64 (s, 1H), 8.23 – 8.07 (m, 3H), 7.99 – 7.67 (m, 4H), 7.56 (t, J = 7.4 Hz, 1H). 

 

 

 

 2-(4-Methylphenyl)quinazolin-4(3H)-one (1e):35 Yield: 421 mg (89%). 1H NMR (200 MHz, 

DMSO- d6) δ 12.47 (s, 1H), 8.17 – 8.08 (m, 3H), 7.83 (t, J = 6.8 Hz, 1H), 7.72 (d, J = 7.4 Hz, 1H), 

7.50 (t, J = 8.0 Hz, 1H), 7.35 (d, J = 8.1 Hz, 2H), 2.39 (s, 3H).  

 

 

 

 

2-(4-Methoxyphenyl)quinazolin-4(3H)-one (1f):35 Yield: 428 mg (85 %). 1H NMR (200 MHz, 

DMSO- d6) δ 12.42 (s, 1H), 8.19 (d, J = 8.9 Hz, 2H), 8.13 (d, J = 8.9 Hz, 1H), 7.81 (t, J = 7.5 Hz, 

1H), 7.70 (d, J = 7.6 Hz, 1H), 7.48 (t, J = 7.3 Hz, 1H), 7.09 (d, J = 8.9 

Hz, 2H), 3.85 (s, 3H). 
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2-(4-(Trifluoromethyl)phenyl)quinazolin-4(3H)-one (1g):37 Yield: 540 mg (93%). 1H NMR 

(200 MHz, DMSO- d6) δ 12.77 (s, 1H), 8.40 (d, J = 8.2 Hz, 2H), 8.20 (d, J = 6.9 Hz, 1H), 7.95 (d, 

J = 8.3 Hz, 2H), 7.89-7.78 (m, 2H), 7.66 – 7.49 (m, 1H). 

 

 

 

 

2-(3-Fluorophenyl)quinazolin-4(3H)-one (1h):38 Yield: 360 mg (75 %). 1H NMR (200 MHz, 

DMSO- d6) 
1H NMR (200 MHz, DMSO-d6) δ 12.61 (s, 1H), 8.16 (d, J = 7.8 Hz, 1H), 8.03 (t, J = 

9.8 Hz, 2H), 7.89 -7.73 (m, 2H), 7.66 -7.48 (m, 2H), 7.44 (t, J = 8.5 Hz, 1H). 

 

 

 

 

2-(3-Bromophenyl)quinazolin-4(3H)-one (1i):38 Yield: 469 mg (78 %). 1H NMR (200 MHz, 

DMSO- d6) δ 12.64 (s, 1H), 8.19 (d, J = 7.9 Hz, 1H), 8.06 (t, J = 9.6 Hz, 2H), 7.95 – 7.74 (m, 2H), 

7.72 – 7.36 (m, 3H). 

 

 

 

2-(3-Methoxyphenyl)quinazolin-4(3H)-one (1j):39 Yield: 408 mg (81 %). 1H NMR (200 MHz, 

DMSO- d6) δ 12.54 (s, 1H), 8.16 (d, J = 7.9 Hz, 1H), 8.01 – 7.67 (m, 4H), 7.67 – 7.31 (m, 2H), 

7.15 (dd, J = 8.2, 1.7 Hz, 1H), 3.87 (s, 3H). 
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2-(2-Fluorophenyl)quinazolin-4(3H)-one (1k):40 Following the Method A procedure, 1k was 

obtained as a white solid. Yield: 413 mg (86 %). 1H NMR (200 MHz, DMSO- d6) δ 12.57 (s, 1H), 

8.16 (d, J = 7.9 Hz, 1H), 7.93 – 7.66 (m, 3H), 7.67 – 7.46 (m, 2H), 7.45 – 7.25 (m, 2H). 

 

 

 

2-(2-Chlorophenyl)quinazolin-4(3H)-one (1l):35 Yield: 395 mg (77 %). 1H NMR (200 MHz, 

DMSO- d6) δ 12.65 (s, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.93 – 7.78 (m, 1H), 7.76 – 7.63 (m, 2H), 

7.53 – 7.45 (m, 4H). 

 

 

 

2-(2-Bromophenyl)quinazolin-4(3H)-one (1m):38  Yield: 488 mg (81 %). 1H NMR (200 MHz, 

DMSO-d6) δ 12.63 (s, 1H), 8.18 (d, J = 6.8 Hz, 1H), 7.94 – 7.38 (m, 7H). 

 

 

 

2-(2,4-Dimethoxyphenyl)quinazolin-4(3H)-one (1n):39 Yield: 485 mg (86 %). 1H NMR (200 

MHz, DMSO- d6) δ 12.43 (s, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.97 – 7.63 (m, 4H), 7.60 – 7.39 (m, 

1H), 7.11 (d, J = 8.5 Hz, 1H), 3.88 (s, 3H), 3.85 (s, 3H). 

 

 

 

 

7-Methyl-2-phenylquinazolin-4(3H)-one (1o):37 Yield: 382 mg (81%).  1H NMR (200 MHz, 

DMSO- d6) δ 12.44 (s, 1H), 8.16 (d, J = 7.5 Hz, 2H), 8.02 (d, J = 8.1 Hz, 1H), 7.58 –m 7.52 (m, 

4H), 7.32 (d, J = 7.4 Hz, 1H), 2.45 (s, 3H).  
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7-Fluoro-2-phenylquinazolin-4(3H)-one (1p):40 Yield: 394 mg (82%). 1H NMR (200 MHz, 

DMSO- d6) δ 12.64 (s, 1H), 8.50 – 7.96 (m, 3H), 7.67 – 7.47 (m, 4H), 7.38 (td, J = 8.7, 2.5 Hz, 

1H). 

 

 

7-Bromo-2-phenylquinazolin-4(3H)-one (1q):37 Yield: 493 mg (82%).1H NMR (200 MHz, 

DMSO- d6) δ 12.66 (s, 1H), 8.19 – 8.14 (m, J = 7.8, 1.8 Hz, 2H), 8.05 (d, J = 8.5 Hz, 1H), 7.94 (d, 

J = 1.8 Hz, 1H), 7.67 (dd, J = 8.5, 1.9 Hz, 1H), 7.62 – 7.45 (m, 3H). 

 

 

 

7-Nitro-2-phenylquinazolin-4(3H)-one (1r):40 Yield: 427 mg (80 %).1H NMR (200 MHz, 

DMSO- d6) δ 12.92 (s, 1H), 8.43 (d, J = 2.1 Hz, 1H), 8.36 (d, J = 8.7 Hz, 1H), 8.25 – 8.19 (m, 3H), 

7.72 – 7.46 (m, 3H). 

 

 

6,7-Dimethoxy-2-phenylquinazolin-4(3H)-one (1s):37 Yield: 440 mg (78 %).1H NMR (200 

MHz, DMSO- d6) δ 12.43 (s, 1H), 8.17 (dd, J = 7.3, 2.3 Hz, 2H), 7.65 – 7.37 (m, 4H), 7.22 (s, 1H), 

3.93 (s, 3H), 3.89 (s, 3H).  

 

 

 

2-(1-Naphthyl)quinazolin-4(3H)-one (1t):35 Yield: 441 mg (81 %). 1H NMR (200 MHz, DMSO- 

d6) δ 12.69 (s, 1H), 8.25- 8.03 (m, 4H), 7.93 – 7.51 (m, 7H). 
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2-(2-Naphthyl)quinazolin-4(3H)-one (1u):35 Yield: 474 mg (87 %). 1H NMR (200 MHz, DMSO- 

d6) δ 12.69 (s, 1H), 8.83 (s, 1H), 8.31 (d, J = 10.0 Hz, 1H), 8.19 (d, J = 7.4 Hz, 1H), 8.15 – 8.00 

(m, 3H), 7.93 – 7.76 (m, 2H), 7.72 – 7.45 (m, 3H). 

 

 

 

 

2-(2-Furyl)quinazolin-4(3H)-one (1v):35 Yield: 399 mg (94 %). 1H NMR (200 MHz, CDCl3) δ 

11.45 (s, 1H), 8.32 (d, J = 7.8 Hz, 1H), 7.86 – 7.74 (m, 2H), 7.68 (d, J = 1.2 Hz, 1H), 7.64 (d, J = 

3.6 Hz, 1H), 7.48 (ddd, J = 8.2, 5.4, 2.9 Hz, 1H), 6.66 (dd, J = 3.6, 1.7 Hz, 1H). 

 

 

 

2-(2-Thienyl)quinazolin-4(3H)-one (1w):35 Yield: 410 mg (90 %). 1H NMR (200 MHz, CDCl3) 

δ 10.87 (s, 1H), 8.25 (d, J = 10.0 Hz, 1H), 7.88 – 7.75 (m, 2H), 7.60 – 7.37 (m, 4H). 

 

 

 

2-(1H-indol-3-yl)quinazolin-4(3H)-one (1x):41  Yield: 376 mg (58 %). 1H NMR (200 MHz, 

DMSO-d6) δ 12.18 (s, 1H), 11.89 (s, 1H), 8.84 – 8.66 (m, 1H), 8.57 (d, J = 2.3 Hz, 1H), 8.12 (d, J 

= 7.7 Hz, 1H), 7.77 (q, J = 7.7 Hz, 2H), 7.58 – 7.31 (m, 2H), 7.24 (d, J = 8.8 Hz, 2H). 
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2-(Benzo[b]thiophen-3-yl)quinazolin-4(3H)-one (1y):42 Yield: 395 mg (71 %).  1H NMR (200 

MHz, DMSO- d6) δ 12.54 (s, 1H), 9.01 (d, J = 7.4 Hz, 1H), 8.79 (s, 1H), 8.14 (dd, J = 13.8, 8.1 

Hz, 2H), 7.98 – 7.71 (m, 2H), 7.69 – 7.35 (m, 3H). 

 

 

 

 

(E)-2-(Styryl)quinazolin-4(3H)-one (1z):35 Yield: 377 mg (76 %). 1H NMR (200 MHz, DMSO- 

d6) δ 12.35 (s, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.96 (d, J = 16.2 Hz, 1H), 7.81 (t, J = 7.0 Hz, 1H), 

7.69- 7.65(m, 3H), 7.58 – 7.37 (m, 4H), 7.01 (d, J = 16.2 Hz, 1H). 

 

 

 

 

1-[(Triisopropyllsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (TIPS-EBX, (2)):43 Yield: 36 g (85 

%). 1H NMR (200 MHz, CDCl3) δ 8.48 – 8.36 (m, 1H), 8.34 – 8.23 (m, 1H), 7.91 – 7.64 (m, 2H), 

1.26 – 0.96 (m, 21H).  
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1H /13C NMR Spectrum of 3a in CDCl3 
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1H /13C NMR Spectrum of 3b in CDCl3 
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1H /13C NMR Spectrum of 3c in CDCl3 
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1H /13C NMR Spectrum of 3f in CDCl3 
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1H /13C NMR Spectrum of 3g in CDCl3 
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1H /13C NMR Spectrum of 3h in CDCl3 
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1H /13C NMR Spectrum of 3l in CDCl3 
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1H /13C NMR Spectrum of 3n in CDCl3 
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1H /13C NMR Spectrum of 3p in CDCl3 
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1H /13C NMR Spectrum of 3s in CDCl3 
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1H /13C NMR Spectrum of 3t in CDCl3 
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1H /13C NMR Spectrum of 3v in CDCl3 
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1H /13C NMR Spectrum of 3w in CDCl3 
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1H /13C NMR Spectrum of 3x in CDCl3 
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1H /13C NMR Spectrum of 3y in CDCl3 
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1H /13C NMR Spectrum of 3z in CDCl3 
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1H /13C NMR Spectrum of 4a in CDCl3 
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1H /13C NMR Spectrum of 4b in CDCl3 
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1H /13C NMR Spectrum of 4f in CDCl3 
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1H /13C NMR Spectrum of 4g in CDCl3 
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1H /13C NMR Spectrum of 4h in CDCl3 
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1H /13C NMR Spectrum of 4i in CDCl3 
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1H /13C NMR Spectrum of 4p in CDCl3 
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1H /13C NMR Spectrum of 4r in CDCl3 
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1H /13C NMR Spectrum of 4s in CDCl3 
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1H /13C NMR Spectrum of 4u in CDCl3 
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1H /13C NMR Spectrum of 8 in CDCl3 
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1H /13C NMR Spectrum of 9 in CDCl3 
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1H /13C NMR Spectrum of 10 in CDCl3 
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1.1 Introduction:  

 Heterocyclic compounds play a key role in metabolism, which is evident from the presence 

of these subunits in a wide range of natural products. Nitrogen-containing heterocycles are the 

basic structures of several biologically active compounds and display various applications in 

chemical as well as biological fields.1 Historically, these nitrogen-containing heterocycles were 

known to be a vital source of therapeutic agents and are a distinctive class of compounds, used to 

synthesize half of all the organic compounds.2  Among all heterocyclic compounds, pyrazole is 

one of the commonly found structural units in many pharmaceutically active compounds, drugs, 

agrochemical products, and also in ligands employed for transition metal complexes synthesis.3 In 

particular, their analogues show various properties such as anti-bacterial, anti-fungal, anti-cancer, 

anti-depressant, anti-inflammatory, anti-tuberculosis, anti-oxidant, and anti-viral.4 A recent survey 

conducted by Richie et al. at GlaxoSmithKline revealed that the pyrazole ring is the most common 

heterocyclic ring in drug molecules.3a A few examples of drug molecules holding the pyrazole 

motif are presented in Figure F2.1. According to the research conducted, pyrazole has a good 

developability score, as a majority of investigational drugs having this core showed fewer 

pharmaceutical and toxicological problems during the drug development phase.3b,5 This prompted 

a significant amount of interest to derive novel synthetic strategies for building the functionalized 

pyrazole ring or its derivatives.  

 

Figure F2.1: Selected drug molecules holding the pyrazole unit 
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 Sickle cell disease is a set of autosomal recessive diseases that is caused by a mutation of 

the single amino acid in the β-chain of haemoglobin and which results in the formation of abnormal 

sickle hemoglobin (HbS).  There are different types of this disease; the more common ones are 

sickle cell anemia, sickle beta-plus thalassemia, sickle hemoglobin-C disease, and sickle beta-zero 

thalassemia.6 Among these, sickle-cell anemia (SCA) is a chronic disorder prevalent mainly in the 

scheduled population. These abnormal sickle hemoglobin (HbS) undergo polymerization when 

they are deoxygenated, which results in red-cell sickling and membrane damage. This disease 

mainly leads to hemolysis, vaso-occlusion, inflammation and chronic anemia, which causes the 

acute and chronic manifestations of sickle cell disease that substantially shorten the life expectancy 

by 30 years.7 

Around 100,000 people in the US are affected by this disease.6a After the US, India is 

estimated to have the second-highest burden of the disease, with the highest prevalence in the 

socioeconomically disadvantaged communities such as the tribal population, which accounts for 

8.5% of the total Indian population.8 Along with the difficulties associated with its diagnosis, the 

treatment of SCA is hampered because of the lack of available medicines. The treatment involves 

mainly maintaining the HbS in the oxygenated state to avoid polymerization, as it occurs only in 

the deoxygenated state. Approved drugs against sickle cell include hydroxyurea and L-glutamine.9 

Among these approved drugs, hydroxyurea is the one that has been widely used for the treatment 

of SCA, despite the issues about its safety, especially, proven myelosuppression and 

teratogenicity.9c The L-glutamine is a newly approved drug against SCA. However, it does not 

fight the underlying issue of this disease and is helpful in controlling the vaso-occlusive crisis – a 

common painful complication of sickle cell anemia.9d In some cases, paracetamol or ibuprofen 

were prescribed for pain relief. Until the discovery of Voxelotor (GBT-440), there were no 

approved drugs that could modify the underlying disease mechanism of SCA. Voxelotor (GBT 

440) is a very recently introduced drug for the treatment of Sickle cell anemia that acts by 

inhibiting haemoglobin S (HbS) polymerization.10 In 2017, as part of the GoI National Sickle Cell 

Anemia Control Program, an initiative has been taken to identify novel drug candidates for SCA. 

GBT 440, which was in Phase III clinical trials (renamed as Voxelotor after its approval in 2020), 

has been selected as a promising scaffold in this regard.  

The structure of Voxelotor presents three interesting scaffolds, pyridine, pyrazole, and 

salicylaldehyde that are linearly linked. Keeping the C–H functionalization as a key tool, we have 
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opted to build GBT 440 like scaffolds by the C–H functionalization of the simple 

pyrazolylpyridine scaffold and also by the direct late-stage functionalization of GBT 440 scaffold. 

1.2 Pre/Post Drug modifications using early or late stage C–H functionalization:  

Four decades ago, the modern concept of using C–H functionalization for developing 

diverse analogues of complex motifs has been visualized.11 Nowadays, late stage C–H activation 

has become an important tool used in medicinal chemistry, as it provides a shortcut compared to 

other classical methods to bring diversity in drug molecules with an equal ease to synthesize a 

focused library around the drug molecules. Apart from the medicinal chemistry, the late stage 

functionalization via the C–H activation approach has been amply applied in diverse areas that 

include the complex large molecules such as polymers.11c Coming to the LSF in drug discovery, 

some of the selected examples of drug modifications using C–H activation are presented in Figure 

F1.2, where all these drugs have been synthesized in large scale using C–H activation protocol. 

As our work mainly deals with the late stage functionalization of drug molecules, we wish to 

present some of the key C–H functionalization reactions that are used on large scales during the 

drug development process. 

 

Figure F1.2: Selective examples of the large scale C–H functionalization of drug 

molecules.  

 

Anacetrapib, a selective CETP inhibitor drug which was used for the treatment of 

hypercholesterolemia is a classic example where the Ru-Catalysed direct C–H arylation protocol 

has been used to synthesize the biaryl core.12 In 2010, Ouellet and co-workers documented a robust 

and high yield protocol that comprises of treating 2-aryloxazoline S2.1A with 4-isopropyl-2-

bromo-5-fluoroanisole S2.1B in the presence of a Ru(II) catalyst, PPh3 ligand, K3PO4 base, and γ-
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butyrolactone as an important additive in NMP solvent at 120 °C to afford the arylated compound 

S2.1C. It is worth to note that both the coupling partners required for this C–H functionalization 

reaction were prepared from readily available starting materials and the suitability of this 

transformation on a large-scale has been successfully demonstrated.  

Scheme S2.1: Ru-Catalysed C–H arylation of 2-aryloxazoline 

(Ouellet, S. G.; Roy, A.; Molinaro, C.; Angelaud, R.; Marcoux, J-F.; O’Shea, P. D.; Davies, I. W. J. Org. Chem. 2011, 76, 5, 

1436–1439) 

Next, LY2784544, which is a JAK2-V617F inhibitor, has been in clinical trials for the 

treatment of myeloproliferative disorders. Recently, a large scale synthesis of LY2784544 (100 kg 

scale) has been executed via a C–H functionalization protocol.13a In 2012, Mitchell’s group 

reported the VO(acac)2 catalysed addition of N-methylmorpholine N-oxide on S2.2A in the 

presence of excess of NMO and ethanol solvent at 40 °C to synthesize the intermediate S2.2B in 

very good yield. They have conducted this reaction in a large scale, and along with that, they have 

also prepared other APIs in a pilot-plant scale and reduced the steps required for the synthesis of 

the final drug molecule.  

 

Scheme S2.2: Vanadium catalysed addition of N-methylmorpholine N-oxide. 

(Mitchell, D.; Cole, K. P.; Pollock, P. M.; Coppert, D. M.; Burkholder, T. P.; Clayton, J. R. Org. Process Res. Dev. 2012, 16, 1, 

70–81.) 
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In 2014, Stephenson’s group reported a visible light photo-catalysed direct coupling of N-

methylmorpholine with unactivated pyridazine S2.3A in good yield. Where they conducted the 

Mannich reaction on imidazopyridazine S2.3A in the presence of Ir(PPy)3 catalyst, with sodium 

acetate as the base in DMA solvent, and irradiated with 1 W LED light, they obtained the expected 

product S2.3B in good yield.13b  

 

Scheme S2.3: Photocatalysed direct coupling of imidazopyridazine with NMO 

(Douglas, J. J.; Cole, K. P.; Stephenson, C. R. J. J. Org. Chem. 2014, 79, 11631−11643.) 

Further, ingenol, which is a diterpenoid with potent anticancer activity, has been 

synthesized by utilizing the LSF strategy by conducting the allylic oxidation at the final stages in 

its total synthesis.14 In 2013 and 2014, Jørgensen, McKerral, Baran and Co-workers together 

reported the total synthesis of the ingenol molecule in 14 steps. For its synthesis, they have carried 

out allylic oxidation S2.4A leading to ingenol S2.4B in the presence of selenium dioxide, and 

formic acid heated to 80 °C.  

 

Scheme S2.4: Synthesis of ingenol using the LSF strategy.  

(Jørgensen, L.; McKerrall, S. J.; Kuttruff, C. A.; Ungeheuer, F.; Felding, J.; Baran, P. S. Science 2013, 241, 878 and J. Am. 

Chem. Soc. 2014, 136, 15, 5799–5810.) 

An important innovation in the field of LSF was realized through the synthesis of 

irenotecan, a drug used to treat leukemia, lymphoma and other cancer diseases, from camptothecin, 

by using radical alkylation followed by oxidation reaction.15 In 1991, Sawada et al. successfully 

reported the transformation camptothecin S2.5A into irenotecan drug S2.5C. The first reaction was 

conducted in the presence of ferrous sulphate, H2O2 and propioaldehyde and resulted in the 
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formation of the alkylated product S2.5B. Further, its N-oxide formation, photochemical aryl ring 

oxidation and reaction with the chlorocarbonyl derivative of diamine resulted in the formation of 

the expected product S2.5C in good yield.  All of these reported examples clearly highlight the 

importance of LSF in the process innovations. 

 

Scheme S2.5: Synthesis of irinotecan from camptothecin using LSF strategy 

(Sawada, S.; Okajima, S.; Aiyama, R.; Nokata, K.; Furuta, T.; Yokokura, T.; Sugino, E.; Yamaguchi, K.; Miyasaka, T. Chem. 

Pharm. Bull., 1991, 39, 1446) 

Post drug modification through LSF is basically the derivatization of the drug molecule by 

selectively activating a C–H bond to synthesize a variety of analogues of interest. The basis of the 

synthesizing new drug molecules or any biologically active molecule is to look for a compound or 

an analogue which possesses improved biological activity and thus, can be achieved through slight 

modifications. Thus, the LSF strategy can be applied actively in drug discovery programs for direct 

modification of the lead structure and would also be helpful to do diversity oriented synthesis of 

drug molecules. The advantage of LSF is to introduce a diverse set of (functional) groups in the 

identified lead without maneuvering the synthesis of the main core. Adding the active functional 

groups such as halo, carboxy and olefin will allow a functional group handle for further structure 

activity relationship studies. Some of the recent examples where the LSF has been amply applied 

in the synthesis of analogues of the identified drugs are presented below.  

In 2010, sulfonamide-containing antibacterial drugs such as Sulfamethoxazole S2.6A and 

Azoseamide S2.6C have been modified using various C–H functionalization reactions such as 

arylation, alkylation, carboxylation, halogenation, and vinylation.16,18  
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Scheme S2.6: Sulfonamide directed C–H functionalization of drug candidates. 

 

One of the early reports on LSF in drug derivatization was documented by Macmilan in 

2011 and comprised of the exhaustive yet regioselective radical trifluoromethylation of 

atorvastatin aromatic rings, atorvastatin S2.7A, where they reacted in the presence of a 

Ru(phen)3Cl2 photocatalyst, with triflyl chloride as the fluorinating source, and K2HPO4 as base. 

The trifluoromethylation of the drug molecule gave the tris-trifluromethylated compound S2.7B 

in good yield.17 

 

Scheme S2.7: Photocatalysed trifluromethylation of atorvastatin 

(Nagib, D. A.; MacMillan, D. W. C.  Nature, 2011, 480, 224.) 

 

During the same time, another interesting report for the post drug modification was 

reported by Yu’s group. In 2011, Yu and co-workers reported a successfully Pd-catalyzed C–H 

functionalization of the anti-inflammatory drug celecoxib S2.8A that comprised of alkylation, 

arylation, olefination, carboxylation, carbonylation, and also halogenation to synthesize a variety 

of new carbon and heteroatom ortho-functionalized and perfluoroaryl analogues of celecoxib 

S2.8B. The C–H activation on Celecoxib was facile due to the presence of a weakly coordinating 
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sulfonamide group that served as the directing group, thus making it possible to synthesize all its 

analogues in very good yield without introducing any external directing group.18  

 

Scheme S2.8: Pd(II)-catalysed Celecoxib C–H functionalization 

(Dai, H-X.; Stepan, A. F.; Plummer, M. S.; Zhang, Y-H.; Yu, J-Q. J. Am. Chem. Soc. 2011, 133, 7222–7228.) 

 

Following this, there appeared several reports on the C–H functionalization of Sclareolide 

(a fragrance used in cosmetics that gained popularity for its use as a weight loss supplement) S2.9A 

in various drug discovery programs. A wide range of reactions such as amination,19 bromination,20 

chlorination,21 oxygenation,22 azidation,23 and also trifluoromethylthiolation24 have been 

successfully executed on this scaffold. 

 

Scheme S2.9: Transition metal catalysed sclareolide C–H functionalization.  

 

In 2012, Itami & Wunsch together reported the arylation of a spirocyclic thiophene 

derivative S2.10A, which had been identified with its high affinity towards the σ1 receptors. In the 

speculation about whether adding an aryl ring at the C4 position would have a good effect on the 

reactivity and selectivity of the drug,25 a number of analogs of α-arylated spirocyclic thiophenes 

S2.10B and S2.10C have been synthesized and their biological activity checked.  

 

Scheme S2.10: Pd-catalysed arylation of spirocyclic thoiphenes 
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(Meyer, C.; Schepmann, D.; Yanagisawa, S.; Yamaguchi, J.; Itami, K.; Wünsch, B. Eur. J. Org. Chem. 2012, 5972–

5979.) 

The above selected examples documented in the literature signify the importance of LSF 

in drug modifications as well as in drug synthesis. This LSF concept is very broad, which extends 

beyond medicinal chemistry. Interestingly, apart from this field, it has also been applied for the 

late stage modification of some metal-organic frameworks (MOFs) and also for polymers.26 

Inspired by these reports, we took an initiative to apply this tool on drug molecules to build a 

library of biologically active compounds. As the majority of our efforts are focused on using 

directed alkenylation in the context of the synthesis of GBT-440 analogues or their post-

modification, a brief account on the alkenylation via C–H activation is presented below.  

1.3 Alkenylation reaction via C–H activation 

Alkenes such as vinyl arenes are valuable intermediates, important raw materials used to 

construct complex molecules in organic synthesis and they are key structural scaffolds abundantly 

found in many natural products and bioactive compounds,27 medicinal chemistry,28 and also in 

material science.29 The classical method for their synthesis includes the Wittig reactions, olefin 

metathesis, Heck reactions, addition to alkynes, and, sometimes, multistep synthesis.30 Amongst 

these, the cross-coupling reactions are very popular in the manufacturing of a wide range of drugs.31 

However, the requirement of the pre-activated substrates is one of the concerns. In 1967, Fujiwara 

and Moritani reported a Pd catalyzed cross-coupling reaction between an aromatic C–H bond with 

an olefinic C–H bond to generate a new C–C bond – a year before the Heck coupling reaction.32 

This reaction required the addition of an external oxidant to run the reaction catalytically. A general 

example of this reaction includes the cross-coupling of benzene S2.11A with styrene S2.11B in the 

presence of a Pd catalyst to afford the stilbene S2.11C. It is one of the most classical ways to make 

the alkenes using the cross dehydrogenative coupling via the C–H activation protocol. However, 

the Fujiwara–Moritani reaction has not received significant attention until 1990, as the conditions 

employed were not practical. However, recent advancements have unveiled the potential of the 

Fujiwara–Moritani reaction to a greater extent and enabled similar transformations on complex 

substrates, especially as a powerful alternative to the Heck coupling reactions, as it reduced the 

generation of salt waste to a maximum extent (Scheme S2.11). 
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Scheme S2.11: Synthesis of stilbene using Fujiwara-Moritani reaction 

(Moritani, I.; Fujiwara, Y. Tetrahedron Lett. 1967, 8, 1119–1122.) 

 

The direct functionalization of the C–H bond to the C–X bond (X= C, O, N, among others) 

is a powerful tool and also is a challenging task. Especially, in substrates having several C–H bonds 

with similar reactivity, addressing the regioselectivity becomes a challenging task. The carbonyl-

directed ortho-alkylaton of acetophenones S2.12A with vinylsilanes S2.12B reported by Murai and 

Chatani is a trendsetter in the history of C–H functionalization in general and in directed C–H 

activation in particular (Scheme S2.12).33  

 

Scheme S2.12: Ru-Catalysed alkylation of aromatic ketones 

(Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N. Nature 1993, 366, 529–531.) 

 

The directing group assisted ortho-selective functionalization via C–H activation has been 

widely explored during the last two decades employing a wide range of metal complexes (Pd, Ru, 

Rh, Ir, Co), deploying a variety of functional groups such as amine, amide, anilide, imine, ester, 

carboxylic acid, ketone, hydroxyl, and various heterocycles as directing groups. This is one of the 

topics that had been covered extensively in regular intervals. As the work embodied in this chapter 

deals mainly with a Rh-catalyzed directed alkenylation on pyrazole rings and also the alkylation 

with diazo compounds, some of the recent reports on C–H activation of the pyrazole scaffold are 

presented below.  

1.4 C–H functionalization of pyrazole rings 

The transition metal catalyzed direct/directed C–H functionalization of pyrazole rings has 

been well studied during the last two decades.34 An excellent coverage of the documented reports 

on the pyrazole functionalization via direct and directed C–H activation has appeared recently 

from Joo and co-workers. There are a couple of interesting reports on the late-stage C–H 
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functionalization of the pyrazole moiety in the context of the synthesis focused small molecule 

libraries.35 The Pd-catalysts were very popular in the context of pyrazole C–H functionalization, 

especially for the formation of new C–C bonds. In recent years, other transition metals, such as Ir, 

Rh, Co, Ni, and Au have been explored by several groups to form C–C and C–heteroatom bonds. 

When compared to the directed synthesis, the direct C–H functionalization of pyrazole rings has 

been well explored for various types of C–C bond forming reactions such arylation, alkenylation, 

alkylation and heteroatom bond formations (C–B and C–Si). One of the early reports on the direct 

C5-arylation of N-arylpyrazole nucleus was documented by the Daugulis group, employing CuI 

as a catalyst and in the presence of a lithium base.36 Controlling the regioselectivity is the major 

problem in this direct C–H functionalization of pyrazoles, and this was systematically studied by 

the Sames groups during their direct C–H arylation of pyrazoles.37 After the arylation, the direct 

alkenylation either with alkenes (cross dehydrogenative coupling) or with alkynes is another 

reaction that is very popular and various metal complexes showed their viability for this 

transformation. Interestingly, the direct alkynylation with terminal acetylenes and alkylation with 

activated alkyl halides under palladium catalysis have been also documented. However, these are 

under explored reactions. Apart from these, the annulation reactions with alkynes and also the 

intramolecular direct C–H functionalization reactions have been explored in the context of 

synthesizing complex fused pyrazole scaffolds. 

 

Scheme S2.13: Reactivity of the pyrazole unit. 

Coming to the alkenylation of the pyrazole ring, both alkenes and alkynes have been 

employed as alkenyl group donors. Some of the previously known reactions for pyrazole 

alkenylation include dehydrogenative cross coupling with alkenes in the presence of Pd-catalyst 

and oxidant.38 In 2011, Wheeler and co-workers documented the C4-alkenylation of N-methyl 

pyrazole S2.14A with tbutyl acrylate in the presence of Pd(OAc)2, Cu(OAc)2 in DMA solvent 

resulting in S2.14B in lower yield along with a mixture of the dialkenylated product (Scheme 

S2.14).  
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Scheme S2.14: Pd-catalyzed alkenylation of N-methylpyrazole 

(Chappell, B.; Dedman, N.; Wheeler, S. Tetrahedron Lett. 2011, 52, 3223–3225) 

In 2013, Wu’s group reported the alkenylation of highly substituted pyrazoles using a Pd 

catalyst and Ag2CO3 as the oxidant. In this particular case, they used 1,3,5-trisubstituted pyrazoles 

S2.15A containing a CF3 group at the C3 position, which resulted in alkenylation at the C4 position 

S2.15B in good yield (Scheme S2.15).  

 

Scheme S2.15: Alkenylation of highly substituted pyrazole moiety 

(Wang, X.; Fang, X.; Xiao, H.; Gong, D.; Yang, X.; Wu, F. Tetrahedron, 2013, 69, 6993–7000.) 

In 2016, Joo and co-workers documented intra and intermolecular alkenylation reactions 

of 4-substituted pyrazole using the Pd(OAc)2 catalyst, and with pyridine as the ligand to enhance 

the reaction yield. In the case of intermolecular alkenylation, 4-substituted N-methyl pyrazole 

S2.16A reacts with vinyl arenes, n-butyl acrylate, or acryl amides in the 1,4-dioxane solvent at 120 

°C and leads to the formation of the corresponding alkenylated product S2.16B in good yield. In 

intramolecular alkenylation reactions, the corresponding five-, six-, and seven-membered fused 

pyrazoles rings were formed in good yield. In the case of the styryl group, E-alkenes were formed 

as the major products. In both the reaction conditions, the electron-donating, as well as electron-

withdrawing groupw present at the C4 position of pyrazole were well tolerated (Scheme S2.16).  
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Scheme S2.16: Inter/intramolecular alkenylation of 4-substituted pyrazoles 

(Han, S. J.; Kim, H. T.; Joo, J. M. J. Org. Chem., 2016, 81, 689–698.) 

In 2017, Joo Lim and Baik reported a ligand controlled regiodivergent aerobic C−H 

alkenylation of N-alkylpyrazole S2.17A using the Pd-catalyst, which resulted in the C4 or C5, and 

C4,C5di-alkenylation of pyrazole ring in a controlled way. Selectivity at the C4 position was 

successfully achieved using the palladium complex, which was prepared from a 4,5-diazafluoren-

9-one (DAF) ligand and trifluoroacetic acid. Interestingly, the selectivity can be switched to the 

C5 position by addition of appropriate bases/ligands. The combination of an N-acetyl valine ligand 

and KOAc was found to be the best for the selective C5 alkenylation. Next, the use of PivOH and 

silver carbonate afforded the corresponding dialkenylated product in good yield (Scheme S2.17).  

 

Scheme S2.17: Ligand-controlled C–H alkenylation of pyrazoles 

(Kim, H. T.; Ha, H.; Kang, G.; Kim, O. S.; Ryu, H.; Biswas, A. K.; Lim, S. M.; Baik, M-H.; Joo, J. M. Angew. Chem. Int. Ed., 

2017, 56, 16262–16266.) 

 

In 2019, Punji’s group disclosed the use of a 2-pyridyl ring as the directing group for 

selective C5 functionalization of the pyrazole ring. The C5-alkenylation reaction of the 2-pyridyl 

substituted pyrazole ring S2.18A has been carried out using the Ni-bipyridine complex, with 

lithium tbutoxide as the base, and 1-bromostyrene as the alkenylating agent (Scheme S2.18). 

Recently, Zhu’s group reported an advanced protocol for a similar alkenylation S2.18A, employing 

Rh-complexes, albeit directly with the styrenes S2.18E.  

 

Scheme S2.18: Directing-group-assisted C–H alkenylation using an alkenyl bromide 

(Jagtap, R. A.; Vinod, C. P.; Punji, B. ACS Catal., 2019, 9, 431–441.) 



Chapter II                                                                              Introduction 
 

P a g e  | 120 
 

Scheme S2.18: Rh(III) catalysed alkenylation of 2-(1H-pyrazol-1-yl)pyridine with alkenes 

(Meng, H.; Yang, F.; Chen, M.; Chen, C.; Zhu, B. Org. Chem. Front., 2021, 8, 773–777.) 

 

1.5 Alkenylation using alkynes:  

In 2007, Hiyama and co-workers documented a Ni-catalyzed direct C5-alkenylation of N-

methylpyrazole using internal alkynes. The simple and air-stable Ni(acac)2 complex has been 

employed as the catalyst along with the tricyclopentylphosphonium tetrafluoroborate ligand, and 

AlMe3 in toluene solvent at 35 °C to obtain the corresponding alkenylated product S2.19C in good 

yield (Scheme S2.19).  

 

Scheme S2.19: Ni-catalyzed hydroarylation of 4-octyne 

(Kanyiva, K. S.; Nakao, Y.; Hiyama, T. Heterocycles, 2007, 72, 677–680) 

In 2018, while dealing with pyrazole alkynylation, Joo and co-workers discovered the 

homocoupling of terminal alkynes followed by hydroarylation of the resulting 1,3-diynes with 

pyrazole. For example, the reaction of 4-nitro pyrazole S2.20A with terminal alkynes S2.20B in 

the presence of a Pd(OAc)2 catalyst, the PPh3 ligand, cesium carbonate and silver carbonate in 

toluene solvent at 90 °C gave the alkenylated product S2.20C in good yield. As this reaction is 

limited for 4-nitro substituted pyrazoles the substrate scope has been limited mainly in terms of 

the terminal alkynes employed (Scheme S2.20).  

 

Scheme S2.20: Coupling of 4-nitropyrazoles and terminal alkynes 

(Ha, H.; Shin, C.; Bae, S.; Joo, J. M. Eur. J. Org. Chem., 2018, 2645–2650.) 

A year later, the same group established the hydroarylation reaction of pyrazole with 

internal alkynes using Pd-complexes. As shown in Scheme S2.21, the 4-nitropyrazole S2.21A 
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reacts with diaryl alkynes S2.21B in the presence of the Pd(dba)2 catalyst, and the PCy3 ligand in 

DMA at 130 °C to provide the alkenylated pyrazole product S2.21C in good yield.  

 

Scheme S2.21: Pd-catalyzed hydroarylation of diphenyl acetylene 

(Lee, W.; Shin, C.; Park, S. E. Joo, J. M. J. Org. Chem., 2019, 84, 12913–12924) 

In 2020, Zhu and co-workers documented a pyridine-directed Rh(III)-catalyzed C–H 

alkenylation of pyrazole scaffolds with internal alkynes via a rollover cyclometalation strategy. 

The reaction of (1H-pyrazol-1-yl)pyridine S2.22A with diarylacetylene S2.22B in the presence of 

[Cp*RhCl2]2 catalyst, AgTFA, KOAc, and Cu(OAc)2 in DCE at 100 °C resulted in the formation 

of the corresponding alkenylated product S2.22C in good yield. In this case, the choice of DCE 

solvent was too difficult for enhancing the hydroarylation reaction, rather than annulation in DMF 

solvent. A control experiment carried out using the pre- and post-rollover intermediates suggested 

that the reaction involves the rollover pathway (Scheme S2.22).  

 

Scheme S2.22: Directing-group-assisted hydroarylation of internal alkynes 

(Wu, S.; Wang, Z.; Ma, D.; Chen, C.; Zhu, B. Org. Chem. Front., 2020, 7, 1158–1163.) 

1.6 Direct Alkylation of Pyrazoles: 

Unlike alkenylation, the alkylation of pyrazole scaffold was less explored and there is a single 

report by Joo’s group.39 The direct C5–H alkylation of pyrazoles with allylacetates and benzyl 

halides has been accomplished by employing Pd(OAc)2 as a catalyst in the presence of PPh3 and 

K2CO3. The presence of electron-withdrawing groups such as chloro, nitro or a carboxylate groups 

at the C4 position seems to be important. In addition, for allylation reactions, a sulphonyl 

protection of the pyrazole nitrogen is required (also see Scheme S2.23). A similar methodology 

has been extended by this group with α-chloroacetates and acetamides as incoming electrophiles 

to prepare α-pyrazolyl acetic acid. 
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Scheme S2.23: Pd-Catalysed alkylation of pyrazole ring 

From the reports provided above, it is evident that the direct alkenylation of the pyrazole 

ring is well precedented. Coming to the directed alkylation, the reports are limited mainly to 

pyridine as a directing group that also place one of the pyrazole nitrogen at the C2 of pyridine so 

that this directing group could be easily removed. When it comes to alkylation, there is only a 

single report on the direct alkylation of nitro-substituted pyrazoles with activated halides. Coming 

to the C4-functionalization via C–H activations, this is not well explored. Thus, the 

pyrazolylpyridine core present in the GBT-440 is well suited for the directed C4-functionalization 

via C–H activation and importantly, if successful, it provides an easy access for the corresponding 

analogues. In addition, this will lay the platform for post modification of GBT-440.  
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1.7 Present work 

Heterocyclic scaffolds like pyridine and pyrazole are the most privileged scaffolds present 

in many drug molecules. Interestingly, there are some approved drugs having both pyridine and 

pyrazole scaffolds and the selected examples are depicted in Figure F2.3. The Voxelotor (also 

known as GBT-440) is one of the recently approved drugs for the treatment of Sickle Cell Anemia 

(SCA) that contains a 2-(1-isopropyl-1H-pyrazol-5-yl)pyridine core. Voxelotor, sold under the 

brand name OXBYTA was discovered by Global Blood Therapeutics. The US FDA has approved 

this drug for using against sickle cell disease on a fast track mode in May, 2020. GBT-440 is a 

hemoglobin S polymerization inhibitor directed for the treatment of SCA in adults and pediatric 

patients of twelve years of age and older. 

 

Figure F2.3: Examples of pyrazole-pyridine scaffold containing drug molecules. 

 

Sickle Cell Anemia (SCA) is a red blood disorder in which no healthy red blood cells are 

present to supply the oxygen to the whole body. In SCA, the blood cells are like sickles that are 

not flexible, not allowing the round red blood cells to move easily in the blood vessels. GBT-440 

prevents the sickling of red blood cells and thus, it interferes with the underlying pathology by 

modifications in the disease outcome.10 It reacts through the formation of a covalent bond with the 

amino acid valine, which is present at the N terminal of the α chain of Hb and which leads to 

allosteric changes of Hb and increases the affinity between oxygen and Hb. Indeed, GBT-440 has 

been discovered in the process of developing derivatives of the naturally occurring molecule 

vanillin that was known to form a Schiff base with the N-terminal Val of the α-chains of Hb and 

stabilize oxy HbS, which resulted in decreased p50 (the oxygen pressure (mmHg) at which 50% 

of the Hb in a given blood is oxygenated). Tucaresol is one of the earlier candidates that has been 

developed in this context. However, it was not able to cross the Phase I clinical trials. On similar 
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lines 5-(hydroxymethyl)furfural (5-HMF) has also been explored and could only reach the critical 

Phase 2 trials. GBT-440 has shown improved potency with a 1:1 stoichiometric binding efficiency 

with HbS tetramers and a substantial increase in Hb levels. Due to the immediate requirement of 

the therapy against SCA, the FDA has conducted the trials on a fast track and then this drug became 

a breakthrough therapy recently.40 

 

 

Figure F2.4. Known covalent HbS modulators and proposal of synthesizing GBT-440 analogues 

and post modification of GBT-440 via C-H functionalization of pyrazole at C4-H  

 

As mentioned previously, India is estimated to have the second-highest burden of the 

disease.8 As a part of management of sickle cell anemia disease in India, a mission aimed at the 

development of new chemical compounds which can modulate the known or validated drug targets 

related to the management of the SCA has been formulated in 2017 by CSIR. GBT-440, which 

was in Phase III clinical trials (renamed as Voxelotor after its approval in 2020), has been selected 

as a promising scaffold in this regard.  

 

 

Scheme S2.24: C-H functionlisation and post modification of GBT-440 
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GBT-440 is characterized with the 2-(1-isopropyl-1H-pyrazol-5-yl)pyridine core and a 

salicylaldehyde unit connected with a hydroxymethylether with the pyridine C3. After the initial 

inspection of the core structure of GBT-440, the pyrazolylpyridine unit present in GBT-440 has 

been identified as a potential handle for adding various carbon-centered electrophiles via C–H 

activation. Considering this, we have devised a project that comprises of building focused small 

molecule libraries via C–H functionalization of the pyrazole unit of GBT-440. One of the initial 

objectives was replacing the hydroxymethylether (that connects the pyridine and salicylaldehyde 

core) with an olefin or keto ester by pyrazole-directed C–H activation.41 However, our initial 

experiments have revealed that the pyridine directed the same on the pyrazole ring. As some of 

these initially synthesized derivatives showed a promising prevention of the sickling of red blood 

cells, this has been continued further to synthesize a large set of derivatives by playing around the 

simple pyrazolylpyridine unit and later, the same has been extended for the late-stage modification 

directly on GBT-440. 

1.8 Results and discussion: 

Keeping the objective, our initial focus was on carrying out the cross dehydrogenative 

coupling with styrene on the pyridine core. In 2009, Satoh, Miura and co-workers documented the 

pyrazole directed mono- and di-vinylation of 1-phenylpyrazoles employing the Rh(III)-catalyzed 

oxidative C–H coupling with alkenes (Scheme S2.25).41 

 

Scheme S2.25: Rh(III) catalysed mono- and di-vinylation of 1-phenylpyrazoles. 

 Indeed, this report served as a starting point for our initial thoughts of functionalizing the 

pyridine core. Our preliminary study began with conducting the reaction of 2-(1-isopropyl-1H-

pyrazol-5-yl)pyridine 12a with styrene as the model substrate employing [RhCp*Cl2]2 (1 mol%), 

AgSbF6 (20 mol%), Cu(OAc)2.6H2O (2 equiv), and AcOH (1 equiv) combined in CH3CN solvent 

at 95 °C for 2 h, which resulted in the formation of a new product 14a in 57% yield. Though the 
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vinylation on the pyridine core was our desired target, when we looked at the 1H NMR spectrum 

of compound 14a, the characteristic proton peak of pyrazole ring was seen to disappear and the 

adjacent pyrazole proton appeared as a singlet at δ 7.89 ppm, revealing the C–H functionalization 

of pyrazole unit, and the participation of pyridine as a directing group. The observed large coupling 

constant J = 16.0 Hz  between the olefinic-H which appeared as doublets at δ 6.95–6.88 ppm and 

at δ 6.88–6.81 ppm revealed the exclusive formation of the trans-olefin.  In the 13C NMR spectrum 

of compound 14a, the alkene peaks appeared as doublets at δ 135.8 ppm and at δ 126.9 ppm. Next, 

in the HRMS, the calculated accurate mass for the compound was 290.1652 and it was found at 

290.1652, thus confirming the constitution of the assigned structure.  

Table T2.1: Optimization studies. 

 

Entry Catalyst Additives Solvent temp. 

(°C) 

time (h) 

Yield 

(%)b 

14a 

1 [RhCp*Cl2]2 AgSbF6 CH3CN 95/2 57 

2 [RhCp*Cl2]2 AgSbF6 Dioxane 95/2 60 

3 [RhCp*Cl2]2 AgSbF6 THF 95/2 89 

4 [RhCp*Cl2]2 AgSbF6 DCE 95/2 86 

5 [RhCp*Cl2]2 AgSbF6 Toluene 95/2 35 

6 [RhCp*Cl2]2 AgSbF6 DCM 95/2 38 

7 [IrCp*Cl2]2 AgSbF6 THF 95/2 57 

aReaction conditions: 0.2 mmol  (1 equiv) of 12, 0.3 mmol  (1.2 equiv) of 13a, 1 mol % of catalyst, 

20 mol % of additives, dry solvent (1.0 mL), bIsolated yields.  

Though the selectivity was undesired, we failed in our attempts to obtain the desired 

selectivity by employing other metal complexes such as Pd, Ru and Co. They were found to be 

either unsuitable or gave the formation of 14a in yields that were much inferior when compared to 

the initially obtained yields with the Rh-complex. This has prompted us to explore the current 

reaction in the direction of developing a focused library around the GBT-440 core.   
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Having this initial result in hand, we moved further to optimize the reaction by varying the 

solvents. As shown in Table T2.1, the reaction outcome seems to be solvent-dependent. In dioxane 

solvent, the reaction proceeded with a moderate increase in the product yield (entry 2). 

Interestingly when the reaction was conducted in THF, product 14a was obtained in 89% yield 

(Table T2.1 entry 3). Further screening of the solvents revealed that 1,2-DCE, DCM, and toluene 

were not compatible for the current transformation (entries 4-6). In addition, control experiments 

revealed that the presence of the Rh-complex was essential and that under similar conditions, the 

Ir(III) complex performed poorly (entry 7). 

 

Scheme S2.26: Substrate scope using substituted styrenes. 

In order to explore the generality of the present reaction, a variety of substituted styrenes 

containing electron-donating as well as electron-withdrawing substrates were coupled with 

pyrazolylpyridine scaffolds using the optimized conditions to afford alkenylated products in good 

yields. In all the cases, we observed excellent selectivity and very good yields. (Scheme S2.26). 

Initially, we employed a diverse set of styrene derivatives 13b–13h having different substituents 

at the para-position such as -OMe, -Me, i-Pr, t-Bu, Cl, Br, NO2. In all the cases, the reaction 

proceeded smoothly and provided the corresponding products 14b–14h in very good yields (77-
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96%). Next, the reactions with meta-hydroxy/isopropyloxy styrenes gave the corresponding 

alkenylated products 14i and 14j respectively in 61% and 84% yields. Similarly, the reaction with 

2-bromostyrene also proceeded smoothly and provided 14k in 64% yield. Further, a diverse set of 

di-/trisubstituted styrenes were employed as substrates to synthesize compounds 14l-14p. Only in 

case of the trimethoxy styrene 13q, the corresponding product 14q was obtained in a moderate 

yield of 50%. On the other hand, with the piperonaldehyde derived alkene 13r, the product 14r 

was obtained in 84% yield. Even with 1-vinylnaphthalene, the reaction was facile and provided 

the corresponding product 14s in excellent yield.  

Further, to expand the scope of this reaction, we employed various conjugated olefins in 

the current reaction. As shown in Scheme S2.27, the reaction with simple acrylates such as methyl, 

n-butyl, t-butyl acrylates was facile and provided the corresponding alkenylated products 16a-16c 

in 83-84% yield. However, when the olefin was substituted with a methyl, the reactions were 

sluggish with benzyl methacrylate, with the required alkenylated 16f being obtained in 20% yield 

and methyl crotonate being found to not be compatible for the current alkenylation. With the 

unsubstituted acryl amide as well, the C–H alkenylation reaction was facile and gave the 

corresponding product 16d in 67% yield. However, with N-isopropylacrylamide, the reaction was 

sluggish and resulted in the desired product 16e in 35% yield. (Scheme S2.27). 

 

Scheme S2.27: Substrate scope using the substituted acrylates and amides. 

Having synthesized a diverse set of alkenylated compounds, we next proceeded for the 

alkylation with the diazocarbonyl compounds. As indicated earlier, the pyrazole alkylation was 

underexplored till date. Mainly, activated alkyl halides have been used for the alkylation by using  
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the palladium catalyst. In that context in 2015, Joo et al. disclosed the first report of pyrazole 

alkylation with the help of this allyl or benzyl group, which can be introduced at the C5 position.39a 

Further, Joo and co-workers expanded their work by synthesizing the α-pyrazolyl acetic acid from 

α-chloroacetates and acetamides.39b Similarly, Kalyani et al. have carried out the functionalization 

of nitropyrazoles with benzyl acetate using the Pd(OAc)2 catalyst and the XPhos ligand (Scheme 

S2.28).39c Comparing all these alkylation reports reveals to us that pyrazole alkylation should be 

explored in a simple and effective way using the directed C-H activation protocol. Hence, this 

developed protocol can be applied in the area of total synthesis of the bioactive molecule via late-

stage functionalization.  

 

Scheme S2.28: Reported alkylation on the pyrazole scaffold.  

Coming to the desired alkylation with the diazo compounds, Cp*Rh(III) and Cp*Ir(III) 

complexes have been well explored for C−H carbenoid functionalization.42 Keeping this in mind, 

our initial experiments on the C-H alkylation of 2-(1-isopropyl-1H-pyrazol-5-yl)pyridine started 

with employing the benzoyl substituted diazo β-keto ester 17 for optimizing the reaction 

conditions. The results are summarized in Table T2.2. Initially, when the reaction was conducted 

using the IrCp*Cl2 catalyst and the AgSbF6 additive in methanol solvent, we did not observe the 

formation of any new product (entry 1). Interestingly, when the reaction was carried out in 1,2-

DCE at 80 °C for 2 h, the desired product 18 was obtained in 29% yield (entry 3). The attempted 

optimization of the reaction by varying solvents was found to be futile. At this juncture, when we 

switched to Rh-complexes, the reaction with RhCp*Cl2 (1 mol%) in the presence of AgSbF6 (20 

mol%) additive in methanol at 60 °C in 2 h provided the desired compound 18 in 90% yield (entry 

6). As a control, we looked at the compatibility of other Rh-catalysts, additives, solvent and 

temperature, which revealed that the initial conditions were much superior (entry 2, 4, 5). 
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Table T2.2: Optimization studies. 

 

Entry Catalyst Additives Solvent temp.(°C) 

time (h) 
Yield (%)

b 

18a
 

1 [IrCp*Cl
2
]

2
 AgSbF

6 
 MeOH rt/12 NR 

2 [IrCp*Cl
2
]

2
 AgNTf

2 
 MeOH rt/12 NR 

3 [IrCp*Cl
2
]

2
 AgSbF

6 
 DCE 80/2 29 

4 [IrCp*Cl
2
]

2
 AgSbF

6 
 EtOH 80/2 10 

5 [RhCp*Cl
2
]

2
 AgSbF

6 
 DCE 60/6 45 

6 [RhCp*Cl
2
]

2
 AgSbF

6 
 MeOH 60/6 90 

aReaction conditions: 0.2 mmol  (1 equiv) of 12, 0.3 mmol  (1.2 equiv) of 17, 1 mol % of catalyst, 

20 mol % of additives, dry solvent (1.0 mL), bIsolated yields. 

Next, the scope of the reaction has been explored by using different diazo compounds 

(Scheme S2.29). One of the problems with the resulting -ketoesters 18a and 18b was that they 

existed as a mixture of keto-enol tautomers, thus resulting in a complex NMR spectra.  Next, other 

popular diazo compounds were employed in the carbene C–H insertion reactions, such as Ohiram-

Bestmann’s diazophosphonate, diazo derivatives of dimethylmalonate, Meldrum’s acid and 

finally, simple ethyl diazoacetate. In all the cases the reactions proceeded smoothly and provided 

the corresponding alkylated products in good to excellent yields. Interestingly, when the TIPS-

EBX reagent was employed for the alkynylation under the current optimized conditions, it afforded 

the alkynylated compound 18f in 85% yield.  
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Scheme S2.29: Substrate scope using diazocarbonyl compounds and TIPS-EBX regent. 

Deuterium labelling experiment: After exploring both alkenylation and alkylation, we proceeded 

further to understand the reaction mechanism. First, to check the reversibility of the C-H 

metalation, deuterium labelling experiments were carried out. When 12 was subjected to the same 

catalytic system in the absence of alkene in a mixture of CD3OD /THF (1:1) at 80 °C for 4 h, about 

50% deuteration was observed at the expected site of the recovered starting material. This revealed 

that a reversible C–H bond cleavage process was involved in this transformation.  

 

Scheme S2.30: Deuterium labelling experiment of 12 

1.9 Mechanistic Proposal:  

Based on the literature precedent,43 a plausible mechanism for alkenylation was proposed 

(Scheme S2.31). The reaction proceeded with the generation of a cationic Rh(III)-complex 

followed by coordinative C–H insertion, mainly via a base-assisted internal electrophilic 

substitution reaction.43b Good site selectivity was achieved by the preference of the rhodium 

complex to the strongly coordinating pyridine nitrogen. The protic medium may play a role in 

facilitating this step, which leads to the formation of the cyclometallated complex A. After that, 
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coordination of the olefin to the cyclometallated intermediate forms the complex B, followed by 

carbo-rhodation to give the complex C and subsequent β-hydride elimination to yield the proximal 

C−H alkenylated product 14. In some exceptional cases, protonation of the complex C took place 

instead of β-hydride elimination and resulted in the formation of alkylated product D instead of 

the alkenylated product 14. 

 

Scheme S2.31: Mechanistic Proposal. 
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1.10 Alkenylation of GBT440: 

Having established the alkenylation and alkylation of the basic pyridylpyrazole scaffold, 

we next proceeded to extend this chemistry employing GBT440 as a substrate. However, as 

indicated in the table, the reaction required re-optimization of the conditions, which might be due 

to the steric crowding around the pyrazole unit and also the presence of free –OH and carbaldehyde 

groups.  Under standard conditions, [RhCp*Cl2 (1 mol%) catalyst, AgSbF6 (20 mol%) as the 

additive, AcOH (1 equiv), and Cu(OAc)2 (2 equiv), heating at 95 °C in THF for 2 h] employed 

previously,  the reaction between GBT440  19 and styrene 20a gave compound 21a in 10% yield 

(entry 1). The structure of the resulting product 21a was established with the help of spectral and 

analytical data.  In the 1H NMR spectrum of compound 21a, the pyrazole proton appeared as a 

singlet at δ 7.86 ppm. The newly formed olefin protons appeared as doublets at δ 6.72 ppm and δ 

6.60 ppm with a characteristic trans-coupling constant J = 16.0 Hz. In the 13C NMR spectrum of 

compound 21a, the alkene carbons appeared as doublets at δ 136.3 ppm and at δ 124.1 ppm.  

 Next, we proceeded for the optimization of the reaction conditions. When we replaced THF 

with acetonitrile (entry 2), the yield was improved to 26%. At this point, a quick screening of 

solvents with increased catalyst loading (5 mol%) and time has been carried out. As shown in the 

table, the yield was further improved in dioxane solvent (entry 3). On the other hand, the reaction 

in THF solvent resulted in the compound 21a in 69% yield (entry 4). Finally, in 1,2-DCE, the 

compound 21a was obtained in 81% yield (Table T2.3, Entry 5). The use of a low boiling solvent 

such as DCM resulted in low yields (entry 6). The same reaction employing IrCp*Cl2 as a catalyst 

did not result in a favorable outcome: the requisite product 21a was obtained in 40% yield (entry 

7). Overall, when compared with the alkenylation of the parent pyridylpyrazole, the alkenylation 

of GBT440 required more catalyst loading and also a prolonged reaction time. 

Table T2.3: Optimization studies. 
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Entry Catalyst Additives Solvent temp. (°C) 

time (h) 

Yield (%)b 

21a 

1c [RhCp*Cl2]2 AgSbF6  THF 95/2 10 

2c [RhCp*Cl2]2 AgSbF6  CH3CN 95/15 26 

3 [RhCp*Cl2]2 AgSbF6  Dioxane 95/15 50 

4 [RhCp*Cl2]2 AgSbF6  THF 95/20 69 

5 [RhCp*Cl2]2 AgSbF6  DCE 95/15 81 

6 [RhCp*Cl2]2 AgSbF6  DCM 50/2 12 

7 [IrCp*Cl2]2 AgSbF6  THF 95/15 40 
aReaction conditions: 0.2 mmol  (1 equiv) of 19, 0.3 mmol  (1.2 equiv) of 20a, 5 mol % of 

catalyst, 20 mol % of additives, dry solvent  (1.0 mL), bIsolated yields. c1 mol % of catalyst. 

 Next, the scope of this direct alkenylation of GBT440 was examined by using the 

previously employed substituted styrenes. As shown in Scheme S2.32, in general, the reactions 

were facile and the requisite products were obtained in moderate to good yields. Coming to the 

reactions with the p-substituted styrenes 20a–20h, the corresponding alkenylated products 21a-

21ah were formed in 45-86% yield. Only in case of p-nitrostyrene, the yields were poor. With 3-

isopropoxy styrene, the requisite alkenylated product 21i was obtained in 61% yield. Similarly, 

with 2-bromo styrene, the yield of the corresponding alkenylated product 21j dropped to 51%.  

When it comes to the reactions with disubstituted styrenes 20k–20m, the yields were moderate to 

good.   Remarkably, the reaction with the trimethoxystyrene 20n was also facile and provided the 

alkenylated product 21n in 55% yield. Even the reaction was also facile with 1-vinylnaphthalene 

and provided the corresponding product 21o in good yield. 
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Scheme S2.32: Substrate scope using substituted styrenes. 

 

In substrate scope, we also elaborated our study using the acrylates by applying the same reaction 

conditions as mentioned above and we got very good results for all the acrylates used (Scheme 

S2.33). So, the treatment of 19 with several acrylates 22a-22e bearing different ester groups 

(methyl, ethyl, n-butyl, t-butyl, and i-decyl respectively) under optimized conditions provided the 

desired products 23a-23e in excellent yields (69-88%). Interestingly, furfural acrylate 22f also 

performed well in these conditions and resulted in the formation of 23f product in 83% yield. In 

the case of the acrylamides, the reaction was feasible but not up to the mark and we ended up with 

a moderate yield for the formed compound 23i (42% yield). This may be due to C–H alkenylation 

side reactions that are possible in the presence of aldehyde and amine groups. Next, we examined 

the compatibility of acrolein (22g), methylvinyl ketone (22h) and acrylonitrile (22j), under the 

optimized conditions. Interestingly, with acrolein and methylvinyl ketone the corresponding 

alkylated products 23g (46%), and 23h (58%) were obtained. 
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Scheme S2.33: substrate scope using substituted acrylates and amide. 

1.11 Biological Evaluation: Having a good number of compounds synthesized from the parent 

pyridylpyrazole 12 and GBT440, we next proceeded for the measuring of the oxygen binding 

efficiency of the hemoglobin isolated from the sickled red blood cells treated with these 

compounds (1 mol). The parent GBT440 has been used as a control endowed with 100% oxygen 

binding efficiency (Figures F2.5 and Scheme S2.34).  

 As presented in Figure F2.5, the majority of the compounds derived from pyridylpyrazole 

12 did not show good activity when compared to GBT440. Interestingly, in case of the phosponate 

18c derived from the directed alkylation with the Ohira-Bestmann reagent, showed significant 

enhancement in the oxygen binding efficiency of the sickled hemoglobin with a relative efficiency 

of 75% compared to that of GBT440. Whereas the compounds derived from the GBT440 

directly, showed more promising activity. Amongst all, the compounds NCL-SA-88 (23c), NCL-

SA-97 (21k), NCL-SA-91 (21c), NCL-SA-98 (21b), and NCL-SA-95 (21f) showed relatively 

closer or better activity compared to GBT-440. Amongst all of these compounds NCL-SA-95 

(21f) showed slightly higher activity than the GBT-440, which warrants further validation. Further 

characterization of these compounds for their sHb modulating activity is under progress.  
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Figure F2.5: Graphical representation of biological activity of the synthesized compounds 

against SCA Vs GBT-440. 

 

Scheme S2.34: Biological activity of selected compounds against SCA vs GBT-440.  

1.12 Conclusion 

 The possibility of carrying the directed alkenylation/alkylation of pyrazolylpyridine 12 and 

GBT440 has been executed successfully via rhodium(III) catalyzed C–H functionalization. In both 

the instances, the proximal site selectivity has been achieved by the cationic nature of the catalyst 

and the strong coordination of the pyridine nitrogen to the catalyst. Initially, the feasibility of both 

alkenylation and alkylation has been explored with the basic pyridylpyrazole core 12 employing a 

diverse range of styrenes substituted with electron-donating, as well as electron-withdrawing 

groups such as -F, -Cl, -Br, -OMe, -NO2 for the alkenylation. In a majority of the cases, the 

alkenylation products were obtained in good to excellent yields. Even with the 

acrylates/acrylamides, the cross dehydrogenative coupling was the major event with compound 

12. Subsequently, the direct alkylation of 12 was explored with various diazo compounds. Next, 
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we have extended the alkenylation protocol with GBT-440 as a substrate. Unlike with the parent 

scaffold 12, the directed C–H alkenylation of GBT with both substituted styrenes and conjugated 

olefins required excess catalyst loading as well as prolonged reaction times. Interestingly, in case 

of conjugated acrylates and amides, among others, instead of cross dehydrogenative coupling that 

was noticed with 12, with GBT440 the alkylation was seen to take place exclusively. All the 

compounds synthesized from the C–H functionalization of 12 and GBT440 have been screened 

for the oxygen binding affinity for the hemoglobin isolated from the sickle blood cells treated with 

these compounds, keeping the parent GBT440s as 100%. In case of the compounds derived from 

12, the phosphonate showed promising activity (75%). Coming to the GBT440 analogues, a good 

number of the compounds showed similar activity like GBT440 and one compound showed 

increased activity (112%). Currently, work in the direction of extending the C–H functionalization 

on GBT440 with other electrophiles is in progress.  
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Experimental Section:  

General procedure for the Rh-catalyzed C–H Bond Activation of 12: In general, all reactions 

were carried out employing 50 mg of 12. 

To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added pyrazolyl 

pyridine 12 (50 mg, 1 equiv, 0.267 mmol), styrene 13 (55.6 mg, 2 equiv, 0.534 mmol), 

[RhCp*Cl2]2 (1.7 mg, 0.01 equiv, 1 mol%), AgSbF6 (18 mg, 0.20 equiv, 20 mol%), Cu(OAc)2.H2O 

(107 mg, 2 equiv, 0534 mmol), AcOH (16 mg, 1 equiv, 0.267) and THF (4 mL) under air. The 

reaction mixture was stirred at 95 °C for 2-6 h. After completion, the reaction mixture was diluted 

with ethyl acetate and washed with sat. NaHCO3 followed by brine, dried (Na2SO4) and 

concentrated under reduced pressure. The resulting crude was purified by column chromatography 

to afford the alkene 14. 

Representative procedure for 0.5 mmol scale: 

 To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added 

pyrazolyl pyridine 12  (100 mg, 1 equiv, 0.534 mmol), styrene 13 (111 mg, 2 equiv, 1.07 mmol), 

[RhCp*Cl2]2 (3.3 mg, 0.01 equiv, 1 mol%), AgSbF6 (37 mg, 20 mol%,), Cu(OAc)2.H2O (213 mg, 

2 equiv, 1.07 mmol) AcOH (32 mg, 1 equiv, 0.534 mmol) and THF (10 mL) under air. The reaction 

mixture was stirred at 95 °C for 2 h. After completion, the reaction mixture was diluted with ethyl 

acetate and washed with sat. NaHCO3 followed by brine, dried (Na2SO4) and concentrated under 

reduced pressure. The resulting crude was purified by column chromatography to afford the alkene 

14. 

General procedure for the Rh-catalyzed C–H Bond Activation of 12 using acrylates or acryl 

amide 15: In general, all reactions were carried out employing 50 mg of 12. 

To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added pyrazolyl 

pyridine 12  (50 mg, 1 equiv, 0.267 mmol), acrylates or acryl amide 15 (46 mg, 2 equiv, 0.534 

mmol), [RhCp*Cl2]2 (1.7 mg, 0.01 equiv, 1 mol%), AgSbF6 (18 mg, 0.20 equiv, 20 mol%), 

Cu(OAc)2.H2O (107 mg, 2 equiv, 0534 mmol), AcOH (16 mg, 1 equiv, 0.267 mmol) and THF (4 

mL) under air. The reaction mixture was stirred at 95 °C for 2-8 h. After completion, the reaction 

mixture was diluted with ethyl acetate and washed with sat. NaHCO3 followed by brine, dried 
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(Na2SO4) and concentrated under reduced pressure. The resulting crude was purified by column 

chromatography to afford the alkene 16. 

 General procedure for the Rh-catalyzed C–H Bond Activation of 12 with β-ketoesters or 

diazoesters or diazophosphate or TIPS-EBX 17: In general, all reactions were carried out 

employing 50 mg of 12. 

To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added pyrazolyl 

pyridine 12 (50 mg, 1 equiv), β-ketoesters or diazoesters or diazophosphate 17 (2 equiv), 

[RhCp*Cl2]2 (1.7 mg, 1 mol%), AgSbF6 (18 mg, 20 mol%), and MeOH (4 mL) under air. The 

reaction mixture was stirred at 60 °C for 2–6 h. After completion, the reaction mixture was diluted 

with ethyl acetate and washed with sat. NaHCO3 followed by brine, dried (Na2SO4) and 

concentrated under reduced pressure. The resulting crude was purified by column chromatography 

to afford the alkylated product 18. 

 (E)-2-(1-Isopropyl-4-styryl-1H-pyrazol-5-yl)pyridine (14a): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 77 mg 

(90%); colorless solid; mp: 130–132 °C; IR(neat) max 2976, 1587, 1484, 1451, 

1404, 1278, 1196, 1061, 1002, 959, 839, 793, 748, 698 cm–1;  1H NMR (400 

MHz, CDCl3): δ 8.81 (d, J = 3.8 Hz, 1H), 7.89 (s, 1H), 7.87–7.82 (m, 1H), 7.45 

(d, J = 7.6 Hz, 1H), 7.40–7.34 (m, 3H), 7.30 (t, J = 7.6 Hz, 2H), 7.23–7.17 (m, 1H), 6.95–6.88 (d, 

J = 16.0 Hz, 1H), 6.88–6.81 (d, J = 16.8 Hz, 1H), 4.86 (spt, J = 6.6 Hz, 1H), 1.50 (d, J = 6.1 Hz, 

6H) ppm; 13C NMR (100 MHz, CDCl3): δ 150.1 (d) 149.6 (s) 138.4 (s) 137.7 (s) 136.6 (d) 135.8 

(d) 128.5 (d, 2C) 127.7 (d) 126.9 (d) 125.9 (d, 2C) 125.7 (d) 122.9 (d) 119.2 (s) 118.6 (d) 50.7 (d) 

22.627 (q, 2C) ppm; HRMS (ESI) calcd. for C19H20N3: 290.1652 [M + H]+; found 290.1652.  

(E)-2-(1-isopropyl-4-(4-methoxystyryl)-1H-pyrazol-5-yl)pyridine (14b): Purified by column 

chromatography (20% EtOAc in petroleum ether, Rf = 0.5); yield: 73 mg (86%); 

colorless solid; mp: 98–100 °C; IR(neat) max 3030, 1605, 1510, 1352, 1247, 

1033, 841, 795 cm–1; 1H NMR (400 MHz, CDCl3): δ  8.80 (d, J = 3.8 Hz, 1H), 

7.87–7.79 (m, 2H), 7.45 (d, J = 7.6 Hz, 1H), 7.38–7.28 (m, 3H), 6.89–6.82 (m, 

J = 16.02 Hz, 3H), 6.74–6.66 (d, J = 16.0 Hz, 1H), 4.86 (spt, J = 6.6 Hz, 1H), 

3.80 (s, 3H), 1.49 (d, J = 6.1 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 158.8 (s), 150.1 (d), 

149.7 (s), 138.0 (s), 136.6 (d), 135.6 (d), 130.6 (s), 127.3 (d), 127.1 (d, 2C), 125.6 (d), 122.8 (d), 
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119.5 (s), 116.5 (d), 114.0 (d, 2C), 55.3 (d), 50.6 (q), 22.6 (q, 2C) ppm; HRMS (ESI) m/z: calcd. 

for C20H22N3O: 320.1757 [M + H]+; found: 320.1765.  

(E)-2-(1-isopropyl-4-(4-methylstyryl)-1H-pyrazol-5-yl)pyridine (14c): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 78 mg (96%); 

colorless solid; mp: 94–96 °C; IR(neat) max 2997, 1587, 1485, 1421, 1206, 965, 

842, 791, 744, 716 cm–1;  1H NMR (400 MHz, CDCl3): δ 8.79 (d, J = 3.8 Hz, 

1H), 7.86 (s, 1H), 7.82 (dt, J = 1.9, 7.8 Hz, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.33 

(dd, J = 3.8, 7.6 Hz, 1H), 7.29–7.23 (d, J = 8.4 Hz, 2H), 7.12–7.06 (d, J = 7.6 Hz, 2H), 6.88 (d, J 

= 16.8 Hz, 1H), 6.78 (d, J = 16.0 Hz, 1H), 4.85 (spt, J = 6.6 Hz, 1H), 2.31 (s, 3H), 1.48 (d, J = 6.9 

Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 150.1 (d), 149.8 (s), 138.3 (s), 136.9 (s), 136.7 (d), 

135.9 (d), 135.1 (s), 129.4 (d, 2C), 127.7 (d), 125.9 (d, 2C), 125.6 (d), 122.8 (d), 119.3 (s), 117.6 

(d), 50.6 (d), 22.6 (q), 21.1 (q, 2C) ppm; HRMS (ESI): calcd. for C20H22N3: 304.1808 [M+H]+; 

found: 304.1818. 

(E)-2-(1-isopropyl-4-(4-isopropylstyryl)-1H-pyrazol-5-yl)pyridine (14d): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 71 mg (80%); 

gum; IR(neat) max 2958, 1586, 1486, 1422, 1196, 1055, 1002, 962, 842, 792, 

699, 665 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.81 (d, J = 4.3 Hz, 1H), 7.88 (s, 

1H), 7.86–7.78 (t, 1H), 7.45 (d, J = 7.9 Hz, 1H), 7.38–7.30 (m, 3H), 7.17 (d, J = 

8.5 Hz, 2H), 6.90 (d, J = 16.5 Hz, 1H), 6.80 (d, J = 16.5 Hz, 1H), 4.88 (spt, J = 6.5 Hz, 1H), 2.89 

(spt, J = 6.8 Hz, 1H), 1.50 (d, J = 6.7 Hz, 6H), 1.25 (d, J = 7.3 Hz, 6H) ppm; 13C NMR (100 MHz, 

CDCl3): δ 150.1 (d), 149.7 (s), 147.9 (s), 138.2 (s), 136.6 (d), 135.7 (d), 135.4 (s), 127.7 (d), 126.6 

(d, 2C), 126.0 (d, 2C), 125.7 (d), 122.8 (d), 119.4 (s), 117.8 (d), 50.6 (d), 33.8 (d), 23.9 (q, 2C), 

22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C22H26N3: 332.2121 [M+H]+; found: 332.2124. 

(E)-2-(4-(4-(tert-butyl)styryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14e): Purified by 

column chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 73 

mg (79%); yellow syrup/gum; IR(neat) max 2963, 1586, 1485, 1405, 1364, 

1298, 1196, 1061, 1002, 961, 843, 816, 792, 746, 700, 664 cm–1;  1H NMR (400 

MHz, CDCl3): δ 8.79 (d, J = 3.8 Hz, 1H), 7.86 (s, 1H), 7.81 (dt, J = 1.5, 7.6 Hz, 

1H), 7.42 (d, J = 7.6 Hz, 1H), 7.37–7.23 (m, 5H), 6.89 (d, J = 16.0 Hz, 1H), 6.79 (d, J = 16.0 Hz, 

1H), 4.93–4.78 (spt, 1H), 1.48 (d, J = 6.9 Hz, 6H), 1.30 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3): 
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δ 150.1 (d), 149.6 (s), 138.2 (s), 136.6 (d, 2C), 135.7 (d), 135.0 (s), 127.6 (d), 125.7 (d, 2C), 125.4 

(d, 2C), 122.8 (d), 119.4 (s, 2C), 117.9 (d), 50.6 (d), 34.5 (s), 31.2 (q, 2C), 22.6 (q, 3C) ppm; 

HRMS (ESI): calcd. for C23H28N3:346.2278 [M+H]+; found: 346.2285. 

(E)-2-(4-(4-chlorostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14f): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 76 mg (88%); 

colorless solid; mp: 110–112 °C;  IR(neat) max 3010, 1587, 1483, 1404, 1196, 

1090, 1004, 959, 792, 750, 717, 692 cm–1;   1H NMR (500 MHz, CDCl3): δ 8.79 

(d, J = 4.6 Hz, 1H), 7.86 (s, 1H), 7.84–7.79 (m, 1H), 7.42 (d, J = 8.4 Hz, 1H), 

7.35 (dd, J = 4.6, 7.6 Hz, 1H), 7.25 (q, J = 8.4 Hz, 4H), 6.86–6.81 (d, J = 16.0 Hz, 1H), 6.81–6.76 

(d, J = 16.7 Hz, 1H), 4.81 (spt, J = 6.6 Hz, 1H), 1.47 (d, J = 6.9 Hz, 6H) ppm; 13C NMR (125 

MHz, CDCl3): δ 150.2 (d), 149.4 (s), 138.6 (s), 136.7 (d), 136.2 (s), 135.8 (d), 132.4 (s), 128.6 (d, 

2C), 127.1 (d, 2C), 126.3 (d), 125.6 (d), 123.0 (d), 119.2 (d), 118.9 (s), 50.7 (d), 22.6 (q, 2C) ppm; 

HRMS (ESI): calcd. for C19H19N3Cl: 324.1262 [M+H]+; found: 324.1267. 

(E)-2-(4-(4-bromostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14g): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 76 mg 

(77%); colorless solid; mp: 108–110 °C; IR(neat) max 2928, 1639, 1587, 1483, 

1405, 1197, 1070, 1005, 960, 793, 749, 714 cm–1;  1H NMR (400 MHz, 

CDCl3): δ 8.84–8.78 (d, J = 3.0 Hz,  1H), 7.87 (s, 1H), 7.87–7.82 (dd, J = 1.5 

Hz, 1H), 7.46–7.34 (m, 4H), 7.23 (d, J = 8.4 Hz, 2H), 6.83 (s, 2H), 4.90-4.76 (spt, J = 6.8 Hz, 1H), 

1.49 (d, J = 6.9 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ  150.2 (d), 149.5 (s), 138.6 (s), 

136.7 (d), 136.7 (s), 135.8 (d), 131.6 (d, 2C), 127.4 (d, 2C), 126.3 (d), 125.6 (d), 123.0 (d), 120.5 

(s), 119.4 (d), 118.9 (s), 50.7 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C19H19N3Br:368.0757 

[M+H]+; found: 368.0765. 

(E)-2-(1-isopropyl-4-(4-nitrostyryl)-1H-pyrazol-5-yl)pyridine (14h): Purified by column 

chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 82 mg 

(92%); yellow solid; mp: 108–110 °C; IR(neat) max 2925, 1591, 1512, 1337, 

1260, 1109, 795 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.84 (d, J = 4.6 Hz, 1H), 

8.14 (d, J = 9.2 Hz, 2H), 7.93 (s, 1H), 7.89 (dt, J = 1.9, 7.8 Hz, 1H), 7.50–7.37 

(m, 4H), 7.06–7.00 (d, J = 16.0 Hz, 1H), 6.96–6.89 (d, J = 16.0 Hz, 1H), 4.80 (spt, J = 6.6 Hz, 

1H), 1.50 (d, J = 6.9 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 150.4 (d), 149.1 (s), 146.2 (s), 
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144.4 (s), 139.4 (s), 136.8 (d), 136.1 (d), 126.2 (d, 2C), 125.6 (d), 125.0 (d), 124.0 (d, 2C), 123.5 

(d), 123.3 (d), 118.4 (s), 50.9 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C19H19N4O2: 335.1503 

[M+H]+; found: 335.1506. 

(E)-3-(2-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)vinyl)phenol (14i): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 50 mg 

(61%); colorless solid; mp: 170–172 °C;  IR(neat) max 2924, 2854, 1589, 

1488, 141, 1424, 1369, 1262, 1155, 1063, 1009, 958, 869, 791, 742 cm–1; 1H 

NMR (400 MHz, CDCl3): δ 8.81–8.72 (d, J = 2.2 Hz, 1H), 7.85 (s, 1H), 7.84–

7.80 (dd, J = 1.5 Hz, 7.6 Hz, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.36 (dd, J = 5.3, 6.9 Hz, 1H), 7.14–

7.07 (t, 1H), 6.87 (d, J = 7.6 Hz, 1H), 6.81–6.76 (d, J = 16.7 Hz, 2H), 6.75–6.69 (d, J = 16. Hz, 

1H), 6.66 (dd, J = 2.3, 7.6 Hz, 1H), 4.83–4.69 (spt, J = 6.8 Hz, 1H), 1.45 (d, J = 6.9 Hz, 6H), 1.23 

(s, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 156.4 (s), 150.0 (d), 149.2 (s), 139.2 (s), 138.3 (s), 

137.0 (d), 135.8 (d), 129.6 (d), 127.9 (d), 125.9 (d), 123.2 (d), 119.4 (s), 118.4 (d), 118.3 (d), 114.4 

(d), 112.7 (d), 50.9 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C19H20N3O: 306.1601 [M+H]+; 

found:306.1609. 

(E)-2-(4-(3-isopropoxystyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14j): Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 78 mg (84%); 

colorless syrup/gum; IR(neat) max 2976, 1587, 1484, 1450, 1423, 1382, 1257, 

1154, 1115, 1061, 1001, 958, 882, 791, 742, 703 cm–1; 1H NMR (500 MHz, 

CDCl3): δ 8.80 (d, J = 5.3 Hz, 1H), 7.87 (s, 1H), 7.86–7.81 (dt, J = 2.0 Hz, 

7.63 Hz, 1H), 7.44 (d, J = 7.6 Hz, 1H), 7.39–7.33 (m, 1H), 7.20 (t, J = 8.0 Hz, 1H), 6.95 (d, J = 

7.6 Hz, 1H), 6.92–6.89 (m, 1H), 6.84 (d, J = 7.6 Hz, 2H), 6.75 (dd, J = 2.3, 8.4 Hz, 1H), 4.86 (spt, 

J = 6.6 Hz, 1H), 4.55 (spt, J = 6.0 Hz, 1H), 1.49 (d, J = 6.9 Hz, 6H), 1.33 (d, J = 6.1 Hz, 6H) ppm; 

13C NMR (125 MHz, CDCl3): δ 158.0 (s), 150.1 (d), 149.5 (s), 139.3 (s), 138.4 (s), 136.6 (d), 135.8 

(d), 129.4 (d), 127.6 (d), 125.7 (d), 122.9 (d), 119.1 (s), 118.8 (d), 118.6 (d), 114.1 (d), 113.6 (d), 

69.7 (d), 50.7 (d), 22.6 (q, 2C), 22.0 (q, 2C) ppm; HRMS (ESI): calcd. for C22H26N3O: 348.2070 

[M+H]+; found: 348.2077. 

(E)-2-(4-(2-bromostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14k): Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 63 mg (64%); colorless syrup; 

IR(neat) max 2994, 1634, 1586, 1487, 1462, 1198, 1060, 1022, 1002, 958, 836, 793, 745, 718, 663 



Chapter II                                                               Experimental Section  
 

P a g e  | 144 
 

cm–1; 1H NMR (500 MHz, CDCl3): δ 8.81 (d, J = 4.6 Hz, 1H), 7.91 (s, 1H), 7.84 (dt, J = 1.9, 7.8 

Hz, 1H), 7.53 (d, J = 6.9 Hz, 1H), 7.49–7.43 (t, J = 7.6 Hz, 2H), 7.39–7.33 (m, 1H), 7.25–7.16 (m, 

J = 16.0 Hz, 2H), 7.07–7.01 (dt, J = 1.5 Hz, 6.9 Hz, 1H), 6.79 (d, J = 16.0 Hz, 

1H), 4.82 (spt, J = 6.7 Hz, 1H), 1.50 (d, J = 6.1 Hz, 6H) ppm; 13C NMR (125 

MHz, CDCl3): δ 150.2 (d), 149.4 (s), 138.7 (s), 137.5 (s), 136.7 (d), 136.3 (d), 

132.9 (d), 128.2 (d), 127.3 (d), 126.3 (d), 126.2 (d), 125.7 (d), 123.5 (d), 123.0 

(s), 121.4 (d), 118.9 (s), 50.7 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C19H19N3Br: 368.0757 

[M+H]+; found: 368.0765. 

(E)-2-(4-(3-bromo-4-fluorostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14l): Purified by 

column chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 73 

mg (71%); yellowish syrup; IR(neat) max 2978, 1587, 1483, 1422, 1245, 

1198, 1043, 1002, 960, 881, 792, 747, 708, 676, 625 cm–1;  1H NMR (400 

MHz, CDCl3): δ 8.79 (d, J = 3.8 Hz, 1H), 7.88–7.80 (m, 2H), 7.51 (d, J = 6.9 

Hz, 1H), 7.41 (d, J = 8.4 Hz, 1H), 7.38–7.33 (m, 1H), 7.26–7.18 (m, 1H), 7.01 (t, J = 8.4 Hz, 1H), 

6.80–6.75 (d, J =16.8 Hz, 1H), 6.75–6.68 (d, J = 16.0 Hz, 1H), 4.79 (spt, J = 6.9 Hz, 1H), 1.47 (d, 

J = 6.1 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 157.9 (ds, 1JC–F = 247.3 Hz), 150.3 (d), 149.4 

(s), 138.7 (s), 136.7 (d), 135.8 (d), 135.5 (ds, 4JC-F = 3.8 Hz), 130.4 (d), 126.4 (dd, 3JC-F = 6.7 Hz), 

125.6 (d), 125.0 (d), 123.0 (d), 119.7 (d), 118.6 (s), 116.4 (dd, 2JC-F = 23 Hz), 109.2 (ds, 2JC-F = 

22.1 Hz), 50.8 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd for C19H18BrFN3: 386.0663 [M+H]+; 

found: 386.0679. 

(E)-5-(2-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)vinyl)-2-methoxyphenol (14m): 

Purified by column chromatography (20% EtOAc in petroleum ether,  Rf = 

0.5); yield: 63 mg (70%); colorless solid; mp: 122–124 °C;  IR(neat) max 

2926, 1587, 1510, 1270, 1130, 1027, 959, 794 cm–1; 1H NMR (500 MHz, 

CDCl3): δ  8.80 (d, J = 4.6 Hz, 1H), 7.86 (s, 1H), 7.85–7.81 (dd, J = 1.5 Hz, 

6.1 Hz, 1H), 7.44 (d, J = 7.6 Hz, 1H), 7.36 (dd, J = 4.6, 7.6 Hz, 1H), 7.01 (d, J = 1.5 Hz, 1H), 

6.86–6.76 (m, J = 16.7 Hz, 3H), 6.71–6.65 (d, J = 16.0 Hz, 1H), 5.76 (br. s., 1H), 4.89–4.78 (spt, 

J = 6.9 Hz, 1H), 3.87 (s, 3H), 1.48 (d, J = 6.9 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 150.1 

(d), 149.5 (s), 146.0 (s), 145.6 (s), 138.1 (s), 136.7 (d), 135.6 (d), 131.5 (s), 127.3 (d), 125.7 (d), 
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122.8 (d), 119.4 (d), 118.9 (s), 116.9 (d), 111.0 (d), 110.6 (d), 55.9 (d), 50.6 (q), 22.6 (q, 2C)ppm; 

HRMS (ESI): calcd. for C20H22O2N3: 336.1707 [M+H]+; found: 336.1708. 

(E)-2-(4-(3,5-difluorostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14n): Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 59 mg 

(68%);colorless solid; mp: 86–88 °C;  IR(neat) max 2995, 1587, 1483, 1422, 

1245, 1198, 1043, 1002, 958, 881, 792, 747, 708, 675, 624 cm–1; 1H NMR (500 

MHz, CDCl3): δ 8.80 (d, J = 3.8 Hz, 1H), 7.88–7.84 (dd, J = 1.9 Hz, 8.0 Hz, 

1H), 7.84 (s, 1H), 7.51 (dd, J = 2.3, 6.9 Hz, 1H), 7.46–7.31 (m, 2H), 7.26–7.19 (m, 1H), 7.01 (t, J 

= 8.4 Hz, 1H), 6.80–6.75 (d, J = 16.8 Hz, 1H), 6.74–6.69 (d, J = 16.8 Hz, 1H), 4.79 (spt, J = 6.6 

Hz, 1H), 1.47 (d, J = 6.9 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 158.0 (ds, 1JC-F = 247.3 

Hz), 150.3 (d), 149.4 (s), 138.7 (s), 136.7 (d), 135.8 (d), 135.6 (ds, 3JC-F = 3.8 Hz), 130.5 (d), 126.4 

(dd, 2JC-F = 6.7 Hz), 125.6 (d), 125.0 (d), 123.1 (d), 119.7 (dd, 4JC-F = 2.9 Hz), 118.7 (s), 116.4 (dd, 

2JC-F = 23 Hz), 109.2 (ds, 3JC-F  = 21.1 Hz), 50.8 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for 

C19H18N3F2: 326.1463 [M+H]+; found: 326.1477. 

(E)-2-(4-(3,5-diisopropoxystyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14o): Purified by 

column chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 78 

mg (72%); yellow syrup; IR(neat) max 2976, 1584, 1452, 1382, 1288, 1181, 

1151, 1112, 1038, 959, 792, 736 cm–1; 1H NMR (400 MHz, CDCl3): δ  8.80 

(d, J = 3.8 Hz, 1H), 7.87–7.85 (s, 1H), 7.84–7.81 (dd, J = 1.5 Hz, 7.6 Hz,1H), 

7.43 (d, J = 7.6 Hz, 1H), 7.38–7.33 (m, 1H), 6.80 (d, J = 1.5 Hz, 2H), 6.50 (d, J = 2.3 Hz, 2H), 

6.32 (t, J = 2.3 Hz, 1H), 4.85 (spt, J = 6.6 Hz, 1H), 4.52 (spt, J = 6.0 Hz, 2H), 1.48 (d, J = 6.9 Hz, 

6H), 1.32 (d, J = 6.1 Hz, 12H) ppm; 13C NMR (100 MHz, CDCl3): δ 159.0 (s, 2C), 150.1 (d), 149.5 

(s), 139.7 (s), 138.4 (s), 136.7 (d), 135.8 (d), 127.8 (d), 125.7 (d), 122.9 (d), 119.1 (d), 118.9 (s), 

106.1 (d, 2C), 102.4 (d), 69.8 (d, 2C), 50.6 (d), 22.6 (q, 2C), 22.0 (q, 4C) ppm; HRMS (ESI): calcd. 

for C25H32N3O2: 406.2489 [M+H]+; found: 406.2497. 

(E)-2-(4-(2,4-dimethoxystyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14p): Purified by 

column chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 83 

mg (89%); colorless solid; mp: 124–126 °C; IR(neat) max 2935, 1605, 1501, 

1455, 1421, 1261, 1206, 1157, 1117, 1032, 1002, 964, 834, 792, 734, 665, 

627 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.79 (d, J = 4.3 Hz, 1H), 7.88 (s, 
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1H), 7.81 (t, J = 7.9 Hz, 1H), 7.46 (d, J = 7.9 Hz, 1H), 7.35–7.29 (m, 2H), 7.16 (d, J = 16.5 Hz, 

1H), 6.75 (d, J = 16.5 Hz, 1H), 6.50–6.39 (m, 2H), 4.98–4.79 (spt, 1H), 3.80 (s, 3H), 3.83 (s, 3H), 

1.48 (d, J = 6.7 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 160.0 (s), 157.6 (s), 149.9 (d), 149.8 

(s), 137.8 (s), 136.5 (d), 135.7 (d), 126.8 (d), 125.7 (d), 122.6 (d), 122.5 (d), 120.1 (s), 120.0 (s), 

117.1 (d), 104.8 (d), 98.4 (d), 55.4 (q), 55.3 (q), 50.6 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. 

for C21H24O2N3: 350.1863 [M+H]+; found: 350.1868. 

(E)-2-(1-isopropyl-4-(2,3,4-trimethoxystyryl)-1H-pyrazol-5-yl)pyridine (14q): Purified by 

column chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 51 

mg (50%); colorless solid; mp: 105–107 °C; IR(neat) max 2926, 1583, 1454, 

1421, 1238, 1127, 1006, 794 cm–1;  1H NMR (400 MHz, CDCl3): δ 8.79 (d, 

J = 3.8 Hz, 1H), 7.85 (s, 1H), 7.83 - 7.79 (dd, J = 2.3 Hz, 7.6 Hz, 1H), 7.43 

(d, J = 7.6 Hz, 1H), 7.37–7.32 (m, 1H), 6.82 (d, J = 16.0 Hz, 1H), 6.71 (d, J = 16.0 Hz, 1H), 6.58 

(s, 2H), 4.83 (spt, J = 6.4, 13.2 Hz, 1H), 3.84 (s, 6H), 3.82 (s, 3H), 1.47 (d, J = 6.9 Hz, 6H) ppm; 

13C NMR (100 MHz, CDCl3): δ 153.3 (s, 2C), 150.2 (d), 149.6 (s), 138.3 (s), 137.5 (s), 136.6 (d), 

135.8 (d), 133.6 (s), 127.8 (d), 125.7 (d), 122.9 (d), 119.1 (s), 118.2 (d), 103.2 (d, 2C), 60.9 (d), 

56.1 (q, 2C), 50.7 (q), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C22H26N3O3: 380.1969 [M+H]+; 

found: 380.1972. 

(E)-2-(4-(2-(benzo[d][1,3]dioxol-5-yl)vinyl)-1-isopropyl-1H-pyrazol-5-yl)pyridine (14r): 

Purified by column chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); 

yield: 75 mg (84%); colorless syrup; IR(neat) max 2926, 1587, 1482, 1444, 

1248, 1191, 1036, 1002, 957, 929, 791, 747, 666 cm–1; 1H NMR (400 MHz, 

CDCl3): δ 8.80 (d, J=6.1 Hz, 1H), 7.79–7.88 (m, 2H), 7.44 (d, J = 7.6 Hz, 1H), 

7.33–7.38 (m, 1H), 6.91 (d, J = 1.5 Hz, 1H), 6.78–6.85 (m, J = 16.8 Hz, 2H), 6.75 (d, J = 8.4 Hz, 

1H), 6.67 (d, J = 16.8 Hz, 1H), 5.94 (s, 2H), 4.85 (spt, J = 6.6 Hz, 1H), 1.48 (d, J = 6.9 Hz, 6H) 

ppm; 13C NMR (100 MHz, CDCl3): δ 150.1 (d), 149.6 (s), 147.9 (s), 146.8 (s), 138.2 (s), 136.6 

(d), 135.6 (d), 132.3 (s), 127.4 (d), 125.6 (d), 122.8 (d), 120.7 (d), 119.2 (s), 116.9 (d), 108.3 (d), 

105.1 (d), 101.0 (t), 50.7 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C20H20N3O2: 334.1550 

[M+H]+; found: 334.1552. 
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(E)-2-(1-isopropyl-4-(2-(naphthalen-1-yl)vinyl)-1H-pyrazol-5-yl)pyridine (14s): Purified by 

column chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 81 

mg (89%); colorless solid; mp: 148–150 °C; IR(neat) max 2976, 1587, 1487, 

1404, 1196, 1061, 1002, 957, 887, 851, 792, 744, 666, 621 cm–1; 1H NMR (400 

MHz, CDCl3): δ 8.84 (d, J = 4.6 Hz, 1H), 7.96 (s, 1H), 7.87 (dt, J = 1.9, 7.8 Hz, 

1H), 7.82–7.72 (m, 4H), 7.59 (dd, J = 1.5, 8.4 Hz, 1H), 7.51–7.35 (m, 4H), 7.09 (d, J = 16.0 Hz, 

1H), 6.98 (d, J = 16.0 Hz, 1H), 4.88 (spt, J = 6.6 Hz, 1H), 1.52 (d, J = 6.9 Hz, 6H) ppm; 13C NMR 

(100 MHz, CDCl3): δ 150.2 (d), 149.6 (s), 138.5 (s), 136.7 (d), 135.8 (d), 135.2 (s), 133.7 (s), 132.7 

(s), 128.1 (d), 127.8 (d), 127.8 (d), 127.6 (d), 126.2 (d), 125.7 (d), 125.7 (d), 125.6 (d), 123.2 (d), 

122.9 (d), 119.3 (s), 118.9 (d), 50.7 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C23H22N3: 

340.1808 [M+H]+; found: 340.1816. 

methyl (E)-3-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)acrylate (16a): Purified by 

column chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 60 

mg (83%); colorless syrup; IR(neat) max 2932, 1710, 1633, 1587, 148, 1427, 

1317, 1267, 1169, 999, 854, 795 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.80 (d, 

J = 4.3 Hz, 1H), 7.92–7.80 (m, 2H), 7.47 (d, J = 15.9 Hz, 1H), 7.42–7.36 (m, 2H), 6.23 (d, J = 

15.9 Hz, 1H), 4.88–4.67 (spt, J = 6.7 Hz, 1H), 3.74 (s, 3H), 1.48 (d, J = 6.7 Hz, 6H) ppm; 13C 

NMR (100 MHz, CDCl3): δ 167.8 (s), 150.4 (d), 148.5 (s), 140.9 (s), 137.0 (d), 136.9 (d), 135.3 

(d), 125.8 (d), 123.5 (d), 116.7 (s,), 115.8 (d), 51.4 (d), 51.1 (q), 22.6 (q, 2C) ppm; HRMS (ESI): 

calcd. for C15H18N3O2: 272.1394 [M+H]+; found: 272.1395. 

butyl (E)-3-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)acrylate (16b): Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 69 mg (83%); 

colorless syrup; IR(neat) max 2960, 1705, 1633, 1587, 1432, 1385, 1312, 1259, 

1162, 1062, 982, 850, 793, 749, 715 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.79 

(d, J = 3.8 Hz, 1H), 7.87 (s, 1H), 7.86–7.82 (dd, J = 1.9 Hz, 8.0 Hz, 1H), 7.46 (d, J = 16.0 Hz, 1H), 

7.42–7.35 (m, 2H), 6.23 (d, J = 15.3 Hz, 1H), 4.79 (spt, J = 6.4 Hz, 1H), 4.14 (t, J = 6.5 Hz, 2H), 

1.69–1.58 (pent, J = 6.9 Hz, 2H), 1.47 (d, J = 6.1 Hz, 6H), 1.43–1.35 (hext, J = 7.6 Hz, 2H), 0.93 

(t, J = 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 167.5 (s), 150.3 (d), 148.5 (s), 140.9 (s), 

137.0 (d), 136.9 (d), 135.1 (d), 125.8 (d), 123.4 (d), 116.7 (s), 116.2 (d), 64.1 (t), 51.0 (d), 30.7 (t), 
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22.5 (q, 2 C), 19.1 (t), 13.7 (q) ppm; HRMS (ESI): calcd. for C18H24N3O2: 314.1863 [M+H]+; 

found: 314.1866. 

tert-butyl (E)-3-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)acrylate (16c): Purified by 

column chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 70 

mg (84%); colorless solid; mp: 82–84 °C; IR(neat) max 2977, 1701, 1633, 1587, 

1366, 1317, 1242, 1142, 1060, 980, 858, 792, 748, 715, 662 cm–1; 1H NMR 

(400 MHz, CDCl3): δ 8.75 (d, J = 3.8 Hz, 1H), 7.84 (s, 1H), 7.83–7.78 (d, J = 7.6 Hz,1H), 7.41–

7.31 (m, J = 16.8 Hz, 3H), 6.16 (d, J = 16.0 Hz, 1H), 4.77 (spt, J = 6.6 Hz, 1H), 1.45 (s, 12H), 1.44 

(s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 167.0 (s), 150.4 (d), 148.7 (s), 140.9 (s), 137.0 (d), 

136.9 (d), 134.2 (d), 125.9 (d), 123.5 (d), 118.1 (d), 116.9 (s), 80.2 (s), 51.1 (d), 28.3 (q, 4C), 22.7 

(q) ppm; HRMS (ESI): calcd. for C18H24N3O2: 314.1863 [M+H]+; found: 314.1866. 

(E)-3-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)acrylamide (16d): Purified by column 

chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 46 mg (67%); 

colorless solid; mp: 180–182 °C; IR(neat) max 3335, 3205, 1665, 1606, 1454, 

1388, 1198, 980, 795, 671 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.77 (d, J = 4.3 

Hz, 1H), 7.91–7.75 (m, 2H), 7.49–7.29 (m, J = 15.3 Hz, 3H), 6.27 (d, J = 15.9 Hz, 1H), 5.78 (br. 

s., 2H), 4.78 (spt, J = 6.7 Hz, 1H), 1.46 (d, J = 6.7 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 

168.3 (s), 150.3 (d), 148.5 (s), 140.9 (s), 137.0 (d), 136.7 (d), 132.9 (d), 125.9 (d), 123.4 (d), 117.7 

(d), 116.7 (s), 51.0 (d), 22.6 (q, 2C) ppm; HRMS (ESI): calcd. for C14H17N4O: 257.1397 [M+H]+; 

found: 257.1400. 

(E)-N-isopropyl-3-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)acrylamide (16e): Purified 

by column chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 

28 mg (35%); colorless gum; IR(neat) max 3330,2972, 2927, 1658, 1614, 1551, 

1487, 1453, 1424, 1353, 1200, 1127, 998, 850, 793, 718, 659 cm–1; 1H NMR 

(400 MHz, CDCl3): δ 8.77 (d, J = 4.6 Hz, 1H), 7.87–7.84 (dd, J = 2.3 Hz, 7.6 Hz, 1H), 7.83 (s, 

1H), 7.45–7.33 (m, J = 15.3 Hz, 3H), 6.17 (d, J = 15.3 Hz, 1H), 5.37 (d, J = 7.6 Hz, 1H), 4.82 (spt, 

J = 6.6 Hz, 1H), 4.16 (spt, J = 6.8 Hz, 1H), 1.47 (d, J = 6.1 Hz, 6H), 1.18 (d, J = 6.1 Hz, 6H) ppm; 

13C NMR (100 MHz, CDCl3): δ 165.4 (s), 150.3 (d), 148.7 (s), 140.7 (s), 137.1 (d), 136.5 (d), 

131.2 (d), 126.0 (d), 123.4 (d), 119.3 (d), 117.1 (s), 51.0 (d), 41.5 (d), 22.9 (q, 2C), 22.7 (q, 2C); 

HRMS (ESI): calcd. for C17H23N4O: 299.1866 [M+H]+; found: 299.1868 
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benzyl (E)-3-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)-2-methylacrylate (16f): Purified 

by column chromatography (10% EtOAc in petroleum ether, Rf = 0.5); yield: 19 

mg (20%); colorless solid; mp: 100–102 °C; IR(neat) max 2925, 1703, 1633, 

1587, 1486, 1453, 1270, 1237, 1210, 1111, 790, 749, 698 cm–1; 1H NMR (400 

MHz, CDCl3): δ 8.79 (dt, J = 1.5, 3.1 Hz, 1H), 7.88 (s, 1H), 7.82 (dt, J = 1.5, 7.6 Hz, 1H), 7.46 (s, 

1H), 7.40–7.29 (m, 7H), 5.19 (s, 2H), 4.93–4.83 (spt, J = 6.1 Hz, 1H), 2.18 (s, 3H), 1.50 (d, J = 

6.1 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 168.6 (s), 150.3 (d), 148.9 (s), 141.3 (s), 138.6 

(d), 136.8 (d), 136.6 (d), 130.0 (d), 128.5 (d, 2C), 128.0 (s), 127.7 (d, 2C), 126.1 (d), 125.0 (s), 

123.3 (d), 116.9 (s), 66.3 (t), 51.1 (d), 22.7 (q, 2C), 14.5 (q) ppm; HRMS (ESI): calcd. for 

C22H24N3O2: 362.1863  [M+H]+; found: 362.1866. 

ethyl 2-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)-3-oxo-3-phenylpropanoate (18a): 

Purified by column chromatography (20% EtOAc in petroleum ether, Rf = 0.5); yield: 91 mg 

(90%); colorless gum; IR(neat) max 3735, 3675, 3567, 2984, 

1737, 1684, 1591, 1415, 1247, 1180, 1011, 750, 696 cm–1; 1H 

NMR (400 MHz, CDCl3): δ 13.55 (br, s. 1H), 8.81–8.69 (m, 

2H), 8.32 (s, 1H), 8.16–8.00 (m, 1H), 7.91–7.77 (m, 4H), 7.74 

(s, 1H), 7.67–7.43 (m, 3H), 7.43–7.30 (m, 6H), 7.23 - 6.98 (m, 2H), 5.59 (s, 1H), 4.71–4.47 (m, 

2H), 4.24 (q, J = 7.1 Hz, 2H), 4.20–4.13 (m, 2H), 1.49–1.42 (m, 12H), 1.32 (t, J = 7.1 Hz, 3H), 

1.19 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 193.3 (s), 178.5 (s), 173.5 (s), 171.9 

(s), 169.0 (s), 162.6 (s), 150.3 (d), 149.7 (d), 149.2 (s), 148.2 (s), 144.6 (s), 142.6 (d), 139.3 (d), 

136.9 (d), 136.5 (d), 135.6 (s), 133.4 (d), 128.9 (d, 4C), 128.6 (d, 4C), 127.6 (d), 126.5 (d), 125.2 

(d), 124.1 (d), 123.2 (d), 117.0 (s), 112.2 (s), 94.6 (s), 62.2 (t), 61.7 (t), 51.5 (d), 51.0 (d, 2C), 22.8 

(q), 22.7 (q), 22.4 (q, 2C), 14.0 (q, 2C) ppm; HRMS (ESI): calcd. for C22H24O3N3: 378.1812 

[M+H]+; found: 378.1817. 

Methyl-3-(4-fluorophenyl)-2-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-

yl)-3-oxopropanoate (18b): Purified by column chromatography (20% EtOAc 

in petroleum ether,  Rf = 0.5); yield: 86 mg (82%); colorless syrup; IR(neat) max 

3739, 2967, 1742, 1676, 1594, 1428, 1252, 1168, 1016, 846, 792, 752 cm–1; 1H 

NMR (400 MHz, CDCl3): δ 8.78 (td, J = 1.6, 4.3 Hz, 1H), 7.86–7.80 (m, 3H), 

7.72 (s, 1H), 7.39–7.35 (m, 2H), 6.85–6.80 (m, 2H), 5.59 (s, 1H), 4.68–4.56 (spt, J = 6.6 Hz, 1H), 
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3.83 (s, 3H), 3.71 (s, 3H), 1.45 (dd, J = 2.4, 6.6 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 

191.9 (s) 169.8 (s) 163.8 (s) 150.3 (d) 149.3 (s) 139.3 (d) 139.0 (s) 136.9 (d) 131.4 (d, 2C) 128.3 

(s) 125.2 (d) 123.2 (d) 113.8 (d, 2C) 112.4 (s) 55.5 (d) 52.7 (q) 50.9 (d) 50.5 (q) 22.8 (q) 22.7 (q) 

ppm; HRMS (ESI): calcd. for C22H24O4N3: 394.1761 [M+H]+; found: 394.1769. 

Diethyl (1-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)-2-oxopropyl)phosphonate (18c): 

Purified by column chromatography (50% EtOAc in petroleum ether, Rf = 0.5); 

yield: 68 mg (67%); yellowish syrup; IR(neat) max 3903, 3802, 2989, 1718, 1427, 

1366, 1232, 1030, 963, 745, 663 cm–1; 1H NMR (500 MHz, CDCl3): δ 8.75 (d, J 

= 4.3 Hz, 1H), 7.92 (s, 1H), 7.84 (t, J = 7.0 Hz, 1H), 7.47 (d, J = 7.3 Hz, 1H), 7.38–7.32 (m, 1H), 

4.65 (spt, J = 6.7 Hz, 1H), 4.41–4.35 (s, 1H), 4.12–4.00 (q, 4H), 2.29 (s, 3H), 1.48–1.43 (d, J = 6.1 

Hz, 6H), 1.27–1.20 (t, J = 7.3 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 201.5 (s), 150.3 (d), 

148.9 (s), 139.1 (d), 139.0 (s), 136.9 (d), 125.2 (d), 123.2 (d), 109.6 (s), 63.3, 63.3, 63.0, 62.9 (t, 

2C), 51.0 (d), 50.6- 49.2 (d), 30.1 (q), 22.7 -22.6 (q, 2C), 16.3, 16.2, 16.2, 16.2 (q, 2C) ppm; HRMS 

(ESI): calcd. for C18H27O4N3P: 380.1734 [M+H]+; found: 380.1740. 

dimethyl 2-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)malonate (18d): Purified by column 

chromatography (20% EtOAc in petroleum ether, Rf = 0.5); yield: 77 mg (91%); 

yellow solid; mp: 96–98 °C; IR(neat) max 3868, 3733, 2973, 1742, 1589, 1435, 

1234, 1163, 1013, 796, 753 cm–1; 1H NMR (400 MHz, CDCl3): δ 8.75 (d, J = 3.8 

Hz, 1H), 7.82 (dt, J = 1.5, 7.6 Hz, 1H), 7.77 (s, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.34 (dd, J = 6.1, 7.6 

Hz, 1H), 4.67 (spt, J = 6.1 Hz, 1H), 4.59 (s, 1H), 3.71 (s, 6H), 1.45 (d, J = 6.9 Hz, 6H) ppm; 13C 

NMR (100 MHz, CDCl3): δ 168.7 (s, 2C), 150.3 (d), 149.0 (s), 139.7 (s), 138.7 (d), 136.9 (d), 

125.3 (d), 123.3 (d), 111.3 (s), 53.0 (d), 51.0 (d), 48.2 (q, 2C), 22.8 (q, 2C) ppm; HRMS (ESI): 

calcd for C16H20O4N3: 318.1448 [M+H]+; found: 318.1454. 

methyl 2-(1-isopropyl-5-(pyridin-2-yl)-1H-pyrazol-4-yl)acetate (18e): Purified by column 

chromatography (20% EtOAc in petroleum ether, Rf = 0.5); yield: 57 mg (82%); 

yellow solid; mp: 110–112 °C; IR(neat) max 3734, 2970, 2927, 2371, 1724, 1597, 

1422, 1259, 1193, 1010, 796, 709 cm–1; 1H NMR (400 MHz, CDCl3): δ  8.74 (d, 

J = 4.6 Hz, 1H), 7.83 (dt, J = 1.5, 7.6 Hz, 1H), 7.58 (s, 1H), 7.47 (d, J = 7.6 Hz, 1H), 7.36–7.30 

(m, 1H), 4.77–4.66 (spt, J = 6.1 Hz, 1H), 3.65 (s, 3H), 3.48 (s, 2H), 1.46 (d, J = 6.9 Hz, 6H) ppm; 

13C NMR (100 MHz, CDCl3): δ 172.3 (s), 150.1 (d), 149.5 (s), 139.2 (s), 139.0 (d), 137.0 (d), 
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125.2 (d), 123.0 (d), 112.2 (s), 52.1 (d), 50.9 (q), 30.1 (t), 22.8 (q, 2C) ppm; HRMS (ESI): calcd. 

for C14H18O2N3: 260.1394 [M+H]+; found: 260.1394. 

2-(1-isopropyl-4-((triisopropylsilyl)ethynyl)-1H-pyrazol-5-yl)pyridine (18f): Purified by 

column chromatography (20% EtOAc in petroleum ether, Rf = 0.5); yield: 83 mg 

(85%); yellowish gum; IR(neat) max 3873, 3732, 3621, 3396, 2941, 2867, 2374, 

2154, 1729, 1583, 1255, 1060, 999, 880 cm–1; 1H NMR (500 MHz, CDCl3): δ 8.75–

8.70 (dd, J = 4.9 Hz, 1H), 8.08–8.02 (m, 1H), 7.79–7.73 (m, 1H), 7.73–7.68 (m, 1H), 7.29 (dd, J 

= 5.1, 7.4 Hz, 1H), 5.40–5.32 (spt, J = 6.5 Hz, 1H), 1.53–1.48 (m, J = 6.5 Hz, 6H), 1.09 (dd, J = 

2.7, 5.3 Hz, 21H) ppm; 13C NMR (125 MHz, CDCl3): δ 149.3 (d), 148.8 (s), 142.2 (d), 141.6 (s), 

136.3 (d), 125.3 (d), 122.8 (d), 103.4 (s), 99.1 (s), 92.8 (s), 51.5 (d), 22.6 (q, 2C), 18.6 (d, 3C), 

11.3 (q, 6C)ppm; HRMS (ESI): calcd. for C22H34N3Si: 368.2517  [M+H]+; found: 368.2528. 
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General procedure for the Rh-catalyzed C–H Bond Activation of 19: In general, all reactions 

were carried out employing 50 mg of 19. 

To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added GBT-440 19 

(50 mg, 1 equiv, 0.148 mmol), styrene 20 (30.9 mg, 2 equiv, 0296 mmol), [RhCp*Cl2]2 (4.6 mg, 

5 mol%, 0.05 equiv), AgSbF6 (10 mg, 20 mol%, 0.20 equiv), Cu(OAc)2.H2O (59 mg, 2 equiv, 296 

mmol), AcOH (9 mg, 1 equiv, 0.148 mmol) and DCE (4 mL) under air. The reaction mixture was 

stirred at 95 °C for 15-24 h. After completion, the reaction mixture was diluted with ethyl acetate 

and washed with sat. NaHCO3 followed by brine, dried (Na2SO4) and concentrated under reduced 

pressure. The resulting crude was purified by column chromatography to afford the alkene 21. 

Representative procedure for 0.5 mmol scale: 

 To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added GBT-

440 19 (180 mg, 1 equiv, 0.534 mmol), styrene 20a (111 mg, 2 equiv, 1.07 mmol), [RhCp*Cl2]2 

(16.5 mg, 5 mol%, 0.05 equiv), AgSbF6 (36 mg, 20 mol%, 0.20 equiv), Cu(OAc)2.H2O (213 mg, 

2 equiv, 1.07 mmol) AcOH (32 mg, 1 equiv, 0.534 mmol) and DCE (10 mL) under air. The reaction 

mixture was stirred at 95 °C for 15 h. After completion, the reaction mixture was diluted with ethyl 

acetate and washed with sat. NaHCO3 followed by brine, dried (Na2SO4) and concentrated under 

reduced pressure. The resulting crude was purified by column chromatography to afford the alkene 

21. 

General procedure for the Rh-catalyzed C–H Bond Activation of 19 using acrylates or acryl 

amide 22: In general, all reactions were carried out employing 50 mg of 19. 

To a screw capped vial with a spinvane triangular–shaped Teflon stir bar were added GBT 440 19 

(50 mg, 1 equiv, 0.148 mmol), acrylates, aldehyde/ketone or acryl amide 22 (25.5 mg, 2 equiv, 

0.296 mmol), [RhCp*Cl2]2 (4.6 mg, 5 mol%, 0.05 equiv), AgSbF6 (10 mg, 20 mol%, 0.20 equiv), 

Cu(OAc)2.H2O (59 mg, 2 equiv, 296 mmol), AcOH (9 mg, 1 equiv, 0.148 mmol) and DCE (4 mL) 

under air. The reaction mixture was stirred at 95 °C for 2-24 h. After completion, the reaction 

mixture was diluted with ethyl acetate and washed with sat. NaHCO3 followed by brine, dried 

(Na2SO4) and concentrated under reduced pressure. The resulting crude was purified by column 

chromatography to afford the alkene 23. 
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(E)-2-hydroxy-6-((2-(1-isopropyl-4-styryl-1H-pyrazol-5-yl)pyridin-3 

yl)methoxy)benzaldehyde (21a): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 46 mg (70%); colorless solid; mp: 118–120 °C; 

IR(neat) max 2980, 1641, 1456, 1398, 1313, 1236, 1075, 1002, 960, 836, 

781, 691, 664 cm–1;  1H NMR (400 MHz, CDCl3): δ 11.86 (s, 1H), 10.32 

(s, 1H), 8.84 (dd, J = 1.5, 4.6 Hz, 1H), 8.02 (dd, J = 1.5, 7.6 Hz, 1H), 

7.86 (s, 1H), 7.52 (dd, J = 4.6, 7.6 Hz, 1H), 7.25 (d, J = 4.6 Hz, 4H), 

7.23–7.15 (m, 2H), 6.72 (d, J = 16.0 Hz, 1H), 6.64–6.55 (d, J = 16.0 Hz, 1H), 6.48 (d, J = 8.4 Hz, 

1H), 6.14 (d, J = 7.6 Hz, 1H), 5.05 (d, J = 12.2 Hz, 1H), 4.91 (d, J = 13.0 Hz, 1H), 4.31 (spt, J = 

6.6 Hz, 1H), 1.55 (d, J = 6.1 Hz, 3H), 1.38 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): 

δ 193.5 (d), 163.7 (s, 2C), 160.6 (s), 150.1 (d), 147.9 (s), 138.3 (d), 137.2 (s), 136.4 (d), 136.3 (d), 

135.9 (s), 132.4 (s), 128.6 (d, 2C), 128.3 (d), 127.3 (d), 125.9 (d, 2C), 124.1 (d), 119.6 (s), 117.7 

(d), 110.7 (d), 101.8 (d), 66.7 (t), 51.1 (d), 22.7 (q), 22.6 (q) ppm; HRMS (ESI) calcd. for 

C27H26O3N3: 440.1969 [M + H]+; found 440.1971.  

(E)-2-hydroxy-6-((2-(1-isopropyl-4-(4-methoxystyryl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21b): Purified by column chromatography (30% EtOAc in petroleum 

ether, Rf = 0.5); yield: 60 mg (86%); colorless gum; IR(neat) max 2927, 

1641, 1510, 1457, 1239, 1173, 1077, 1033, 962, 783, 718, 663 cm–1; 1H 

NMR (500 MHz, CDCl3): δ  11.88 (s, 1H), 10.33 (s, 1H), 8.85 (d, J = 3.8 

Hz, 1H), 8.03 (d, J = 7.6 Hz, 1H), 7.85 (s, 1H), 7.53 (dd, J = 5.0, 7.6 Hz, 

1H), 7.26–7.16 (m, 3H), 6.81 (d, J = 8.8 Hz, 2H), 6.68 (d, J = 16.0 Hz, 

1H), 6.53–6.44 (m, J = 16.4 Hz, 2H), 6.16 (d, J = 8.4 Hz, 1H), 5.07 (d, J 

= 12.6 Hz, 1H), 4.92 (d, J = 12.6 Hz, 1H), 4.33 (spt, J = 6.5 Hz, 1H), 3.80 (s, 3H), 1.57 (d, J = 6.5 

Hz, 3H), 1.39 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.6 (d), 163.7 (s, 2C), 

160.7 (s), 159.1 (s), 150.0 (d), 148.0 (s), 138.4 (d), 136.4 (d), 136.1 (d), 135.5 (s), 132.5 (s), 130.1 

(s), 128.0 (d), 127.1 (d, 2C), 124.1 (d), 119.9 (s), 115.6 (d), 114.0 (d, 2C), 110.7 (d), 101.9 (d), 

66.8 (t), 55.3 (d), 51.1 (q), 22.6 (q, 2C) ppm; HRMS (ESI) m/z: calcd. for C28H28O4N3: 470.2074 

[M + H]+; found: 470.2077.  
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(E)-2-hydroxy-6-((2-(1-isopropyl-4-(4-methylstyryl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21c): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 47 mg (70%); Yellowish solid; mp: 88–92 °C 

IR(neat) max 2925, 1641, 1576, 1457, 1398, 1313, 1237, 1077, 1002, 963, 

782, 717, 664 cm–1;  1H NMR (400 MHz, CDCl3): δ 11.87 (s, 1H), 10.32 (s, 

1H), 8.84 (br. s., 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.85 (s, 1H), 7.52 (dd, J = 

4.2, 6.5 Hz, 1H), 7.21 (t, J = 8.4 Hz, 1H), 7.17–7.12 (d, J = 7.6 Hz, 2H), 

7.08–7.03 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 16.8 Hz, 1H), 6.54 (d, J = 16.0 Hz, 1H), 6.48 (d, J = 

8.4 Hz, 1H), 6.14 (d, J = 8.4 Hz, 1H), 5.05 (d, J = 12.2 Hz, 1H), 4.90 (d, J = 13.0 Hz, 1H), 4.37–

4.25 (spt, J = 6.9 Hz, 1H), 2.31 (s, 3H), 1.56 (d, J = 6.1 Hz, 3H), 1.38 (d, J = 6.9 Hz, 3H) ppm; 13C 

NMR (100 MHz, CDCl3): δ 193.7 (d), 163.8 (s, 2C), 160.7 (s), 150.1 (d), 148.0 (s), 138.5 (d), 

137.3 (s, 2C), 136.5 (d), 136.3 (d), 134.6 (s), 132.6 (s), 129.4 (d, 2C), 128.4 (d), 125.9 (d, 2C), 

124.2 (d), 119.9 (s), 116.8 (d), 110.8 (d), 101.9 (d), 66.8 (t), 51.2 (q), 22.8 (q) 22.7 (q), 21.3 (q) 

ppm; HRMS (ESI): calcd. for C28H28O3N3: 454.2125 [M+H]+; found: 454.2126. 

(E)-2-hydroxy-6-((2-(1-isopropyl-4-(4-isopropylstyryl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21d): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 44 mg (62%); Yellowish syrup; IR(neat) max 

2962, 1642, 1457, 1237, 1077, 963, 783, 734, 663 cm–1; 1H NMR (400 

MHz, CDCl3): δ 11.87 (s, 1H), 10.33 (s, 1H), 8.83 (dd, J = 1.5, 4.6 Hz, 

1H), 8.02 (dd, J = 1.5, 8.4 Hz, 1H), 7.85 (s, 1H), 7.51 (dd, J = 4.6, 7.6 

Hz, 1H), 7.23–7.16 (m, 3H), 7.14–7.09 (m, 2H), 6.70 (d, J = 16.0 Hz, 

1H), 6.55 (d, J = 16.8 Hz, 1H), 6.48 (d, J = 8.4 Hz, 1H), 6.13 (d, J = 7.6 

Hz, 1H), 5.06 (d, J = 13.0 Hz, 1H), 4.90 (d, J = 13.0 Hz, 1H), 4.36–4.27 (spt, J = 6.9 Hz, 1H), 2.86 

(spt, J = 6.9 Hz, 1H), 1.56 (d, J = 6.1 Hz, 3H), 1.38 (d, J = 6.9 Hz, 3H), 1.22 (d, J = 6.9 Hz, 6H) 

ppm; 13C NMR (100 MHz, CDCl3): δ  193.7 (d), 163.8 (s, 2C), 160.7 (s), 150.1 (d), 148.4 (s), 

148.1 (s), 138.5 (d), 136.4 (d), 136.4 (d), 135.8 (s), 135.0 (s), 132.5 (s), 128.4 (d), 126.7 (d, 2C), 

126.0 (d, 2C), 124.2 (d), 119.9 (s), 116.9 (d), 110.8 (d), 101.9 (d), 66.8 (t), 51.2 (d), 33.9 (d), 24.0 

(q, 2C), 22.8 (q), 22.7 (q) ppm; HRMS (ESI): calcd. for C30H32O3N3: 482.2438 [M+H]+; 

found:482.2443. 
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(E)-2-((2-(4-(4-(tert-butyl)styryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21e): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 43 mg (58%); yellow syrup; IR(neat) max 2960, 

1642, 1577, 1457, 1367, 1237, 1077, 1002, 963, 838, 782, 715, 662 cm–

1;  1H NMR (500 MHz, CDCl3): δ 11.88 (br. s., 1H), 10.34 (br. s., 1H), 

8.85 (br. s., 1H), 8.03 (d, J = 6.7 Hz, 1H), 7.87 (br. s., 1H), 7.53 (br. s., 

1H), 7.28 (br. s., 2H), 7.22 (br. s., 3H), 6.71 (d, J = 15.9 Hz, 1H), 6.57 (d, 

J = 15.9 Hz, 1H), 6.49 (d, J = 7.9 Hz, 1H), 6.15 (d, J = 7.9 Hz, 1H), 5.07 

(d, J = 12.8 Hz, 1H), 4.91 (d, J = 12.8 Hz, 1H), 4.42–4.26 (m, 1H), 1.57 (d, J = 5.5 Hz, 3H), 1.39 

(d, J = 5.5 Hz, 3H), 1.31 (br. s., 9H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.6 (d), 163.7 (s), 

160.7 (s), 150.5 (s), 150.0 (d), 148.0 (s), 138.4 (d), 136.3 (d, 2C), 135.8 (s), 134.5 (s), 132.5 (s), 

128.2 (d), 125.7 (d, 2C), 125.5 (d, 2C), 124.1 (d), 119.8 (s), 117.0 (d), 110.7 (s), 110.7 (d), 101.9 

(d), 66.7 (t), 51.1 (d), 34.6 (q, 3C), 31.3 (s), 22.7 (q), 22.7 (q) ppm; HRMS (ESI): calcd. for 

C31H34O3N3:496.2595 [M+H]+; found: 496.2597. 

(E)-2-((2-(4-(4-chlorostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21f): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 50 mg (71%); colorless solid; mp: 120–122 °C; 

IR(neat) max 2925, 1641, 1483, 1457, 1399, 1313, 1237, 1077, 1006, 962, 

782, 716, 661 cm–1;   1H NMR (400 MHz, CDCl3): δ 11.85 (s, 1H), 10.30 

(s, 1H), 8.84 (d, J = 4.6 Hz, 1H), 8.03 (d, J = 6.9 Hz, 1H), 7.85 (s, 1H), 

7.53 (dd, J = 4.6, 7.6 Hz, 1H), 7.25–7.13 (m, 5H), 6.66 (d, J = 16.8 Hz, 

1H), 6.55 (d, J = 16.0 Hz, 1H), 6.49 (d, J = 8.4 Hz, 1H), 6.14 (d, J = 8.4 

Hz, 1H), 5.02 (d, J = 12.2 Hz, 1H), 4.89 (d, J = 12.2 Hz, 1H), 4.29 (spt, J = 6.6 Hz, 1H), 1.54 (d, 

J = 6.1 Hz, 3H), 1.39 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 193.6 (d), 163.8 

(s), 160.7 (s), 150.3 (d), 148.0 (s), 138.4 (d), 136.7 (d), 136.4 (d), 136.2 (s), 135.9 (s), 132.9 (s), 

132.5 (s), 128.8 (d, 2C), 127.1 (d, 2C), 127.0 (d), 124.3 (d), 119.4 (s), 118.4 (d), 110.9 (d), 110.8 

(s), 101.8 (d), 66.8 (t), 51.3 (d), 22.9 (q), 22.6 (q) ppm; HRMS (ESI): calcd. for C27H25O3N3Cl: 

474.1579 [M+H]+; found:474.1580. 



Chapter II                                                                Experimental section 
 

P a g e  | 156 
 

(E)-2-((2-(4-(4-bromostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21g): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 38 mg (50%); colorless solid; mp: 145–147 °C; 

IR(neat) max 2925, 1641, 1482, 1457, 1398, 1313, 1236, 1073, 1005, 962, 

782, 716 cm–1;  1H  NMR (400 MHz, CDCl3): δ 11.83 (s, 1H), 10.28 (s, 

1H), 8.82 (d, J = 3.1 Hz, 1H), 8.01 (dd, J = 1.5, 7.6 Hz, 1H), 7.84 (s, 1H), 

7.52 (dd, J = 4.6, 7.6 Hz, 1H), 7.36–7.31 (d, J = 8.4 Hz, 2H), 7.26–7.18 

(m, 1H), 7.10–7.04 (d, J = 8.4 Hz, 2H), 6.62 (d, J = 16.0 Hz, 1H), 6.55 (d, 

J = 16.7 Hz, 1H), 6.48 (d, J = 8.4 Hz, 1H), 6.11 (d, J = 8.4 Hz, 1H), 4.99 (d, J = 12.2 Hz, 1H), 4.87 

(d, J = 12.2 Hz, 1H), 4.27 (spt, J = 6.6 Hz, 1H), 1.51 (d, J = 6.1 Hz, 3H), 1.36 (d, J = 6.1 Hz, 3H) 

ppm; 13C NMR (100 MHz, CDCl3): δ 193.6 (d), 163.8 (s), 160.7 (s), 150.3 (d), 147.9 (s), 138.4 

(d), 136.7 (d), 136.4 (d), 136.3 (s), 136.21 (s), 132.5 (s), 131.7 (d, 2C), 127.4 (d, 2C), 127.0 (d), 

124.4 (d), 121.0 (s), 119.4 (s), 118.5 (d), 110.9 (d), 110.8 (s), 101.8 (d), 66.8 (t), 51.3 (d), 22.8 (q), 

22.6 (q) ppm; HRMS (ESI): calcd. for C27H25O3N3Br:518.1074 [M+H]+; found: 518.1078. 

(E)-2-hydroxy-6-((2-(1-isopropyl-4-(4-nitrostyryl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21h): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 32 mg (45%); yellowish gum; IR(neat) max 2933, 1640, 1592, 1513, 1458, 

1338, 1238, 1078, 785 cm–1; 1H NMR (500 MHz, CDCl3): δ 11.84 (s, 1H), 10.31 (s, 1H), 8.91 (dd, 

J = 1.5, 4.6 Hz, 1H), 8.13 (d, J = 8.8 Hz, 2H), 8.10 (dd, J = 1.5, 8.0 Hz, 1H), 7.95 (s, 1H), 7.61 

(dd, J = 4.8, 7.8 Hz, 1H), 7.37 (d, J = 9.2 Hz, 2H), 7.31 - 7.28 (m, 1H), 6.78 (s, 2H), 6.53 (d, J = 

8.4 Hz, 1H), 6.19 (d, J = 8.4 Hz, 1H), 5.03 (d, J = 12.2 Hz, 1H), 4.93 (d, 

J = 12.2 Hz, 1H), 4.31 (spt, J = 6.7 Hz, 1H), 1.56 (d, J = 6.9 Hz, 3H), 1.45 

(d, J = 6.5 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.4 (d), 163.8 

(s), 160.6 (s), 150.4 (d), 147.8 (s), 146.4 (s), 143.9 (s), 138.2 (d), 137.0 

(d), 136.7 (d), 132.4 (s), 126.2 (d, 2C), 125.5 (d), 124.5 (d), 124.1 (d, 2C), 

123.8 (s), 122.5 (d), 118.9 (s), 111.0 (d), 110.7 (s), 101.6 (d), 66.8 (t), 

51.4 (d), 22.8 (q), 22.4 (q) ppm; HRMS (ESI): calcd. for C27H25 O5N4: 485.1819 [M+H]+; found: 

485.1821. 
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(E)-2-hydroxy-6-((2-(4-(3-isopropoxystyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21i): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 45 mg (61%); yellowish gum;  IR(neat) max 

2925, 1642, 1457, 1372, 1314, 1237, 1115, 1078, 1002, 781, 717 cm–1; 

1H NMR (500 MHz, CDCl3): δ 11.87 (s, 1H), 10.32 (s, 1H), 8.84 (br. 

s., 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.86 (s, 1H), 7.58–7.48 (m, 1H), 7.22 

(t, J = 8.2 Hz, 1H), 7.16 (t, J = 7.8 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H), 

6.78 (br. s., 1H), 6.73 (d, J = 8.0 Hz, 1H), 6.67 (d, J = 16.4 Hz, 1H), 

6.57 (d, J = 16.4 Hz, 1H), 6.49 (d, J = 8.8 Hz, 1H), 6.14 (d, J = 8.4 Hz, 1H), 5.05 (d, J = 13.0 Hz, 

1H), 4.90 (d, J = 12.6 Hz, 1H), 4.52 (spt, J = 5.7 Hz, 1H), 4.31 (spt, J = 5.7 Hz, 1H), 1.55 (d, J = 

6.1 Hz, 3H), 1.38 (d, J = 6.5 Hz, 3H), 1.31 (d, J = 5.7 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3): 

δ 193.6 (d), 163.7 (s), 160.7 (s), 158.1 (s), 150.1 (d), 147.9 (s), 138.8 (s), 138.4 (d), 136.4 (d), 

136.4 (s), 132.5 (s), 129.5 (d, 2C), 128.3 (d), 124.2 (d), 119.6 (s), 118.5 (d), 117.9 (d), 114.1 (d), 

113.8 (d), 110.8 (s), 110.8 (d), 101.9 (d), 69.8 (d), 66.7 (t), 51.2 (d), 22.7 (q), 22.6 (q), 22.1 (q, 2C) 

ppm; HRMS (ESI): calcd. for C30H32O4N3: 498.2387 [M+H]+; found:498.2391. 

(E)-2-((2-(4-(2-bromostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21j): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 39 mg (51%); yellowish solid; mp: 78–80 °C; 

IR(neat) max 2925, 1640, 1577, 1458, 1313, 1236, 1076, 1022, 961, 836, 

782, 748, 717, 662 cm–1; 1H NMR (500 MHz, CDCl3): δ 11.82 (s, 1H), 

10.26 (s, 1H), 8.83 (d, J = 3.8 Hz, 1H), 8.01 (d, J = 6.9 Hz, 1H), 7.83 (s, 

1H), 7.50 (dd, J = 4.6, 7.6 Hz, 1H), 7.44 (d, J = 6.9 Hz, 1H), 7.35 (d, J = 

8.4 Hz, 1H), 7.26–7.20 (m, 1H), 7.15 (t, J = 7.2 Hz, 1H), 7.04–6.97 (m, 1H), 6.89 (d, J = 16.0 Hz, 

1H), 6.59 (d, J = 16.8 Hz, 1H), 6.47 (d, J = 9.2 Hz, 1H), 6.16 (d, J = 7.6 Hz, 1H), 5.03 (d, J = 12.2 

Hz, 1H), 4.88 (d, J = 12.2 Hz, 1H), 4.35– 4.24 (spt, J = 6.9 Hz, 1H), 1.54 (d, J = 6.1 Hz, 3H), 1.36 

(d, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.6 (d), 163.7 (s), 160.7 (s), 150.3 (d), 

148.1 (s), 138.5 (d), 137.3 (d), 137.2 (s), 136.9 (d), 136.2 (s), 133.0 (d), 132.5 (s), 128.6 (d), 127.6 

(d), 126.8 (d), 126.1 (d), 124.3 (d), 123.6 (s), 120.8 (d), 119.3 (s), 110.8 (d), 110.7 (s), 101.9 (d), 

66.8 (t), 51.3 (d), 22.8 (q), 22.7 (q) ppm; HRMS (ESI): calcd. for C27H25O3N3Br: 518.1074 

[M+H]+; found: 518.1075. 
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(E)-2-((2-(4-(2,4-dimethoxystyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21k): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 47 mg (64%); colorless gum;  IR(neat) max 2962, 

1643, 1513, 1460, 1263, 1079, 1026, 731 cm–1; 1H NMR (500 MHz, 

CDCl3): δ   11.85 (s, 1H), 10.31 (s, 1H), 8.84 (d, J = 6.1 Hz, 1H), 8.02 

(d, J = 6.1 Hz, 1H), 7.83 (s, 1H), 7.54–7.50 (m, 1H), 7.21 (t, J = 8.4 Hz, 

1H), 6.82–6.73 (m, 3H), 6.64 (d, J = 16.8 Hz, 1H), 6.51–6.43 (m, J = 

16.0 Hz, 2H), 6.15 (d, J = 8.4 Hz, 1H), 5.05 (d, J = 13.0 Hz, 1H), 4.90 

(d, J = 13.0 Hz, 1H), 4.34–4.24 (spt, J = 6.9 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 1.55 (d, J = 6.9 

Hz, 3H), 1.38 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.6 (d), 163.8 (s, 2C), 

160.7 (s), 150.1 (d), 149.1 (s), 148.8 (s), 148.2 (s), 138.4 (d), 136.5 (d), 136.4 (d), 135.7 (s), 132.6 

(s), 130.6 (s), 128.4 (d), 124.2 (d), 119.9 (s), 118.9 (d), 116.1 (d), 111.3 (d), 110.8 (d), 109.0 (d), 

101.9 (d), 66.8 (t), 56.0 (q), 56.0 (q), 51.2 (d), 22.8 (q), 22.7 (q) ppm; HRMS (ESI): calcd. for 

C29H30O5N3: 500.2180 [M+H]+; found: 500.2183. 

(E)-2-((2-(4-(3,5-diisopropoxystyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21l): Purified by column chromatography 

(30% EtOAc in petroleum ether,  Rf = 0.5); yield: 35 mg (43%); 

brownish gum; IR(neat) max 2979, 1643, 1583, 1458, 1334, 1313, 

1239, 1171, 1078, 784, 718 cm–1;  1H NMR (500 MHz, CDCl3): δ  

11.87 (s, 1H), 10.31 (s, 1H), 8.81 (dd, J = 1.5, 4.6 Hz, 1H), 7.99 (dd, J 

= 1.5, 7.6 Hz, 1H), 7.82 (s, 1H), 7.50 (dd, J = 4.6, 7.6 Hz, 1H), 7.28–

7.17 (m, 1H), 6.63–6.56 (d, J = 16.0 Hz, 1H), 6.55–6.49 (d, J = 16.8 Hz, 1H), 6.47 (d, J = 8.4 Hz, 

1H), 6.37 (d, J = 2.3 Hz, 2H), 6.28 (t, J = 2.3 Hz, 1H), 6.11 (d, J = 8.4 Hz, 1H), 5.02 (d, J = 13.0 

Hz, 1H), 4.87 (d, J = 13.0 Hz, 1H), 4.52–4.41 (m, 2H), 4.27 (td, J = 6.3, 13.4 Hz, 1H), 1.52 (d, J 

= 6.9 Hz, 3H), 1.35 (d, J = 6.1 Hz, 3H), 1.29 (dd, J = 2.3, 6.1 Hz, 12H) ppm; 13C NMR (125 MHz, 

CDCl3): δ 193.7 (d), 163.8 (s), 160.7 (s), 159.2 (s, 2C), 150.1 (d), 147.9 (s), 139.4 (s), 138.5 (d), 

136.5 (d), 136.4 (d), 136.0 (s), 132.6 (s), 128.4 (d), 124.3 (d), 119.6 (s), 118.1 (d), 110.8 (d), 110.8 

(s), 106.2 (d, 2C), 102.4 (d), 102.0 (d), 69.9 (d, 2C), 66.8 (t), 51.2 (d), 22.8 (q, 2C), 22.7 (q, 2C), 

22.1 (q, 2C) ppm; HRMS (ESI): calcd for C33H38O5N3: 556.2806 [M+H]+; found: 556.2811. 
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(E)-2-((2-(4-(3-bromo-4-fluorostyryl)-1-isopropyl-1H-pyrazol-5-yl)pyridin-3-yl)methoxy)-6-

hydroxybenzaldehyde (21m): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 36 mg (45%); yellowish gum; IR(neat) max 2930, 

1642, 1485, 1458, 1397, 1314, 1240, 1078, 961, 783, 717 cm–1; 1H NMR 

(500 MHz, CDCl3): δ  11.82 (s, 1H), 10.26 (s, 1H), 8.82 (dd, J = 1.5, 4.6 

Hz, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.82 (s, 1H), 7.52 (dd, J = 4.6, 7.6 Hz, 

1H), 7.37 (dd, J = 2.3, 6.1 Hz, 1H), 7.23 (t, J = 8.4 Hz, 1H), 7.10 (ddd, 

J = 2.3, 4.6, 8.4 Hz, 1H), 6.95 (t, J = 8.4 Hz, 1H), 6.56 (d, J = 16.0 Hz, 

1H), 6.50–6.42 (m, J = 16.0 Hz, 2H), 6.12 (d, J = 8.4 Hz, 1H), 4.99 (d, J = 12.2 Hz, 1H), 4.86 (d, 

J = 12.2 Hz, 1H), 4.25 (spt, J = 6.5 Hz, 1H), 1.50 (d, J = 6.9 Hz, 3H), 1.36 (d, J = 6.9 Hz, 3H) 

ppm; 13C NMR (125 MHz, CDCl3): δ 193.6 (d), 163.8 (s), 160.7 (s), 158.2 (ds, 1JC–F = 247.3 Hz), 

150.3 (d), 147.9 (s), 138.4 (d), 136.9 (d), 136.4 (d), 136.3 (s), 135.2 (ds, 4JC-F= 3.8 Hz), 132.5 (s), 

130.5 (d), 126.4 (dd, 3JC-F =6.7 Hz), 125.6 (d), 124.5 (d), 119.2 (s), 118.9 (dd, 3JC-F =1.9 Hz), 116.6 

(dd, 2JC-F = 22 Hz), 110.9 (d), 110.8 (s), 109.4 (ds, 2JC-F =22.1 Hz), 101. 8 (d), 66.8 (t), 51.3 (d), 

22.9 (q), 22.6 (q) ppm; HRMS (ESI): calcd. for C27H24O3N3BrF: 536.0980 [M+H]+; 

found:536.0981. 

(E)-2-hydroxy-6-((2-(1-isopropyl-4-(2,3,4-trimethoxystyryl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21n): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 43 mg (55%); yellowish gum; IR(neat) max 

2926, 1642, 1581, 1458, 1421, 1337, 1238, 1127, 1078, 1005, 784, 719 

cm–1; 1H NMR (400 MHz, CDCl3): δ  11.86 (s, 1H), 10.30 (s, 1H), 8.87 

(dd, J = 1.5, 4.6 Hz, 1H), 8.14–8.00 (m, 1H), 7.85 (s, 1H), 7.55 (dd, J 

= 5.0, 8.0 Hz, 1H), 7.25 (t, J = 8.4 Hz, 1H), 6.63 (d, J = 16.0 Hz, 1H), 

6.54–6.44 (m, J =15.3 Hz, 4H), 6.16 (d, J = 8.0 Hz, 1H), 5.05 (d, J = 

12.2 Hz, 1H), 4.91 (d, J = 12.2 Hz, 1H), 4.31 (spt, J = 6.6 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 6H), 1.56 

(d, J = 6.5 Hz, 3H), 1.40 (d, J = 6.5 Hz, 3H) ppm; 13C NMR (101 MHz, CDCl3): δ 193.4 (d), 163.7 

(s), 160.7 (s), 153.3 (s), 150.1 (d), 148.1 (s), 138.3 (d), 137.9 (s), 136.5 (d), 136.5 (d), 135.8 (s), 

133.2 (s), 132.5 (s), 128.5 (d), 128.4 (d), 127.6 (s), 124.2 (d), 119.6 (s), 117.3 (d), 110.8 (d), 110.8 

(s), 103.3 (d), 101.8 (d), 66.8 (t), 60.9 (d), 56.2 (q, 2C), 51.2 (q), 22.8 (q), 22.6 (q) ppm; HRMS 

(ESI): calcd. for C30H32O6N3: 530.2286 [M+H]+; found: 530.2289. 
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(E)-2-hydroxy-6-((2-(1-isopropyl-4-(2-(naphthalen-1-yl)vinyl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (21o): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 40 mg (55%); yellowish gum; IR(neat) max 

2925, 1641, 1457, 1313, 1237, 1077, 961, 783, 717, 665 cm–1; 1H NMR 

(400 MHz, CDCl3): 11.73 (s, 1H), 10.24 (s, 1H), 8.78 (dd, J = 1.5, 4.6 

Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.84 (s, 1H), 7.72–7.57 (m, 3H), 

7.55–7.42 (m, 2H), 7.41–7.28 (m, 3H), 7.21–7.02 (m, 1H), 6.81(d, J = 

16.4 Hz, 1H), 6.63 (d, J = 16.4 Hz, 1H), 6.36 (d, J = 8.5 Hz, 1H), 6.06 (d, J = 8.3 Hz, 1H), 5.00 

(d, J = 12.7 Hz, 1H), 4.84 (d, J = 12.7 Hz, 1H), 4.24 (spt, J = 6.6 Hz, 1H), 1.48 (d, J = 6.5 Hz, 3H), 

1.31 (d, J = 6.6 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 193.5 (d), 163.7 (s, 2C), 160.7 (s), 

150.1 (d), 148.0 (s), 138.3 (d), 136.4 (d), 136.4 (d), 136.0 (s), 134.8 (s), 133.6 (s), 132.8 (s), 132.5 

(s), 128.4 (d), 128.2 (d), 127.8 (d), 127.7 (d), 126.4 (d), 125.9 (d), 125.8 (d), 124.2 (d), 123.0 (d), 

119.7 (s), 118.1 (d), 110.8 (d), 101.8 (d), 66.8 (t), 51.2 (d), 22.8 (q), 22.6 (q) ppm; HRMS (ESI): 

calcd. for C31H28O3N3: 490.2125 [M+H]+; found: 490.2125. 

Methyl (E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-1H-

pyrazol-4-yl)acrylate (23a) : Purified by column chromatography (30% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 55 mg (88%); colorless solid; 

mp: 118–120 °C; IR(neat) max 2924, 1708, 1640, 1457, 1314, 1237, 

1076, 979, 783, 716, 661 cm–1; 1H NMR (500 MHz, CDCl3): δ 11.92 (s, 

1H), 10.29 (s, 1H), 8.80 (dd, J = 1.5 Hz, 4.6 Hz, 1H), 7.98–8.05 (dd, J = 

1.5 Hz, 7.6 Hz, 1H), 7.85 (s, 1H), 7.52 (dd, J =4.6 Hz, 8.4 Hz, 1H), 7.32 (t, J = 8.4 Hz, 1H), 7.25 

(d, J = 3.8 Hz, 1H), 6.53 (d, J = 8.4 Hz, 1H), 6.15 (d, J = 8.4 Hz, 1H), 6.01 (d, J = 16.0 Hz, 1 H), 

4.92 (d, J = 12.2 Hz, 1H), 4.82 (d, J = 12.2 Hz, 1H), 4.23 (spt, J = 6.6 Hz, 1H), 3.67 (s, 3H), 1.50 

(d, J = 6.9 Hz, 3H), 1.35 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.7 (d), 167.5 

(s), 163.9 (s), 160.7 (s), 150.5 (d), 147.3 (s), 138.6 (s), 138.5 (d), 137.7 (d), 137.1 (d), 134.4 (d), 

132.5 (s), 124.7 (d), 117.3 (s), 116.1 (d), 111.1 (d), 110.8 (s), 101.8 (d), 66.7 (t), 51.7 (d), 51.6 (q), 

22.8 (q), 22.5 (q) ppm; HRMS (ESI): calcd. for C23H24O5N3: 422.1710 [M+H]+; found: 422.1716.  
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Ethyl (E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-1H-

pyrazol-4-yl)acrylate (23b): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 52 mg (80%); reddish solid; mp: 104–106 °C; 

IR(neat) max 2391, 1704, 1639, 1458, 1312, 1237, 1173, 1075, 785, 717, 

662 cm–1;  1H NMR (400 MHz, CDCl3): δ 11.94 (s, 1H), 10.31 (s, 1H), 

8.83 (br. s., 1H), 8.05 (br. s., 1H), 7.87 (s, 1H) 7.55 (br. s., 1H), 7.34 (t, J 

= 7.6 Hz, 1H), 7.23 (d, J = 15.3 Hz, 1H), 6.54 (d, J = 8.4 Hz, 1H), 6.17 (d, 

J = 7.6 Hz, 1H), 6.04 (d, J = 15.3 Hz, 1H), 4.95 (d, J = 10.7 Hz, 1H), 4.84 (d, J = 10.7 Hz, 1H), 

4.26 (br. s., 1H), 4.15 (q, J = 6.9 Hz, 2H), 1.52 (br. s., 3H), 1.37 (br. s., 3H), 1.27–1.23 (m, 3H) 

ppm; 13C NMR (100 MHz, CDCl3): δ 193.8 (d), 167.2 (s), 163.8 (s, 2C), 160.7 (s), 150.5 (d), 147.2 

(s), 138.5 (d), 137.7 (d), 137.3 (d), 134.2 (d), 132.5 (s), 124.9 (d), 117.4 (s), 116.6 (d), 111.0 (d), 

110.8 (s), 101.8 (d), 66.8 (t), 60.5 (t), 51.8 (d), 22.9 (q), 22.6 (q), 14.4 (q) ppm; HRMS (ESI): 

calcd. for C24H26O5N3: 436.1867 [M+H]+; found: 436.1864. 

Butyl (E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-1H-

pyrazol-4-yl)acrylate (23c): Purified by column chromatography (30% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 50 mg (73%); colorless solid; 

mp: 112–114 °C; IR(neat) max 2927, 1705, 1639, 1457, 1384, 1311, 

1236, 1167, 1075, 980, 782, 716, 661 cm–1; 1H NMR (400 MHz, CDCl3): 

δ  11.94 (s, 1H), 10.31 (s, 1H), 8.82 (dd, J = 1.9, 5.0 Hz, 1H), 8.03 (dd, J 

= 1.5, 7.6 Hz, 1H), 7.87 (s, 1H), 7.54 (dd, J = 5.0, 8.0 Hz, 1H), 7.34 (t, J = 8.4 Hz, 1H), 7.22 (d, J 

= 15.3 Hz, 1H), 6.55 (d, J = 8.4 Hz, 1H), 6.17 (d, J = 8.4 Hz, 1H), 6.06 (d, J = 16.0 Hz, 1H), 4.95 

(d, J = 12.2 Hz, 1H), 4.84 (d, J = 12.2 Hz, 1H), 4.26 (spt, J = 6.6 Hz, 1H), 4.10 (t, J = 6.9 Hz, 2H), 

1.65–1.56 (m, 2H), 1.52 (d, J = 6.9 Hz, 3H), 1.42–1.30 (m, 5H), 0.95–0.89 (t, J = 7.6 Hz, 3H) ppm; 

13C NMR (100 MHz, CDCl3): δ 193.7 (d), 167.3 (s), 163.9 (s), 160.7 (s), 150.4 (d), 147.2 (s), 138.6 

(s), 138.4 (d), 137.6 (d), 137.0 (d), 134.1 (d), 132.5 (s), 124.7 (d), 117.4 (s), 116.6 (d), 111.0 (d), 

110.8 (s), 101.8 (d), 66.8 (t), 64.4 (t), 51.6 (d), 30.8 (t), 22.8 (q), 22.5 (q), 19.2 (t), 13.8 (q) ppm; 

HRMS (ESI): calcd. for C26H30O5N3: 464.2180 [M+H]+; found: 464.2184. 
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Tert-butyl (E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-1H-

pyrazol-4-yl)acrylate (23d): Purified by column chromatography (30% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 51 mg (74%); colorless solid; 

mp: 138–140 °C; IR(neat) max 2924, 1701, 1640, 1457, 1368, 1315, 

1237, 1146, 1076, 980, 858, 782, 716, 661 cm–1; 1H NMR (400 MHz, 

CDCl3): δ  11.92 (s, 1H), 10.31 (s, 1H), 8.78 (br. s., 1H), 8.00 (d, J = 8.4 

Hz, 1H), 7.85 (s, 1H), 7.52 (br. s, 1H), 7.32 (t, J = 8.4 Hz, 1H), 7.12 (d, J = 16.0 Hz, 1H), 6.53 (d, 

J = 8.4 Hz, 1H), 6.15 (d, J = 8.4 Hz, 1H), 6.01 (d, J = 16.0 Hz, 1H), 4.95 (d, J = 12.2 Hz, 1H), 4.82 

(d, J = 12.2 Hz, 1H), 4.24 (td, J = 6.5, 13.0 Hz, 1H), 1.49 (d, J = 6.1 Hz, 3H), 1.42 (s, 9H), 1.34 

(d, J = 6.9 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 193.8 (d), 166.6 (s), 163.8 (s), 160.7 (s), 

150.4 (d), 147.3 (s), 138.4 (d), 137.8 (s), 137.4 (d), 137.0 (d), 133.1 (d), 132.5 (s), 124.7 (d), 118.4 

(d), 117.5 (s), 111.0 (d), 110.8 (s), 101.8 (d), 80.4 (s), 66.8 (t), 51.6 (d), 28.2 (q, 3C), 22.8 (q), 22.5 

(q) ppm; HRMS (ESI): calcd. for C26H30O5N3: 464.2180 [M+H]+; found: 464.2177. 

8-methylnonyl (E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-

1H-pyrazol-4-yl)acrylate (23e): Purified by column chromatography (30% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 40 mg (69%); yellowish gum; IR(neat) max 

2957, 1706, 1641, 1459, 1383, 1313, 1239, 1171, 1078, 784, 718 cm–

1; 1H NMR (500 MHz, CDCl3): δ 11.92 (s, 1H), 10.29 (s, 1H), 8.80 

(d, J = 3.1 Hz, 1H), 8.01 (dd, J = 1.5, 7.6 Hz, 1H), 7.86 (s, 1H), 7.52 

(dd, J = 4.6, 7.6 Hz, 1H), 7.32 (t, J = 8.4 Hz, 1H), 7.20 (d, J = 16.0 

Hz, 1H), 6.53 (d, J = 9.2 Hz, 1H), 6.15 (d, J = 8.4 Hz, 1H), 6.09–5.98 (m, J = 16.0 Hz, 1H), 4.93 

(d, J = 12.2 Hz, 1H), 4.81 (d, J = 12.2 Hz, 1H), 4.24 (spt, J = 6.9 Hz, 1H), 4.14–4.02 (m, 2H), 

1.64–1.52 (m, 2H), 1.50 (d, J = 6.9 Hz, 3H), 1.35 (d, J = 6.1 Hz, 3H), 1.29–1.18 (m, 5H), 1.12–

1.02 (m, 2H), 0.91–0.69 (m, 10H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.8 (d), 167.3 (s), 163.9 

(s, 2C), 160.6 (s), 150.5 (d), 147.2 (s), 138.5 (d), 137.6 (d), 137.1 (d), 134.1 (d), 132.5 (s), 124.8 

(d), 117.4 (s), 116.7 (d), 111.0 (d), 110.8 (s), 101.8 (d), 66.8 (t), 65.0 (t), 64.7 (t), 63.2 (t), 51.7 (d), 

29.8 (t, 2C), 29.2 (t), 26.3 (t), 22.8 (q), 22.8 (d), 22.6 (q, 3C)ppm; HRMS (ESI): calcd. for 

C32H42O5N3: 548.3119 [M+H]+; found: 548.3118. 
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(tetrahydrofuran-2-yl)methyl (E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-

yl)-1-isopropyl-1H-pyrazol-4-yl)acrylate (23f): Purified by column chromatography (30% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 60 mg (83%); colorless solid; mp: 100–102 °C IR(neat) 

max 2927, 1708, 1640, 1458, 1313, 1239, 1171, 1077, 786, 718 cm–1; 

1H NMR (500 MHz, CDCl3): δ 11.94 (s, 1H), 10.31 (s, 1H), 8.81 (dd, 

J = 1.5, 5.3 Hz, 1H), 8.02 (d, J = 6.8 Hz, 1H), 7.87 (s, 1H), 7.54 (dd, J 

= 5.0, 8.0 Hz, 1H), 7.35 (t, J = 8.4 Hz, 1H), 7.26 (d, J = 16.0 Hz, 1H), 

6.55 (d, J = 8.4 Hz, 1H), 6.17 (d, J = 8.4 Hz, 1H), 6.11 (d, J = 16.0 Hz, 

1H), 4.94 (d, J = 12.2 Hz, 1H), 4.83 (d, J = 12.2 Hz, 1H), 4.29–4.22 

(spt, J = 6.1 Hz, 1H), 4.22–4.07 (m, 2H), 4.06–3.98 (m, 1H), 3.90–3.83 (m, 1H), 3.82–3.73 (m, 

1H), 2.05–1.95 (m, 1H), 1.94–1.84 (m, 2H), 1.60 (td, J = 7.4, 12.6 Hz, 1H), 1.51 (d, J = 6.1 Hz, 

3H), 1.36 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 193.7 (d), 167.1 (s), 163.8 (s), 

160.7 (s), 150.4 (d), 147.2 (s), 138.6 (s), 138.5 (d), 137.7 (d), 137.1 (d), 134.7 (d), 132.5 (s), 124.7 

(d), 117.3 (s), 116.1 (d), 111.0 (d), 110.8 (s), 101.8 (d), 76.7 (d), 68.5 (t), 66.7 (t), 66.6–66.5 (t), 

51.6 (d), 28.0 (t), 25.7 (t), 22.8 (q), 22.5 (q) ppm; HRMS (ESI): calcd. for C27H30O6N3: 492.2129 

[M+H]+; found: 492.2127 

2-hydroxy-6-((2-(1-isopropyl-4-(3-oxopropyl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (23g): Purified by column chromatography (40% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 27 mg (46%); colorless syrup;  IR(neat) max 2926, 

1722, 1642, 1458, 1239, 1076, 785, 719 cm–1; 1H NMR (500 MHz, CDCl3): 

δ 11.92 (s, 1H), 10.35 (s, 1H), 9.71 (s, 1H), 8.79 (dd, J = 1.5, 4.6 Hz, 1H), 

8.02 (dd, J = 1.5, 7.6 Hz, 1H), 7.54–7.45 (m, 2H), 7.38 (t, J = 8.4 Hz, 1H), 

6.57 (d, J = 8.4 Hz, 1H), 6.26 (d, J = 8.4 Hz, 1H), 4.98 (d, J = 11.4 Hz, 1H), 

4.86 (d, J = 12.2 Hz, 1H), 4.13 (spt, J = 6.5 Hz, 1H), 2.76–2.46 (m, 4H), 1.42 (d, J = 6.1 Hz, 3H), 

1.37 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 201.4 (d), 193.7 (d), 163.9 (s, 2C), 

160.9 (s), 150.2 (d), 148.6 (s), 138.6 (d), 137.9 (d), 136.8 (d), 136.4 (s), 132.4 (s), 124.2 (d), 118.7 

(s), 111.0 (d), 101.8 (d), 66.9 (t), 51.2 (d), 44.5 (t), 23.0 (q), 22.5 (q), 16.4 (t) ppm; HRMS (ESI): 

calcd. for C22H24O4N3: 394.1761 [M+H]+; found: 394.1762. 
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2-hydroxy-6-((2-(1-isopropyl-4-(3-oxobutyl)-1H-pyrazol-5-yl)pyridin-3-

yl)methoxy)benzaldehyde (23h): Purified by column chromatography (40% EtOAc in petroleum 

ether,  Rf = 0.5); yield: 35 mg (58%); colorless syrup; IR(neat) max 2929, 1712, 1641, 1458, 1342, 

1238, 1169, 1076, 786, 719 cm–1; 1H NMR (400 MHz, CDCl3): δ 11.90 (s, 

1H), 10.32 (s, 1H), 8.74 (d, J = 4.6 Hz, 1H), 7.99 (d, J = 7.6 Hz, 1H), 7.46 

(dd, J = 5.0, 8.0 Hz, 1H), 7.43 (s, 1H), 7.35 (t, J = 8.4 Hz, 1H), 6.53 (d, J = 

8.4 Hz, 1H), 6.24 (d, J = 8.4 Hz, 1H), 4.97 (d, J = 11.4 Hz, 1H), 4.83 (d, J 

= 12.2 Hz, 1H), 4.10 (spt, J = 6.6 Hz, 1H), 2.72–2.52 (m, 3H), 2.46–2.38 

(m, 1H), 2.03 (s, 3H), 1.40 (d, J = 6.1 Hz, 3H), 1.32 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (100 MHz, 

CDCl3): δ 207.9 (s), 193.7 (d), 163.8 (s, 2C), 160.9 (s), 150.1 (d), 148.7 (s), 138.6 (d), 137.8 (d), 

136.7 (d), 136.3 (s), 132.4 (s), 124.2 (d), 119.2 (s), 111.0 (d), 101.9 (d), 66.9 (t), 51.2 (d), 44.1 (t), 

30.0 (q), 23.0 (q), 22.5 (q), 17.8 (t) ppm; HRMS (ESI): calcd. for C23H26O4N3: 408.1918 [M+H]+; 

found: 408.1921. 

(E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-1H-pyrazol-4-

yl)acrylamide (23i): Purified by column chromatography (80% EtOAc in petroleum ether,  Rf = 

0.5); yield: 25 mg (42%); yellowish solid; mp: 175–177 °C; IR(neat) max 

3300, 2925, 1640, 1459, 1391, 1238, 1078, 786 cm–1; 1H NMR (400 MHz, 

CDCl3): δ 11.90 (br. s., 1 H), 10.25 (s, 1H), 8.76 (dd, J = 1.4, 4.8 Hz, 1H), 

7.99 (dd, J = 1.1 Hz, 7.9 Hz, 1H), 7.82 (s, 1H), 7.49 (dd, J = 4.8, 8.0 Hz, 

1H), 7.30 (t, J = 8.4 Hz, 1H), 7.13 (d, J = 15.5 Hz, 1H), 6.49 (d, J = 8.5 

Hz, 1H), 6.17–6.09 (m, J = 15.4 Hz, 2H), 4.93 (d, J = 12.3 Hz, 1H), 4.80 (d, J = 12.3 Hz, 1 H), 

4.21 (spt, J = 6.6 Hz, 1H), 1.98 (br. s., 2H), 1.47 (d, J = 6.6 Hz, 3H), 1.32 (d, J = 6.6 Hz, 3H) ppm; 

13C NMR (100 MHz, CDCl3): δ 193.8 (d), 168.5 (s), 163.8 (s), 160.6 (s), 150.2 (d), 147.1 (s), 138.5 

(d), 138.5 (s), 137.1 (d, 2C), 132.5 (s), 131.8 (d), 124.7 (d), 118.1 (d), 117.3 (s), 110.9 (d), 110.7 

(s), 101.8 (d), 66.7 (t), 51.5 (d), 22.7 (q), 22.4 (q) ppm; HRMS (ESI): calcd. for C22H23O4N4: 

407.1714 [M+H]+; found: 407.1711. 
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(E)-3-(5-(3-((2-formyl-3-hydroxyphenoxy)methyl)pyridin-2-yl)-1-isopropyl-1H-pyrazol-4-

yl)acrylonitrile (23j): Purified by column chromatography (30% EtOAc in petroleum ether, Rf = 

0.5); yield: 35 mg (60%); yellowish gum; IR(neat) max 2925, 2213, 1618, 

1577, 1457, 1401, 1313, 1236, 1076, 965, 783, 716, 666 cm–1; 1H NMR 

(400 MHz, CDCl3): δ 11.90 (d, J = 9.9 Hz, 1H), 10.31 (d, J = 5.3 Hz, 1H), 

8.83 (t, J = 5.0 Hz, 1H), 8.06 (ddd, J = 1.5, 3.4, 8.0 Hz, 1H), 7.84 (s, 1H), 

7.61–7.53 (m, 1H), 7.41–7.34 (m, 1H), 6.90 (d, J = 16.8 Hz, 1H), 6.62–6.47 (m, J = 14.5 Hz, 1H), 

6.19 (t, J = 8.4 Hz, 1H), 5.40 (d, J = 16.8 Hz, 1H), 4.99–4.75 (m, J =12.2 Hz, 2H), 4.29–4.16 (spt, 

J = 6.9 Hz, 1H), 1.50–1.45 (t, J = 6.9 Hz, 3H), 1.40 (t, J = 6.9 Hz, 3H) ppm; 13C NMR (100 MHz, 

CDCl3): δ 193.5 (d), 163.9 (s), 160.5 (s), 150.7–150.5 (d), 146.7 (s), 140.2 (d), 139.7 (s), 138.7–

138.5 (d), 138.1–138.0 (d), 137.3–137.1 (d), 132.7–132.5 (s), 125.1–124.9 (d), 118.5–118.0 (s), 

116.8 (s), 111.3 (d), 110.8 (s), 101.8–101.7 (d), 94.0–92.4 (d), 66.7 (t), 52.0–51.9 (d), 22.9 (q), 

22.4–22.3 (q) ppm; HRMS (ESI): calcd. for C22H21O3N4: 389.1608  [M+H]+; found: 389.1610.  
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Oxidative Rearrangement of Stilbenes to 

2,2-Diaryl-2-hydroxyacetaldehydes 
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1.1 Introduction:  

Stilbenes and their derivatives are part of an important class of plant polyphenols that have 

attracted enormous importance due to their diverse biological activities, such as anti-

inflammatory,1 anti-cancer,2 anti-proliferative,3 anti-microbial,4 anti-HIV,5 anti-herpes simplex 

virus,6 and anti-angiogenesis.7,3b Stilbenes are mainly divided into two classes, namely, monomeric 

and oligomeric stilbenes, where oligomeric stilbenes have complex configurations/diverse 

oligomerizations formed by the combination of the homogenous or heterogeneous monomeric 

stilbenes.8 Till date, there are more than 400 naturally occurring biologically active stilbenes 

isolated and identified.9 Stilbenes exist in E or Z form. According to the study, E or trans isomers 

are biologically more active than the Z or cis-isomer as the trans isomers are thermodynamically 

more stable than the cis isomers. The resveratrol, oxyresveratrol, pterostilbene, combretastatin, 

etc. (Figure F3.1) are some of the trans-stilbenes that are very popular due to their inherent 

biological activity.10  

Figure F3.1: Naturally occurring biologically active stilbene derivatives. 

 

Resveratrol is the most popular and widely studied stilbene, as it gives protection against 

pathogens, and is also effective against cancer and AIDS while having estrogenic potency.11 

Coming to the biosynthesis of stilbenes, stilbenes are synthesized in the plants via the phenyl 

propanoid pathway from phenylalanine.12 Due to the reduced availability of the naturally occurring 



Chapter III                                                                             Introduction 
 

 

P a g e  | 208 
 

 

stilbenes in adequate quantity, many synthetic methods such as Wittig-Horner olefination reaction, 

McMurry coupling reaction, Perkin aldol condensation, Sonogashira reaction, Mizoroki–Heck, 

Negishi, Stille, Suzuki–Miyaura, Grubbs, Knoevenagel–Doebner, and the Ramberg–Bucklund 

reactions have been deployed in their preparation.13 In addition, a good number of novel 

methodologies have also developed to synthesize various stilbene derivatives.14  

         On the other hand, the oxidative cleavage of the C=C bond for the construction of new 

carbon-carbon and carbon-hetero bonds using a suitable oxidant is a very important synthetic 

transformation in organic chemistry, as it has broad applications mainly in the field of the total 

synthesis of natural products.15 Oxidative scission of double bonds is a fundamental concept in 

organic synthesis and leads to the formation of functionalized carbonyl compounds such as 

aldehydes, ketones, and carboxylic acids, which  are the key precursors for further transformations. 

Generally, the classical way to break the double bond of olefin is by utilizing ozonolysis16 or the 

Lemieux-Johnson reaction.17 Next, the transition metal-catalyzed olefin cleavage is also well 

known with metals such as Ru,18 Pd,19 Au,20 and Os21 with the suitable co-oxidant combination.  

In recent years, due to the safety concerns associated with the metals, the use of alternative 

catalysts such as iodine in combination with safer oxidizing agents (via hypervalent iodine 

intermediate formation) has attracted a great deal of attention.22,23 These iodine-catalyzed reactions 

are said to be an alternative to the transition metal-catalyzed reactions. This hypervalent iodine 

reagent is a nontoxic, environmentally friendly, versatile reagent. Taking into consideration the 

immense utility of these stilbenes and also our interest in the olefin functionalization using oxone, 

we aimed to utilize this stilbene for oxidative rearrangements, especially leading to the 2-

diarylacetaldehydes. The 2-diarylacetaldehyde core represents a highly functionalized core having 

the potential for various ring annulations. Reports for the synthesis of such diarylacetaldehydes 

are very limited, because the fast oxidation that leads to decarboxylation forms the diarylketones.24 

This prompted us to explore in this direction employing stilbenes and to show their utility in 

providing advanced intermediates for natural product synthesis, which otherwise require a 

multistep synthetic sequence. In particular keeping the objective of synthesizing diaryl 

acetaldehydes from stilbenes en route to the synthesis of 4,4-diaryl--butenolides in mind, the 

following introductory part will focus briefly on the oxidative rearrangements mediated by 

hypervalent iodine compounds, followed by the synthesis of diarylacetaldehydes and 
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diarylhydroxyacetaldehydes and finally on how the targeted 4,4-diaryl--butenolides are 

synthesized in general. 

 

1.2 Hypervalent Iodine Compounds: Hypervalent iodine compounds are easily available, non-

toxic, safe to handle, high stability, environmentally friendly reagents widely used in organic 

chemistry to acquire unique transformations without the involvement of transition metals.25 Their 

electrophilic nature and their potential as good leaving groups single them out as suitable reagents 

for generating cationic intermediates, especially from olefins,  and importantly, when an oxidative 

rearrangement leading to the rearranged products is a pre-requisite.  There are two types of 

migration reactions that are generally observed: C-N and C-C bond migration reactions. 

Particularly, the C-C bond migration reaction is facile due to the electrophilic nature of the 

hypervalent iodine reagent which activates the double bond in the olefin so that it leads to oxidative 

rearrangement reactions such as ring expansion, ring contraction, or the aryl ring migration.26 

There are two types of hypervalent reagents that are well known in the literature depending upon 

their oxidation states, such as Iodine (III) and Iodine (V). As our work mainly deals with the 

hypervalent Iodine (III) compound formation, most of these used reagents are presented in Figure 

F3.2. 

 

 

Figure F3.2: A variety of hypervalent Iodine (III) compounds.  
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1.3 Oxidative rearrangement: Coming to the hypervalent iodine catalyzed rearrangement 

reactions,27 the most popular are 1,2-migration, Beckmann rearrangement, Hoffmann 

rearrangement, ring contraction and ring expansions (Figure F3.3).28 Importantly, these 

hypervalent iodine reagents can mediate the 1,2 aryl group shift due to their electrophilic nature. 

As our work contributes towards the 1,2 migration through the in situ formed hypervalent iodine 

intermediate, we have presented a brief collection of the literature reports that include the reactions 

involving the hypervalent iodine catalyzed oxidative 1,2 rearrangements of alkyl or aromatic 

groups. Many of the presented reports are based on the direct use of the hypervalent iodine reagent 

for this transformation, followed by some examples that include the in situ formation of a 

hypervalent iodine intermediate (formed by a catalytic amount of iodine and a stoichiometric 

amount of oxidizing agent) during this conversion, similar to our case. 

 

Figure F3.3: HVI catalyzed oxidative rearrangement reactions.  
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1.2-Migration Reactions: This type of reaction includes 1,2 aryl ring migration, 1,2 alkyl group 

migration, or the 1,2-carbon-nitrogen migration. The 1,2 rearrangement of the groups present on 

the alkene are the most popular. A compilation of the literature reports that cover the hypervalent 

iodine catalysed oxidative rearrangement reactions is presented in Table T3.1. 

Table T3.1. Literature reports on hypervalent iodine mediated 1,2-oxidative rearrangements.  

Sr.  

No. 

Starting Reaction conditions Product Reference 

1 

 

PhI(OAc)2, (Me3O)3CH, 

H2SO4, 60 °C, 10 min 
 

Synthesis, 1984, 

231. 

2 

 

C6H5IO, MeOH, CF3SO3H, 

FSO3H, BF3.Oet2 
 

Tetrahedron Lett. 

1985, 26, 2961. 

3 

 

PhI(OAc)2, (Me3O)3CH 

H2SO4, rt, 20 h 

 

Synthesis, 1990, 1025. 

4  PhI(OCOCF3)2 (PIFA) 

MeOH, rt 
 

J. Chem. Soc., Perkin 

Trans. 1, 

1998, 2533. 

6  MW, HTIB/BTIB, MeOH, 

CHCl3, 60 °C, 12 min. 

  

Tetrahedron 2006, 62, 

8625. 

7  

 

TMSOTf, DCM/TFE, -40 

°C, 1 h, then -15 °C, 14 h 

 

Angew. 

Chem., Int. Ed., 2013, 

52, 7018. 

8  I2, TBHP, DMSO, 120 °C, 

36 h 

 

ACS Omega 2019, 4, 

9636. 

9 

 

PhI(OAc)2, MeOH H2SO4, 

rt, 20 h 

 

Russ. 

Chem. Bull., Int. Ed., 

2004, 53, 1735. 

10 

 
 

AgBF4, CDCl3, 40 °C, 18 h 

 

Angew. Chem., Int. Ed., 

2014, 53, 12897. 
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11 
 

PhI(OAc)2, MeOH H2SO4, -

20 °C, 20 min 
 

Russ. J. Org. 

Chem. 2001, 37, 1179.  

12  PhI(OAc)2, H2O, MeCN, 

H2SO4, -15 °C, 20 min 
 

13 

 

PhI(OAc)2, MeOH, H2SO4, -

15 °C, 30 min 
 

14 

 

PhI(OAc)2, MeOH, H2SO4, 

25 °C, 320 min 

 
15 

 

NH4I, Oxone, SDS, H2O, rt, 

0-3 h 
 

Adv. Synth. Catal. 2015, 

357, 1125. 

16 

 

I2, Oxone, DME-H2O, rt, 4 

h 
 

RSC Adv., 2016, 6, 6719. 

17  

 

I2, Ag2O, Dioxane-H2O, rt, 

7-24 h  

Chem. Lett. 1984, 13, 

341. 

18 

  
Triton-X 405TM 

Oxone, 

MTBE, iPrOH, 

Na2SO3, NaOH, 

NaHSO3 

 

Org. Lett., 2013, 15, 

1650. 

19 

 

NaI, Oxone, CH3CN:H2O, 

rt, 20 h. 
 

Chin. Chem. Lett. 2015, 

26, 248. 

20 

  
TsOH, MeOH 

CH2Cl2/TFE, -78 °C 
 

Chem. – Eur. J., 

2016, 22, 4030. 

21 

 
 

TsOH. H2O, MeOH, 

CH2Cl2/CF3CH2OH, -78 °C, 

rt, 12 h 

 

J. Org. Chem., 2017, 82, 

11872. 

22 

 

 
Yb(Otf)3, DCM/AcOH, 12 

h, 

 

J. Org. Chem., 2020, 85, 

10175. 
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23 

 
 

TsOH.H2O, Selectflour, 

ROH/MeCN, 25 °C, 8 h 

  

Angew. Chem., Int. Ed., 

2019, 58, 7450. 

24 

 

 
Oxone, Bu4NHSO4, K2CO3, 

EtOAc, Na2SO4, 

60 °C, 

 

Org. Lett., 2009, 11, No. 

15, 3470. 

25 

 

PhI(OAc)2, CH2Cl2, rt, 2h 

 

Org. 

Lett., 2003, 5, 2157. 

26 

 

PhI(OCOCF3)2, TMSOTf, 

MeCN, rt, 30 min 

 

ChemistryOpen, 2012, 1, 

245. 

27 

 

PhI(OPiv)2, 

HFIP, 25 °C, air, 7 h 

 

Org. Lett., 2013, 15, 

3476. 

28 

 
                
               PhI(OPiv)2,  

HFIP, 40 °C, air, 12 h 

Angew. Chem., Int. Ed., 

2014, 53, 8163. 

29 

 
 

PdX2 (X = TFA, OAc, 

(BF4)(MeCN)2, CDCl3, 

 

ACS Catal., 2016, 6, 

447. 

30 

 

NH4I, Oxone, MeOH, 30 °C 

 

RSC Adv., 2015, 5, 

73732. 

31 

 

IPy2BF4 

BF3.OEt2 

MeOH, CH2Cl2 

rt, 15 min  

Chem. Eur. J. 2005, 11, 

5938. 

32 

 

 
4 A° MS, MeCN, rt, 5 min 

 

Chem. Eur. J. 2016,  22, 

3660. 

33 

 
MeCN/H2O, 60 °C, 2h 

 

Org. Lett., 2018, 

20, 4052. 
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34 

 

PhI, mCPBA, HFIP/H2O, 0 

°C 

 

Org. Lett., 2017, 19, 

6478. 

35 

 
 

BF3.OEt2 

DCE, reflux, 10-30 min 

 

Angew. Chem. Int. Ed. 

2017, 56, 11620. 

36 

 

PIFA, TFA,  

BF3OEt2, DCE, 0 °C, rt, 

 

Org. Lett., 2013, 15, 

2906. 

37 

 

PIFA, Conc. H2SO4, 

TFA, EtOH, BF3.OEt2 

Reflux, 10 h 

 
 

Org. Lett., 2014, 

16, 5772. 

38 

  
CH3CN, 60 °C, 12 h  

Angew. Chem., 

Int. Ed., 2015, 54, 

13719. 

39 

 
 

Pd(hfacac)2, MeCN, 3h, rt 

 

Chem. – 

Eur. J., 2017, 23, 9501. 

40 

 

PhI(OAc)2, 

NaCNBH3, 

TFE, 0 °C, rt 

 

Org. Lett. 2018, 20, 

2333. 

41 

 

PhI(OAc)2, Cs2CO3, NaBH4 

MeOH, 0 °C, rt 

 

Org. Lett. 2019, 21, 

3023. 

42 

 

PhI(OAc)2, TFE, rt, 3 h or 

PhI, mCPBA, TFE, rt, 3 h 

 

 

J. Org. Chem., 2018, 83, 

11278. 

43 

 

PhI(OAc)2, Toluene or R-

OH, 

50 °C, 3  h. 

 

J. Org. Chem., 2020, 85, 

7309. 

 

1.4 Synthesis of diarylacetaldehydes  

The diarylacetaldehydes are an important class of intermediate used in various fields, such 

as in medicinal chemistry, in industry and also in natural product syntheses.29 Previously, these 
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aryl acetaldehydes were synthesized by doing the oxidation of the corresponding alcohols (derived 

from terminal olefins) or via hydroformylation. Another important approach for their synthesis 

was the rearrangement of epoxides, diols and the Meinwald rearrangement of halohydrins.30 In 

recent years, hypervalent iodine catalyzed oxidation of olefin leading to the synthesis of mono-

/diarylacetaldehyde has also attracted the attention of synthetic chemists.31  

               One of the earliest methods reported for the synthesis of diphenylacetaldehyde was the 

sulphuric acid mediated rearrangement of diphenylethane-1,2-diol (typically known as 

hydrobenzoin, Zincke, Th. Ber. Dtsch. Chem. Ges. 1876, 9, 1761-1775), diphenylethylenoxides 

(Klages, A. Kessler, J. Ber. Dtsch. Chem. Ges. 1906, 39, 1753-1756) or the direct oxidative 

rearrangement of 1,2-diphenylethylene employing perbenzoic acid (Newbold, G. T.; Spring, F. S. 

J. Chem. Soc. 1945, 247–248). In 1955, the House acid catalyzed rearrangement of the stilbene 

oxide led to diphenyl acetaldehyde (Scheme S3.1).  Next, in 1958, Cope and co-workers reported 

a similar kind of rearrangement of the trans-stilbene oxide S3.1C in the presence of dry lithium 

diethylamide in diethyl ether solvent at -15 °C, leading to diphenylacetaldehyde S3.1E in good 

yield. Following these two inaugural reports, there were several advances documented for these 

rearrangements employing a wide range of Lewis/solid acid catalysts and also bases.   

 

 

Scheme S3.1: Known methods for the synthesis of diphenylacetaldehyde 

 

Coming to the direct conversion of stilbene to diphenylacetaldehyde, in 1984, Bonneti and 

co-workers documented the conversion of aromatic olefins with hypofluorous acid leading to the 

formation of aldehydes. Here, the trans-stilbene S3.1D underwent the flurohydration reaction in 

the presence of hypofluorous acid followed by 1,2 phenyl shift to give the diphenylacetaldehyde 

S3.1E (Andrews, L. E.; Bonneti, R. Tetrahedron Lett. 1984, 41, 781–784). There are a couple of 

reports where the epoxidation of stilbene employed either Mn-Salen complexes or Fe-Porphyrin 
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complexes; in these cases, the formation of diphenylacetaldehyde as a side product has been 

noticed. A similar conversion was documented in 2009 by Sinha and co-workers employing NIS 

in the presence of a cationic surfactant CTAB in DMSO-Water under microwave heating at 115 

°C (Sharma, A.; Sharma, N.; Kumar, R.; Sharma, U.K.; Sinha, A. K.  Chem. Commun., 2009, 

5299–5301). Very recently, Liu and co-workers reported the oxidative iodofunctionalization in the 

presence of I2O5 as the oxidant, lithium iodide as the iodine source in acetone-water condition, 

which unexpectedly resulted in the formation of the diarylacetaldehyde S3.1E compound (via the 

pinacol rearrangement reaction of the in situ formed iodohydrin intermediate) (Yi, W.; Wang, P-

F.; Lu, M.; Liu, Q-Q.; Bai, X.; Chen, K-D.; Zhang, J-W.; Liu, G-Q. ACS Sustainable Chem. Eng. 

2019, 7, 16777−16785).  

 

1.5 Synthesis of hydroxydiarylacetaldehydes 

                There are only a few reports on the synthesis of hydroxydiarylacetaldehydes.  In 1952, 

Weisenborn and Curtin et al. documented the formation of -hydroxydiphenylacetaldehyde S3.2B 

during the epoxidation of the 1,1’-diarylethylenes S3.2A for the first time. In this case, the 

epoxidation reaction was carried out in the presence of perbenzoic acid followed by hydride 

elimination, giving the hydroxydiphenylacetaldehyde as the intermediate (Scheme S3.2). Further, 

the compound S3.2B again oxidized in the presence of perbenzoic acid followed by reduction 

using LiAlH4 to deliver the diol as the final product. 

 

Scheme S3.2: Hydroxydiphenylacetaldehyde formation from peroxide 

(Weisenborn, F. L.; Taub, D. J. Am. Chem. Soc. 1952, 74, 1329-1330) 

 

In 2002, Petit et al. showed a radical pathway for the formation of a -hydroperoxido-

diphenylacetaldehyde compound from the corresponding diol. This diol S3.3A undergoes 

oxidative rearrangement in the presence of BF3.OEt2 to give the diarylacetaldehyde S3.3B. 

Furthermore, in order to get the benzophenone product, the radical reaction occurred and the free 

radical of diarylacetaldehyde S3.3C was formed. This radical seemed to be stable, as there was a 
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conjugation of the two aryl and carbonyl groups which allowed favorable delocalization. So, next 

this radical abstracted one proton from another molecule of diphenylacetaldehyde and then -

hydroperoxido-diphenylacetaldehyde S3.3E was formed. Finally, this hydroperoxide reacted with 

the fluoride ion from TBAF, which resulted in benzophenone S3.3F formation with the elimination 

of a carbonyl carbon (Scheme S3.3).  

Scheme S3.3: Synthesis of hydroxyphenstatin by the radical pathway. 

(Pettit, G. R.; Lippert, J. W.; Herald, D. L. J. Org. Chem. 2000, 65, 7438-7444) 

 

Later, Fry and co-workers studied the anodic conversion of diphenylacetaldehyde S3.4C 

to benzophenone S3.4D in the presence of atmospheric oxygen and discussed two paths. The first 

involved an electrochemical pathway that controlled the potential anodic oxidation of S3.4C and 

was carried out under nitrogen. α-hydroxydiphenylacetaldehyde S3.4B was observed as the 

intermediate, which further converted to benzophenone. The second was the chemical path, which 

involved the direct conversion of 1,1-diphenylethylene S3.4A to benzophenone S3.4D in the 

presence of air where the molecular oxygen or the reagent grade acetonitrile was the source of the 

oxygen atom for benzophenone formation (Scheme S3.4). Overall, the labelling experiments were 

carried out to understand the mechanism and proved that the first diphenylacetaldehyde was 

formed, which further oxidized to give the hydroxydiphenylacetaldehyde intermediate and finally 

after oxidation, resulted in the benzophenone formation with the removal of the carbonyl carbon.  
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Scheme S3.4: Anodic oxidation study of diphenylacetaldehyde 

(Merzel, R. L.; Fry, A. J. J. Electrochem. Soc. 2012, 159 (10), G117-G122) 

 

 

Hence, what one can conclude from the above paragraphs is that the reports for the 

synthesis of hydroxydiarylacetaldehyde are very scarce and most of them were isolated as 

intermediates instead of the main product. Although there are concerns regarding the stability of 

the formed hydroxydiarylacetaldehyde, its utility in natural product synthesis and possible 

derivatization/ring annulation, developing methods for the synthesis of 

hydroxydiarylacetaaldehydes is important. One of the reasons for our entry in this domain was due 

to the need of developing simple methods for the synthesis of the 4,4-diaryl--butenolide core in 

dealing with the synthesis of Sacidumulignans. 

 

1.6-butenolides:  

Lactones are important structural motifs due to their widespread occurrence in many 

natural products with a wide range of biological activities.32 In particular, γ-butyrolactones and 

their unsaturated analogues –butenolides are popular synthetic targets in natural product synthesis 

and also the building blocks for many biologically active compounds (Figure F3.4).33 
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Figure F3.4: Naturally occurring products having the –butenolide or –butyrolactone core. 

 

Due to the presence of a highly versatile functional group, the -butenolide core can 

undergo numerous transformations, which has warranted the development of simple methods for 

the synthesis of these important building blocks. One of the conventional methods for their 

synthesis consists of the cyclization of α-hydroxyl acid to lactones. Recently, there has been a great 

deal of attention on the involvement of transition metals for the preparation of γ,γ-disubstituted 

α,β-unsaturated-γ-lactones,34 as this framework forms part of the structure of the natural bioactive 

compounds. A brief literature collection of their synthesis is presented below.35 

 

1.7 Literature reports for γ,γ-disubstituted α,β-unsaturated-γ- butenolide synthesis: 

In 1980 Stille’s group reported the Palladium(0) catalyzed synthesis of 4,4-disubstituted γ-

butenolides by applying the carbonylation strategy on halo-alcohols. The reaction started with Z-

vinyl iodoalcohol S3.5A which underwent the carbonylation in the presence of Pd(0) catalyst in 

methanol solvent heated at 25-35 °C for 24-72 h to give the γ-butenolides S3.5B in good yield 

(Scheme S3.5). The catalytic cycle starts with the oxidative addition of halide to Pd(0) followed 

by the formation of a palladium-carbon bond by the insertion of the carbon monoxide. Next, an 

alcohol facilitates the reductive elimination. Importantly, in this type of reaction, the presence of 

a base is essential to keep the catalyst active and also to activate the hydroxyl group.   
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Scheme S3.5: Synthesis of γ- butenolides by a Pd(0) catalyst. 

(Cowell, A.; Stille, J. K. J. Am. Chem. Soc. 1980, 102, 4193-4198) 

 

 

Ma and co-workers developed an efficient method for making the γ- butenolides from 

allenoates. Differently substituted allenoates S3.6A reacted with copper bromide at 85 °C in aq. 

ethanol solvent for 12 h to deliver the corresponding γ-bromobutenolides S3.6B in good to 

moderate yields (Scheme S3.6).  

 

Scheme S3.6: CuBr2 mediated synthesis of γ- butenolides. 

(Ma, S.; Wu, S. Tetrahedron Lett. 2001, 42, 4075–4077) 

 

Later, the same group reported the Pd-catalysed  oxidative cyclization and dimerization 

reaction of 2,3-allenoic acids S3.7A  and 1,2-allenyl ketones S3.7B leading to polysubstituted γ-

butenolides S3.7C in good to excellent yields (Scheme S3.7).  

 

Scheme S3.7: Pd catalyzed synthesis of highly functionalized the γ- butenolides 

(Ma, S.; Yu, Z. Angew. Chem. Int. Ed. 2002, 41, 1775-1778) 

 

Very recently, this group documented the carbomagnesiation of 2,3-allenols using a 

Grignard reagent, which further reacted with carbon dioxide to give the functionalized furanones 

(Scheme S3.8). The strategy utilized the reaction of substituted allenols S3.8A with the Grignard 

reagent in the presence of CuCl, leading to carbometallation followed by the reaction with carbon 

dioxide at room temperature at -78 °C to synthesize the γ-butyrolactones S3.8B. Here, the use of 

chiral allenols led to the synthesis of optically active furanones. When the reaction was carried out 

with RMgCl, it provided better yields than the RMgBr reagent. 
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Scheme S3.8: Synthesis of γ-Butyrolactones via carboxylation of 2,3-Allenols. 

(Li, S.; Miao, B.; Yuan, W.; Ma, S. Org. Lett. 2013, 15, 977–979) 

 

Oh and co-workers have explored the possibility of the regioselective Pd-catalyzed 

coupling reaction followed by lactonization in between the hydroxyl carboxylates and 

organoboronic acids (Scheme S3.9). For that purpose, in the first case, they have treated the 

hydroxyl carboxylate compound S3.9A with alkenyl or aryl boronic acid in the presence of 

Pd(OAc)2 catalyst, dppe ligand, and acetic acid. In the second case, they used Pd(OAc)2 as the 

catalyst, (t-Bu)3P as the ligand, and acetic acid.  For both the transformations to occur, different 

solvents were employed depending upon the substrate, such as THF, 1, 4-dioxane, chloroform 

heated in the range of 50-100 °C for 4-24 h, to get a variety of functionalized lactones S3.9B or 

S3.9C in good yields.   

 

Scheme S3.9: Pd catalyzed coupling of organoboronic acids with hydroxy esters. 

(Oh, C. H.; Park, S. J.; Ryu, J. H.; Gupta, A. K. Tetrahedron Lett. 2004, 45 7039–7042) 

 

Buchwald et al. developed the Pd-catalyzed arylation reaction on butenolides using 

different aryl halides to create quaternary centers (Scheme S3.10). In this, the study began with 

the reaction of simple α,γ-unsaturated butyrolactones S3.10A with aryl halide S3.10B in the 

presence of Pd(OAc)2 catalyst, and K2CO3 base in toluene/t-amyl alcohol solvent heated up to 100 

°C for 12 h to afford the arylated α,β-unsaturated butyrolactone S3.10C in good yield. The further 

utility of this method was proven using the synthesis of the tricyclic tetrahydroisoquinolinone core 

using α-angelicalactone as the starting material.   
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Scheme S3.10: Pd- catalyzed synthesis of 5,5 di-substituted butenolides.  

(Hyde, A. M. Buchwald S. L. Org. Lett., 2009, 11, 2663-2666) 

 

Liu et al. have determined the feasibility of the cyclization/oxidative cleavage process of 

the Z-enynols using gold catalysis (Scheme S3.11). In that regard, they have chosen Z-enynols 

S3.11A as the starting substrates that were treated in the presence of AuCl(PPh3)/AgOTf catalyst 

system, where oxygen was bubbled into the reaction mixture containing THF solvent, which 

underwent an easy cleavage of the triple bond at 50 °C in 2-42 h to give butenolides S3.11B as the 

major product in very good yield.  

 

Scheme S3.11: Au-catalyzed synthesis of butenolides.  

(Liu, Y.; Song, F.; Guo, S. J. Am. Chem. Soc. 2006, 128, 11332-11333) 

 

Arcadi et al. reported the sequential Rh-catalyzed addition of the organoboron reagent to hydroxyl 

alkynoates (Scheme S3.12). Aryl boronic acids underwent the addition/lactonization reaction with 

a variety of hydroxyl alkynoates S3.12A in the presence of a rhodium catalyst in dioxane/H2O 

solvent heated up to 100 °C for 1 h to lead to the formation of functionalized furanones S3.12B in 

good yields. Mainly, the substrates containing a tertiary propargylic alcohol group resulted in the 

reversal of the regioselectivity, as the compounds containing the secondary propargylic alcohol 

group were not affected with regard to regioselectivity. [Rh(cod)OH]2 was seen to be the best 

catalyst for this transformation but other additional products were also observed and the use of 

Rh(acac)(C2H4)2/dppf as the catalyst system for this reaction resulted in better selectivity than the 

others.  

 

Scheme S3.12: Rh catalyzed synthesis of furanones. 
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(Alfonsi, M.; Arcadi, A.; Chiarini, M.; Marinelli, F. J. Org. Chem. 2007, 72, 9510-9517) 

 

Egi and Akai et al. reported the silver triflate catalyzed synthesis of multisubstituted α,β-

unsaturated-γ-lactones S3.13B via intramolecular cyclization of phenoxyethynyl diols S3.13A 

using mild conditions. Next, they have also disclosed one other similar kind of cyclization that 

proceeded using an equivalent amount of NBS instead of AgOTf to afford the bromo substituted 

α, β-unsaturated-γ-lactones S3.13C. The reactivity of diverse phenoxyethynyl diols was also 

checked. In all the cases, they observed good results for the compounds they synthesized. Although 

this method required a lengthy means of preparing the starting material the reaction proceeded 

faster with this reaction to deliver the product in the presence of a catalytic amount of AgOTf, in 

comparison to other methods (Scheme S3.13). 

 

Scheme S3.13: Ag-catalyzed synthesis of multisubstituted α, β-unsaturated lactones. 

(Egi, M.; Ota, Y.; Nishimura, Y.; Shimizu, K.; Azechi, K.; Akai, S. Org. Lett., 2013, 15, 4150-4153) 

 

Merco and Carda et al. developed the ring closing metathesis oxidation sequence for the 

synthesis of five and six-membered cyclic lactones from aldehyde and ketones. In this report, first 

the carbonyl compounds S3.14A were subjected to C-allylation using the vinyl magnesium 

bromide S3.14B in dry THF solvent to give allyl carbinols S3.14C in more than 80 % yield. After 

that, O-allylation of allyl carbinols was carried out by reacting with base KH and allyl bromide 

S3.14D in THF solvent, which resulted in the formation of the expected ethers S3.14E. Next, RCM 

was performed using the catalyst A in dry DCM solvent heated up to reflux for 18-24 h to give the 

cyclic ether S3.14F in good yield. Finally, allylic oxidation using chromium trioxide in dry DCM 

at 0 °C in 1 h furnished the final six or five-membered lactones S3.14G in good yield (Scheme 

S3.14).  
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Scheme S3.14: RCM strategy for the synthesis of 6 or 5-membered lactones 

(Marco, J. A.; Carda, M.; Rodrı´guez, S.; Castillob, E.; Kneeteman, M. Tetrahedron 2003, 59, 4085–4101) 

 

Langer et al. have successfully utilized the ring closing metathesis strategy for the synthesis of 

spirocyclic butenolides (Scheme S3.15). Here, first the cyclic ketone S3.15A underwent the 

Grignard reaction with vinyl magnesium bromide to get the alcohol S3.15B in hand. After that, 

the same alcohol was subjected to acrylic acid chloride in order to transform it to esters. Later, 

from the compound S3.15C, the ester and the side alkene functionality underwent ring-closing 

metathesis in the presence of Grubbs 1st generation catalyst with a catalytic amount of Ti(OiPr)4 

in DCM solvent at 35 °C in 48 h afford the formation of spirocyclic butenolides S3.15D in good 

yield.  

  

Scheme S3.15: Spirocyclic butenolides synthesis by using ring closing metathesis  

(Albrechta, U.; Langer, P. Tetrahedron 2007, 63, 4648–4654) 

 

Macmillan and co-workers in 2003 reported the synthesis of γ-butenolides by using first 

the enantioselective organocatalytic Mukaiyama Michael reaction. Silyloxy furan S3.16A 

underwent enantioselective organocatalytic 1,4 addition in the presence of amine salt A (2,4-

dinitrobenzoic acid) in DCM:H2O solvent at -78 °C in 30 h, which resulted in the formation of 

α,β-unsaturated γ-butenolides S3.16C in good yield with excellent ee (Scheme S3.16). 

 

Scheme S3.16: Organocatalyzed addition of silyloxy Furan 

(Brown, S. P.; Goodwin, N. C.; MacMillan, D. W. C. J. Am. Chem. Soc. 2003, 125, 1192-1194) 
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From the above compilation on the synthesis of the 5,5-disubstituted α,β-unsaturated-γ-

butenolide and 5,5-disubstituted γ-butyrolactones motifs, it becomes clear that methods based on 

transition metal-catalysis have dominated this domain and that they require multiple steps for the 

starting material synthesis. Hence, there is a scope for developing the methods for the synthesis of 

the γ-butenolide core without the involvement of transition metals and toxic chemicals. This 

indeed served as one of the starting points of our intention to develop a simple method for the 

synthesis of diarylhydroxyacetaldehydes and extend their utility for the synthesis of the γ-

butenolide core. Our successful endeavor in this regard will be described in the next part.  
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1.8 Present work: 

                   The oxidation/rearrangement/oligomerization of stilbenes is an important 

biochemical transformation that has inspired great innovation and the use of various oxidizing 

agents.9 The direct oxidation of stilbenes resulting in epoxides and/or vicinal diols is well 

established and their acid/base catalyzed rearrangements are well-studied reactions.32,36,37 

There are occasions where the rearrangement of initially formed epoxides/diols has been 

observed during the oxidation of stilbenes.38 In this context, the House rearrangement of 

stilbene oxides leading to diarylacetaldehyde is a well-studied reaction.2,36 In parallel, the 

Meinwald rearrangement of halohydrins or a one-pot halohydrin synthesis and its 

rearrangement has been established as important alternatives for the synthesis of 

diarylacetaldehyde without involving the epoxides.30,31c, 39  The diarylacetaldehydes are known 

to undergo decarbonylation resulting in the corresponding benzophenones under oxidative and 

halogenation conditions.40,24 The possibility of combining all these events i.e. olefin oxidation, 

pinacol rearrangement and/or oxidative decarbonylation is interesting and this has been 

executed very recently for the direct synthesis of carbonyl compounds from styrenes/stilbenes 

(Scheme S3.17).29c, 41 

 

 

Scheme S3.17.  Selected oxidative rearrangement of stilbenes/arylalkenes 

 

In this chapter, we document the direct conversion of stilbenes 24 to -hydroxy 

diarylacetaldehydes 25. The possibility of obtaining -hydroxydiarylacetaldehyde 25 from 

stilbenes was speculated considering a recent report from Fry and coworkers on the anodic 

oxidation of diphenylacetaldehyde leading to benzophenone, which indicated the occurrence 

of-hydroxydiphenylacetaldehyde as an intermediate.42 Earlier, Weisenborn and Curtin have 

documented the isolation of -hydroxydiarylacetaldehydes during the epoxidation of the 1,1’-
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diaryethylenes.43  This option was employed with the idea of developing a general method for 

the synthesis of a 5,5-diaryl--butenolide core,44 where  the Stille-Gennari olefination of a -

hydroxydiarylacetaldehyde 25 and subsequent lactonization was a direct proposition.45 

With this speculation, documented methods for the direct conversion of aryl alkenes to 

carbonyl compounds have been examined. Among these, the reports of Sinha,31 Zhu39c and 

Nama39d groups are interesting. Sinha and co-workers reported the conversion of stilbenes to 

diarylacetaldehydes employing NBS in the presence of a cationic surfactant under microwave 

irradiation.31 The Nama and Zhu groups reported the iodine catalyzed oxidative rearrangement 

of aryl alkenes to -arylketones.39c,39d A close examination of these reports prompted the 

exploration of the NaI and Oxone combination in our pursuit. Initial experiments employing 

simple stilbene as a substrate under Zhu conditions (10 mol% NaI, 2 equiv Oxone in a 5:1 

CH3CN/H2O at rt) gave a mixture of diphenylacetaldehyde 26a (15%), diphenylacetic acid 

(35%) and benzophenone (10%). This prompted us to do a parallel screening of reaction 

conditions by varying the reaction temperature and solvent ratio. Initial experiments with 

temperature variation revealed the formation of the requisite 2-hydroxy-2,2-

diphenylacetaldehyde (25a). For example, when carried out at 80 °C with the same composition 

of the reaction contents, the required hydroxyacetaldehyde 25a was obtained in 35% yield 

along with 46% of diphenyl acetic acid. As shown in Scheme S3.18, changing the solvent 

composition also had some positive effect on the reaction outcome. When the reaction was 

conducted in a 1:1 mixture at rt, the formation of 26a in 42% yield along with 12% 

benzaldehyde was observed. 

 

Scheme S3.18: Selected conditions for the oxidative rearrangement of stilbene 24a. 

 

The best results were obtained when the reaction was conducted at 80 °C in a 1:1 

CH3CN/H2O mixture for 15 h. The starting stilbene was completely consumed and the required 

2,2-diaryl-2-hydroxyacetaldehyde (66%) was obtained as the major product and a mixture of 

benzaldehyde/benzophenone (10%) was also isolated. Under similar conditions, when different 
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iodine sources such as I2, KI, CuI, NIS, NH4I were employed, the required 2,2-diaryl-2-

hydroxyacetaldehyde was obtained in 19–55% yield along with the benzaldehyde and/or 

benzophenone as the minor products (entries 3–7). Furthermore, when NBS was used as the 

halogen source, benzoin was obtained in 40% yield (entry 8). Decreasing or increasing the 

amount of oxone was not encouraging (entries 9 and 10). Further experiments were carried out 

to shift the reaction outcome completely towards the formation of the required product 25a, by 

changing the solvent combination, using additives and by the use of microwave. The results 

were not satisfactory.  

 

Table T3.2.a Optimisation. 

 

Entry Iodine 

Source 

Solvent 

ratio 

Yieldb 

25a 

1 NaI 5:1 35c 

2 NaI 1:1 66 

3 I2 1:1 47 

4 KI 1:1 48 

5 CuI 1:1 42 

6 NIS 1:1 19 

7 NH4I 1:1 55 

8 NBS 1:1 40d 

9 NaIe 1:1 23 

10 NaIf 1:1 48 

11 I2 dioxane:H2O 46 

12 NaI DMSO:H2O NR 

13 NaI MeOH:H2O 2 

14 NaI DME:H2O 5 

15 NaI DMF:H2O 30 

16 NaI acetone:H2O 1 + diketone 

17 NaI+CTAB 1:1 56 

18 NaI+TBAI 1:1 48 

19 NaIg 1:1 28 

aall reactions were carried out on approximately a 0.5 mmol scale, 2 equiv of oxidant and 0.1 

equiv of iodine source, all reagent and substrate additions were done at room temperature (25 

°C), with stirring for the next 15 h at 80 °C; bisolated yields, cdiphenyl acetic acid as the major 

product; dbenzoin as the major product; e1 equiv of oxone; f2.5 equiv of oxone used. greaction 

was carried out in MW at 100 °C. 
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Next, the structure of compound 25a was established with the help of 1H and 13C NMR 

spectral and analytical data. Coming to the 1H NMR spectrum of compound 25a, all the 

aromatic protons resonated at δ 7.3 ppm, with the aldehyde group at δ 9.9 ppm. The OH proton 

appeared as a broad singlet at δ 3.9 ppm. In the 13C NMR spectrum of compound 25a, the 

aliphatic quaternary carbon peak appeared at δ 83.4 ppm as a singlet and also the carbonyl 

aldehyde resonated at δ 198.0 ppm as a doublet. The further HRMS value calculated for 

compound 25a was 235.0730 and the peak was found at 235.0729, which supported the 

constitution of the hydroxyacetaldehyde product 25a.  

 

1.9 Control Experiments: 

 

Having realized the possibility of synthesising 2,2-diphenyl-2-hydroxyacetaldehyde 

directly from stilbene, we next looked at the course of the reaction. The immediate concern 

was the hydroxylation reaction and the role of the Oxone or the by-products resulting after the 

initial oxidation. In order to understand this, we conducted a set of control experiments 

employing freshly prepared diphenylacetaldehyde 26a with the exclusion of the reaction 

components one after the other (Scheme S3.19). 

 

Scheme S3.19: Control experiments. 

 

As shown in Scheme S3.46, when 26a was refluxed under the employed conditions in 

the presence of Oxone and NaI in a mixture of 1:1 acetonitrile/water, benzophenone in 42% 
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yield and diphenylhydroxy acetic acid in 22% yield were isolated. Next, a similar outcome was 

noticed when the reaction was carried out in the absence of NaI. Interestingly, when only 

Oxone was replaced, the requisite hydroxyaldehyde 25a was isolated in 37% yield, along with 

57% benzophenone, indicating that NaI was playing a role in the -hydroxylation. Next, when 

diphenylacetaldehyde 26a was heated in a mixture of 1:1 acetonitrile/water in the absence of 

both Oxone and NaI, the formation of hydroxyaldehyde 25a (6%) and benzophenone (65%) 

was noticed and when water was also removed, the starting 26a was seen to be intact. These 

experiments revealed that the presence of water was essential.  

In addition, a separate experiment was carried out where the solution of 26a in a mixture 

of 1:1 acetonitrile/water was purged with argon for fifteen minutes and heated under argon 

atmosphere under dark in a closed flask covered with silver foil (Scheme S3.20). In this case 

too, complete conversion of the starting diphenyl acetaldehyde was noticed and resulted in the 

isolation of 25a in 6% and benzophenone in 65% yields. Interestingly, when the reaction was 

carried out by adjusting the pH to 5.5 (measured for normal optimized conditions), the yield of 

hydroxy aldehyde was improved to 18%. However, the benzophenone (58%) was the major 

product, indicating that the pH of the reaction medium plays a role on determining the stability 

of the intermediate hydroxyacetaldehyde. As a control, when we replaced the water with 

ethanol as a proton source or in dry acetonitrile, there was no formation of 25a or 

benzophenone. Finally, to examine the possibility of a radical pathway, the reaction was carried 

out in the presence of TEMPO as a radical suppresser. This resulted in the isolation 25a in 5% 

yield and benzophenone in 66% yield.  

 

Scheme S3.20: Control experiments. 
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All these results indicate that the reaction is proceeding via oxidation of 

diphenylacetaldehyde to hydroxyaldehyde; that any external oxidant may not be required for 

the -hydroxylation; 43,46 that the presence of water is important and that it does not follow the 

radical pathway. This is in accordance with earlier reports where water was found to be the 

source of oxygen for the oxidation of diphenylacetaldehyde to hydroxyaldehyde.42a The ready 

deformylation of the hydroxyaldehyde to the benzophenone under neutral conditions and the 

isolation of the hydroxyacetaldehyde in moderate yields when conducted in the presence of 

acidic buffer suggests that the deformylation is pH sensitive. Also, though the role of NaI on 

the -hydroxylation step is not clear, its presence appears to be important. 

Coming to -hydroxylation of 26a, as discussed previously, there are two proposals 

postulated. One is a radical pathway comprising of oxygen abstracting the -hydrogen 

followed by recombination of the carbon centered and peroxide radicals, which would result 

in the -hydroperoxido-diphenylacetaldehyde.41a,29c The other one is an anodic oxidation 

pathway that involves the addition of water to a cationic radical generated after adding an 

electron to the enol of the diphenylacetaldehyde.42 The preliminary results in our case favor 

the second pathway; however, further studies are warranted to understand the course of 

oxidation and are currently in progress. With this information in hand and with help of earlier 

proposals on the iodine-mediated oxidative rearrangements,39 we propose the following 

tentative mechanism (Scheme S3.21). Initially, NaI is oxidized to HOI, which adds to the 

alkene in the presence of water to form the iodohydrin A. Further oxidation of iodine with 

Oxone leads to the unstable hypervalent iodine intermediate B, which undergoes aryl ring 

migration to form the diphenylacetaldehyde 26, which subsequently undergoes oxidation 

leading to the corresponding hydroxyaldehyde 25. 

 

 

Scheme S3.21: Tentative mechanism. 
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Next, the compatibility of various stilbenes under the current conditions has been 

examined. In general, substituted stilbenes having either electron donating or electron 

withdrawing groups on the benzene ring are found to be compatible (Scheme S3.22). However, 

the yields are moderate to good. In all cases, the corresponding cleaved aldehyde(s), and, in 

some cases, the corresponding acid47 and/or benzophenone were obtained as minor products. 

Initially, stilbenes 24b–24h having substituents at the p-position (OMe, Me, iso-propyl, Cl, Br, 

I, NO2 respectively) on one of the aryl rings have been employed. The reactions proceeded 

smoothly and provided the corresponding 2,2-diaryl-2-hydroxyacetaldehydes 25b–25h in 

moderate yields (20–49%) (Scheme S3.22). Coming to the 1H NMR spectrum of compound 

25b, one of the aromatic ring protons resonated at δ 7.38–7.45 ppm as a multiplet of five 

protons and another 1,4-disubstituted aromatic ring resonated at δ 7.29 and 6.95 ppm as a 

doublet of doublet for 4 protons. Next, the characteristic aldehyde proton appeared at δ 9.9 

ppm, the methoxy proton was seen to resonate at δ 3.84 and the hydroxy proton appeared at δ 

4.23 ppm as a singlet. In the 13C NMR spectrum of compound 25b, the aliphatic quaternary 

carbon peak appeared at δ 83.1 ppm and the carbonyl aldehyde resonated at δ 198.0 ppm. 

Furthermore, the HRMS value calculated for compound 25b was 265.0835 and the peak was 

found at 265.0832, thereby providing the additional confirmation to the assigned structure of 

hydroxyacetaldehyde 25b.  

               Next, in the 1H NMR spectrum of compound 25h, the characteristic trans-olefin peak 

disappeared completely and the aldehyde proton resonated at δ 10.01 ppm and the hydroxy 

proton was seen at δ 4.48 ppm as singlets. Next, out of two aryl rings, the protons of one 

aromatic ring appeared at δ 8.26 and 7.63 ppm as a doublet of doublet for four protons and the 

protons of the other aromatic ring resonated at δ 7.35–7.50 and 7.30 ppm as multiplets 

integrating together for five protons. In the 13C NMR spectrum of compound 25h, the carbonyl 

carbon appeared at δ 197.0 ppm and the aliphatic quaternary carbon peak appeared at δ 83.2 

ppm. Furthermore, the HRMS value calculated for compound 25h was 258.0761 and the peak 

was found at 258.0752, providing further support for the assigned structure of the 

hydroxyaldehyde product 25h. 
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Scheme S3.22: Substrate scope of para-substituted stilbenes.   

 

Next, the ortho-substituted stilbene 24i employed for the same reaction conditions and 

the corresponding ortho-substituted hydroxyacetaldehyde 25i were obtained in 35% yield.  

Coming to the 1H NMR spectrum of compound 25i, the aldehyde proton resonated at δ 10.06 

ppm as a singlet and the hydroxy proton was seen as a broad singlet at δ 4.65 ppm. Next, two 

aromatic ring protons appeared in the range of δ 7.38–7.17 ppm as a multiplet. In the 13C NMR 

spectrum, the carbonyl carbon appeared at δ 196.7 ppm with a corresponding fluorine coupling 

constant value of 4JC-F = 5.4 Hz. Then, the quaternary carbon holding the aryl, aldehyde, and 

hydroxy groups resonated at δ 82.1 ppm, along with a fluorine coupling constant value of 4JC–

F = 3.1 Hz. The further HRMS value calculated for compound 25i was 231.0816 and the peak 

was found at 231.0805, providing additional confirmation of the formed hydroxyacetaldehyde 

product 25i. 

 

Scheme S3.23: Substrate scope of ortho-substituted stilbenes.   

 

Similarly, the oxidative rearrangement of unsymmetrical stilbenes 24j–24k having 

different substituents on both aryl rings gave the requisite hydroxyacetaldehydes 25j–25k in 

moderate yields (41–55%; Scheme S3.24).  Coming to the 1H NMR spectrum of compound 

25j, the distinguishing trans-olefin peak disappeared completely and the important aldehyde 

proton resonated at δ 9.91 ppm as a singlet and the hydroxy proton was also seen at δ 3.83 ppm. 

Next, one of the aromatic ring protons appeared at δ 7.38 and 7.27 ppm as a doublet of doublet 

for four protons. Along with this, the other aromatic ring resonated at δ 7.11 and 6.95 ppm as 

a multiplet. In the 13C NMR spectrum, the carbonyl carbon appeared at δ 197.6 ppm and the 
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quaternary peak appeared at δ 82.7 ppm. The fluorine attached quaternary carbon resonated at 

δ 162.6 ppm with the corresponding fluorine coupling constant 1JC–F = 248.0 Hz. The further 

HRMS value calculated for compound 25j was 261.0921 and the peak was found at 261.0914, 

providing the supplementary confirmation to the formed hydroxyacetaldehyde product 25j. 

 

Scheme S3.24: Substrate scope of unsymmetrical stilbenes 

 

Next, we examined a benzyloxy protected stilbene 24l, which gave product 25l in 46% 

yield. The structure of the compound 25l was established with the help of NMR spectral data. 

For example, in the 1H NMR spectrum of compound 25l, the typical aldehyde proton resonated 

at δ 9.87 ppm as a singlet and the hydroxy proton was seen at δ 4.33 ppm as a broad singlet. In 

the 13C NMR spectrum, the carbonyl carbon appeared at δ 197.6 ppm and the quaternary carbon 

resonated at δ 83.4 ppm. Further HRMS value for compound 25l was found at 401.1349, 

providing the supportive confirmation to the formed hydroxyacetaldehyde product 25l. 

 

Scheme S3.25: Oxidative rearrangement of benzyloxy protected stilbene. 

 

However, increase in the number of methoxy groups on the aryl ring of stilbenes 24m–

24o resulted in lower yields of the corresponding α-hydroxydiarylaldehydes 25m–25o in 16–

33% yield. This may be due to increased resonance stabilization, which may favour the 

cleavage of the double bond. Next, the scope of oxidation was further examined employing 

stilbenes 24p and 24q having a naphthalene ring on one side. Here too, the oxidative 

rearrangement was facile and provided the hydroxyaldehydes 25p and 25q in good yields 

(Scheme S3.26).  
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Scheme S3.26: Oxidative rearrangement of the highly substituted/naphthalene substituted 

stilbene. 

Coming to the 1H NMR spectrum of the symmetric diaryl hydroxyacetaldehyde 25o, 

the aromatic ring protons appeared at δ 6.57 ppm as a singlet for four protons. Next, the 

aldehyde proton appeared at δ 9.91 ppm and the hydroxy proton resonated at δ 4.42 ppm as a 

singlet. In the 13C NMR spectrum, the quaternary carbon peak appeared at δ 83.5 ppm and also 

the carbonyl aldehyde was seen to resonate at δ 197.2 ppm. The further HRMS value calculated 

for compound 25o was 449.2170 and the peak found at 449.2166, providing the extra 

confirmation to the formed hydroxyacetaldehyde product 25o.  

                 The stilbene 24r having a tert-butyl group on one side of the aryl ring was also 

compatible under these conditions and gave the corresponding oxidation product 25r (42%). 

Interestingly, the oxidative rearrangement of stilbene 24s having a methyl substitution on 

alkene was also facile and the hydroxyketone 25s was formed in 64% yield (Scheme S3.27). 

The exclusive formation of 25s revealed that the phenyl group was more prone to migration 

over the methyl group. Coming to the 1H NMR spectrum of compound 25s, all the aromatic 

protons resonated at δ 7.28 ppm as a multiplet. The hydroxy proton was seen at δ 4.76 ppm as 

a singlet and the methyl attached to the ketone resonated as a singlet at δ 2.17 ppm. In the 13C 

NMR spectrum, the ketone carbon appeared at δ 208.7 ppm and the quaternary carbon was 

seen to resonate at δ 85.8 ppm as a singlet. The further HRMS value calculated for compound 

25s was 249.0886 and the peak found at 249.0884, providing the supportive confirmation to 

the formed hydroxyacetaldehyde product 25s.  
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Scheme S3.27: Oxidation of tert-butyl and methyl group substituted stilbenes.   

 

Having access to a good number of α-hydroxydiarylacetaldehydes, we proceeded 

further to synthesize γ,γ-diaryl-γ-butenolides employing the Still-Gennari Wittig olefination 

followed by cyclisation. Generally employed methods for their synthesis involve either adding 

the aryl Grignard reagents to lactones/esters or starting with the benzophenones.  These 

methods require multiple steps.44 After screening a couple of conditions reported for cis-Wittig 

olefination,45 the treatment of hydroxyaldehyde 25a with ethyl 2-[bis(2,2,2-

trifluoroethoxy)phosphoryl]acetate in the presence of DBU and LiCl at –78 °C  gave the 

required diaryl-γ-butenolide 27a in very good yields.   

 

Scheme S3.28: Substrate scope of γ,γ-diaryl-γ-butenolides containing a para-substituent. 

The structure of the product obtained was established with the help of NMR and HRMS 

analysis.  For example, in the 1H NMR spectrum of compound 27a, the characteristic cis-olefin 

protons appeared as doublets at δ 7.96 ppm and r at δ 6.20 ppm with a coupling constant of 

5.49 Hz.  In the 13C NMR spectrum, the five-membered ester carbonyl peak resonated at δ 

172.1 ppm and the quaternary carbon holding two aryl groups resonated at δ 92.2 ppm. Later, 

the HRMS value of compound 27a was found 237.0908, thus confirming the assigned 

constitution of the product 27a.   
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Inspired with this initial success, all the earlier synthesised 2,2-diaryl-2-

hydroxyacetaldehydes were subjected for the cis-Wittig olefination followed by cyclization to 

obtain the corresponding lactones in moderate to good yields. It was notable that all the 

diarylhydroxyaldehydes with electron-donating groups, as well as electron-withdrawing 

groups on the benzene ring, gave similar yields. When the para-substituted hydroxy aldehydes 

25b–25h were subjected to this lactonisation conditions, the corresponding lactones 27b–27h 

were obtained in good yields (50–78%) (Scheme S3.28). 

                  Further hydroxy aldehyde 25i holding ortho-substituents have been employed for 

the same reaction conditions to obtain the corresponding ortho-substituted γ–butenolides 27i 

in 71% yield (Scheme S3.29). Coming to the structural characterization, in the 1H NMR 

spectrum of compound 27i, the olefin peaks appeared as doublets, one at δ 8.18 ppm and other 

at δ 6.23 ppm with the coupling constant of δ 5.3 Hz. In the 13C NMR spectrum, the ester 

carbonyl peak resonated at δ 171.7 ppm and the quaternary carbon holding two aryl groups was 

detected at δ 90.0 ppm. Next, the aromatic carbon attached to fluorine atom resonated at δ 159.3 

ppm with the fluorine coupling constant 1JC-F = 247 Hz. The observed HRMS value of 

compound 27i: 255.0815 (calcd. 255.0816) was supportive of the assigned constitution of 27i.  

 

Scheme S3.29: Synthesis of ortho-substituted γ,γ-diaryl-γ-butenolide.  

 

Similarly, the unsymmetrically substituted hydroxy aldehydes 25j & 25k led to the 

synthesis of the lactones 27j and 27k in good yields (66% and 51%). We checked the feasibility 

of having an electron donating group attached to one side of the aromatic ring and electron 

withdrawing groups attached to the other side of the ring and observed good results. (Scheme 

S3.30).  
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Scheme S3.30: Synthesis of unsymmetrically substituted γ,γ-diaryl-γ-butenolide.  

 

Further, highly/naphthalene γ–butenolides (27l–27o) having multiple alkoxy groups on 

the aromatic ring have been successfully prepared in good yields (56–66%) using the 

corresponding aldehydes 25l–25o. Similarly, olefination cum lactonization of the naphthalene 

substituted hydroxy aldehydes 25p and 25q proceeded smoothly to provide the corresponding 

lactones 27p (76%) and 27q (89%) in excellent yields (Scheme S3.31). The structures of all 

the compounds synthesized have been established with the help of spectral and analytical data.  

 

Scheme S3.31: Synthesis of highly/naphthalene substituted γ,γ-diaryl-γ-butenolide.  

 

1.10 Conclusions  

In conclusion, an unprecedented NaI-catalyzed Oxone-mediated oxidative 

rearrangement of stilbenes to 2,2-diaryl-2-hydroxyacetaldehydes has been documented. With 

the help of control experiments, a tentative mechanism postulating the possible oxygen transfer 

from the water to the initial formed diarylacetaldehyde for the final -hydroxylation has been 

proposed. These diarylhydroxyacetaldehydes have been converted to 5,5-diaryl-γ-butenolides 

by employing a two-carbon cis-Wittig reaction and intramolecular lactonization. Currently, 

work in the direction of understanding the mechanism of -hydroxylation is in progress.  
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Experimental Section: All starting stilbenes were prepared according to well–known literature 

procedures.48 

General procedure for the oxidation of stilbenes 24: In general, all reactions were carried out 

employing 100 mg of stilbene 24. 

At rt, a solution of stilbene 24 (100 mg, 0.55 mmol, 1 equiv) in a 1:1 CH3CN:H2O system 

(4 mL) was treated with sodium iodide (8.3 mg, 0.05 mmol, 10 mol %) and stirred for 5 min and 

then Oxone (337 mg, 1.1 mmol, 2 equiv) was added slowly. The resulting suspension was heated 

at 80 °C for 15 h by which time the TLC showed the complete disappearance of the starting 

stilbene. The reaction mixture was concentrated under reduced pressure and partitioned between 

EtOAc (20 ml) and water (10 ml). The organic layer was separated and the aqueous layer was 

extracted with EtOAc (2 x 20 mL). The combined organic layer was washed with Na2S2O8 (3 x 20 

mL), brine (20 mL), dried (Na2SO4) and concentrated under reduced pressure. The resulting crude 

was purified by column chromatography to afford the hydroxyaldehyde 25 along with small 

amounts of side product aldehyde and sometimes the ketone. 

Representative procedure for 5 mmol scale: 

 At rt, a solution of Stilbene 24a (900 mg, 5 mmol) in 1:1 CH3CN:H2O (40 mL), was added 

sodium iodide (75 mg, 0.5 mmol) then stirred for 5 min followed by addition of Oxone (3072 mg, 

10 mmol) was done slowly at 25 °C and the contents were heated at 80 oC for 15 h. Usual workup 

followed by purification by column chromatography afforded compound 25a (699 mg, 66% yield) 

as white solid.  

General Procedure for the preparation of γ,γ-disubstituted α,β-unsaturated-γ-lactones 27: In 

general all reactions were carried out employing 100 mg of hydroxy aldehyde 25. 

To a suspension of anhydrous lithium chloride (2 equiv) in dry THF (5 mL) under a 

nitrogen atmosphere, ethyl [bis(2,2,2-trifluoroethoxy)phosphinyl]acetate (1.5 equiv) was added 

and stirred for 15 min at 25 °C. Then the reaction mixture was cooled to 0 °C and treated with 

DBU (2 equiv) and stirred at the same temperature for additional 30 min. Next, the reaction mixture 

was cooled to –78 °C and a solution of the aldehyde 25 (1 equiv) in THF (5 mL) was added 

dropwise and continued stirring for 3 h. Then the reaction mixture was warmed to 0 °C and 

quenched by adding sat. NH4Cl and concentrated on a rotary evaporator under reduced pressure. 
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The crude was dissolved in ethyl acetate (20 mL) and was washed with H2O (10 mL) followed by 

brine and concentrated. The crude was purified by column chromatography to procure the γ,γ-

disubstituted α,β-unsaturated-γ-lactone product 27. 

2-Hydroxy-2,2-diphenylacetaldehyde (25a). Purified by column chromatography (5% EtOAc in 

petroleum ether,  Rf = 0.5); yield: 78 mg (66%); colorless solid; mp: 55–57 °C (Lit.49 

52–55 °C); IR(neat) max 3477, 2925, 1723, 1491, 1448, 1336, 1176, 962, 794, 754, 

699 cm–1;  1H NMR (400 MHz, CDCl3): δ 9.9 (s, 1H), 7.3 (s, 10H), 3.9 (br. s, 1H) 

ppm; 13C NMR (100 MHz, CDCl3): δ 198.0 (d), 139.3 (s, 2C), 128.8 (d, 4C), 128.5 (d, 2C), 127.4 

(d, 4C), 83.4 (s) ppm; HRMS (ESI) calcd. for C14H12O2Na: 235.0730 [M + Na]+; found 235.0729.  

2-Hydroxy-2-(4-methoxyphenyl)-2-phenylacetaldehyde (25b). Purified by column 

chromatography (5% EtOAc in petroleum ether, Rf = 0.5); yield: 55 mg (48%); 

colorless solid; mp: 72–74 °C (Lit.43b 73–74 °C); IR(neat) max 3477, 2951, 1721, 

1608, 1511, 1448, 1302, 1252, 1173, 102, 964, 831, 751, 701 cm–1; 1H NMR (400 

MHz, CDCl3): δ 10.0 (s, 1H), 7.38–7.45 (m, 5H), 7.29 (d, J = 8.5 Hz, 2H), 6.95 (d, J = 9.2 Hz, 

2H), 4.38 (s, 1H), 3.84 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 198.0 (d), 159.6 (s), 139.3 

(s), 131.3 (s), 128.7 (d, 2C), 128.7 (d, 2C), 128.3 (d), 127.3 (d, 2C), 114.1 (d, 2C), 83.1 (s), 55.2 

(q) ppm; HRMS (ESI) m/z: calcd. for C15H14O3Na: 265.0835 [M + Na]+; found: 265.0832.  

2-Hydroxy-2-phenyl-2-(p-tolyl)acetaldehyde (25c).50 Purified by column chromatography (5% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 49 mg (42%); colorless syrup; IR(neat) 

max 3477, 2921, 1720, 1512, 1448, 1173, 1014, 815, 751, 699 cm–1;  1H NMR 

(400 MHz, CDCl3): δ 9.86 (s, 1H), 7.29 (s, 5H), 7.14 (d, J = 2.4 Hz, 4H), 4.29 (s, 

1H), 2.27 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 198.2 (d), 139.5 (s), 138.4 (s), 136.5 (s), 

129.6 (d, 2C), 128.8 (d, 2C), 128.5 (d), 127.5 (d, 2C), 127.4 (d, 2C), 83.4 (s), 21.2 (q) ppm; HRMS 

(ESI): calcd. for C15H14O2Na: 249.0886 [M+Na]+; found: 249.0883. 

2-Hydroxy-2-(4-isopropylphenyl)-2-phenylacetaldehyde (25d). Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 51 mg (45%); 

colorless solid;; mp: 50–52 °C; IR(neat) max 3482, 2951, 1720, 1509, 1450, 

1338, 1175, 1014, 829, 793, 741, 699 cm–1; 1H NMR (400 MHz, CDCl3): δ 9.88 

(s, 1H), 7.31 (s, 5H), 7.18 (s, 4H), 4.28 (s, 1H), 2.84 (quin, J = 6.9 Hz, 1H), 1.17 (d, J = 6.9 Hz, 
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6H) ppm; 13C NMR (100 MHz, CDCl3): δ 198.1 (s), 149.3 (s), 139.4 (s), 136.7 (s), 128.8 (d, 2C), 

128.4 (d, 2C), 127.4 (d, 3C), 126.9 (d, 2C), 83.3 (s), 33.8 (d), 23.9 (q, 2C) ppm; HRMS (ESI): 

calcd. for C17H18O2Na+: 277.1199 [M+Na]+; found: 277.1196. 

2-chloro-2-(4-chlorophenyl)-2-phenylacetaldehyde (25e).51 Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 55 mg (45%); 

yellow syrup; IR(neat) max 3466, 2922, 1720, 1490, 1400, 1092, 1011, 823, 823, 

792, 758, 698 cm–1;  1H NMR (400 MHz, CDCl3): δ 9.96 (s, 1H), 7.28–7.55 (m, 

9H), 4.41 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 197.5 (d), 139.0 (s), 137.7 (s), 134.6 (s), 

129.0 (d, 2C), 128.9 (d, 2C), 128.8 (d), 128.7 (d, 2C), 127.3 (d, 2C), 83.0 (s) ppm; HRMS (ESI): 

calcd. for C14H10O2Cl:245.0373 [M–H]+; found: 245.0364. 

2-(4-Bromophenyl)-2-hydroxy-2-phenylacetaldehyde (25f). Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 55 mg (49%); 

colorless syrup; IR(neat) max 3451, 2922, 1720, 1487, 1448,1395, 1153, 1072, 

1006, 898, 817, 791, 756, 697, 653 cm–1;   1H NMR (500 MHz, CDCl3): δ 9.98 

(s, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.40–7.46 (m, 3H), 7.35–7.37 (m, 2H), 7.30 (d, J = 8.4 Hz, 2H), 

4.41 (s, 1H) ppm; 13C NMR (125 MHz, CDCl3): δ 197.5 (d), 138.9 (s), 138.3 (s), 132.0 (d, 2C), 

129.1 (d, 2C), 129.0 (d), 128.7 (d, 2C), 127.3 (d, 2C), 122.8 (s), 83.0 (s) ppm; HRMS (ESI): calcd. 

for C14H10O2Br: 288.9871 [M–H]+; found: 288.9859. 

2-Hydroxy-2-(4-iodophenyl)-2-phenylacetaldehyde (25g). Purified by column chromatography 

(5% EtOAc in petroleum ether,  Rf = 0.5); yield: 47 mg (43%); colorless syrup; 

IR(neat) max 3463, 2921, 1721, 1484, 1448, 1392, 1174, 1003, 817, 789, 755, 

699 cm–1;  1H NMR (400 MHz, CDCl3): δ 9.95 (s, 1H) 7.75 (d, J = 7.93 Hz, 2H), 

7.38–7.43 (m, 3H), 7.34 (d, J = 7.32 Hz, 2H), 7.14 (d, J = 8.55 Hz, 2H), 4.40 (s, 1H) ppm; 13C 

NMR (100 MHz, CDCl3): δ 197.6 (d), 139.0 (s), 138.0 (d, 2C), 129.4 (d, 2C), 129.1 (d, 2C), 128.9 

(d), 128.6 (s), 127.5 (d, 2C), 94.8 (s), 83.3 (s) ppm; HRMS (ESI): calcd. for C14H12O2I: 338.9876 

[M+H]+; found: 338.9868. 
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2-Hydroxy-2-(4-nitrophenyl)-2-phenylacetaldehyde (25h). Purified by column 

chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 23 mg (20%); 

yellow syrup; IR(neat) max 3492, 2923, 1720, 1603, 1518, 1345, 1176, 852, 791, 

751, 699 cm–1; 1H NMR (400 MHz, CDCl3): δ 10.01 (s, 1H), 8.26 (d, J = 8.39 Hz, 2H), 7.63 (d, J 

= 9.16 Hz, 2H), 7.35–7.50 (m, 3H), 7.30 (d, J = 6.87 Hz, 2H) 4.48 (s, 1H) ppm; 13C NMR     (100 

MHz, CDCl3): δ 197.0 (d), 147.9 (s), 146.2 (s), 138.8 (s), 129.3 (d, 2C), 129.2 (d, 2C), 128.5 (d, 

2C), 127.3 (d), 124.0 (d, 2C), 83.2 (s) ppm; HRMS (ESI): calcd. for C14H12O4N: 258.0761 [M+H]+; 

found: 258.0752. 

2-(2-Fluorophenyl)-2-hydroxy-2-phenylacetaldehyde (25i). Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 41 mg (35%); 

colorless gum;  IR(neat) max 3492, 2962, 1721, 1485, 1450, 1337, 1175, 962, 

755, 699, 665 cm–1; 1H NMR (400 MHz, CDCl3): δ 10.06 (d, J = 5.49 Hz, 1H), 

7.38–7.49 (m, 7H), 7.20–7.26 (m, 1H), 7.10–7.17 (m, 1H), 4.65 (br. s., 1H) ppm; 13C NMR (100 

MHz, CDCl3): δ 196.7 (dd, 4JC–F = 5.4 Hz), 159.8 (ds, 1JC–F = 246.6 Hz), 137.9 (s), 130.8 (dd, 3JC–

F = 8.5 Hz), 129.9 (dd 4JC–F = 3.9 Hz),  128.8 (d, 2C), 128.6 (d), 127.5 (ds, 2JC–F = 13.9 Hz), 126.9 

(d, 2C), 124.8 (dd, 4JC–F = 3.1 Hz), 115.9 (dd, 2JC–F = 22.4 Hz), 82.1 (ds, 4JC–F = 3.1 Hz) ppm; 

HRMS (ESI): calcd. for C14H12O2F: 231.0816 [M+H]+; found:231.0805. 

2-(4-fluorophenyl)-2-hydroxy-2-(4-methoxyphenyl)acetaldehyde (25j). Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 64 mg (55%); 

colorless syrup; IR(neat) max 3509, 2962, 1719, 1603, 1506, 1302, 1250, 1159, 

1031, 828, 774.5 cm–1; 1H NMR (500 MHz, CDCl3): δ 9.91 (s, 1H), 7.38 (dd, J 

= 8.39, 5.34 Hz, 2H), 7.27 (d, J = 8.77 Hz, 2H), 7.11 (t, J = 8.58 Hz, 2H), 6.95 (d, J = 8.77 Hz, 

2H), 4.43 (s, 1H), 3.83 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 197.6 (d), 162.6 (ds, 1JC–F = 

248.0 Hz), 159.7 (s), 135.2 (s), 131.1 (s), 129.3 (dd, 2C, 3JC–F = 8.6 Hz), 128.6 (d, 2C), 115.6 (dd, 

2C, 2JC–F = 22.0 Hz), 114.2 (d, 2C), 82.7 (s), 55.2 (q) ppm; HRMS (ESI): calcd. for C15H14O3: 

261.0921 [M+H]+; found: 261.0914. 
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2-(4-Bromophenyl)-2-hydroxy-2-(4-methoxyphenyl)acetaldehyde (25k). Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 46 mg (41%); 

colorless syrup; IR(neat) max 3492, 2925, 1719, 1650, 1602, 1510, 1253, 1172, 

1072, 1009, 828, 764 cm–1; 1H NMR (500 MHz, CDCl3): δ 9.81 (s, 1H), 7.46 

(d, J = 8.59 Hz, 2H), 7.03–7.27 (m, 4H), 6.84 (d, J = 8.84 Hz, 2H), 4.27 (s, 1H), 3.74 (s, 3H) ppm; 

13C NMR (125 MHz, CDCl3): δ 197.4 (d), 159.9 (s), 138.4 (s), 131.9 (d, 2C), 131.0 (s), 129.1 (d, 

2C), 128.73 (d, 2C), 122.8 (s), 114.4 (d, 2C), 82.8 (s), 55.4 (q) ppm; HRMS (ESI): calcd. for 

C15H14O3Br: 321.0121 [M+H]+; found: 321.0107. 

2-(4-(benzyloxy)-3,5-dimethoxyphenyl)-2-hydroxy-2-phenylacetaldehyde (25l). Purified by 

column chromatography (10% EtOAc in petroleum ether,  Rf = 0.5); yield: 50 mg 

(46%); colorless solid; mp: 98–100 °C; IR(neat) max 3493, 2952, 1720, 1588, 

1502, 1454, 1414, 1324, 1236, 1125, 981, 737, 699 cm–1;  1H NMR (400 MHz, 

CDCl3): δ 9.87 (s, 1H), 7.18–7.43 (m, 10H), 6.49 (s, 2H), 4.94 (s, 2H), 4.33 (s, 1H), 3.69 (s, 6H) 

ppm; 13C NMR (100 MHz, CDCl3): δ 197.6 (s), 153.8 (s, 2C), 139.2 (s), 137.7 (s), 137.2 (s), 134.5 

(s) 128.9 (d, 2C), 128.6 (d), 128.4 (d, 2C), 128.2 (d, 2C), 127.9 (d), 127.5 (d, 2C), 104.8 (d, 2C), 

83.4 (s), 75.0 (t), 56.2 (q, 2C) ppm; HRMS (ESI): calcd for C23H22O5Na: 401.1359 [M+Na]+; 

found: 401.1349. 

2,2-Bis(3,4-dimethoxyphenyl)-2-hydroxyacetaldehyde (25m). Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 37 mg 

(33%); colorless solid; mp: 132–134 °C;  IR(neat) max 3492, 2958, 1720, 

1592, 1509, 1460, 1413, 1255, 1135, 1021, 864, 811, 759, 645 cm–1; 1H NMR 

(500 MHz, CDCl3): δ 9.89 (s, 1H), 6.92 (d, J = 1.3 Hz, 2H), 6.84–6.90 (m, 

4H), 4.34 (br. s, 1H), 3.89 (s, 6H), 3.83 (s, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 197.5 (d), 

149.4 (s, 2C), 149.2 (s, 2C), 131.7 (s, 2C), 120.1 (d, 2C), 111.0 (d 2C), 110.5 (d, 2C), 83.0 (s), 

56.0 (q, 4C) ppm; HRMS (ESI): calcd. for C18H20O6Na: 335.1152 [M+Na]+; found: 335.1148. 

2-Hydroxy-2,2-bis(3,4,5-trimethoxyphenyl)acetaldehyde (25n). Purified by column 

chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 17 mg 

(16%); yellow syrup; IR(neat) max 3492, 2925, 1720, 1588, 1504, 1456, 

1414, 1324, 1237, 1124, 1003 cm–1; 1H NMR (500 MHz, CDCl3): δ 9.90 
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(s, 1H), 6.59 (s, 4H), 4.39 (s, 1H) 3.87 (s, 6H) 3.83 (s, 12H) ppm; 13C NMR (125 MHz, CDCl3): δ 

197.0 (d), 153.6 (s, 4C), 138.4 (s, 2C), 134.2 (s, 2C), 104.9 (d, 4C), 83.5 (s), 60.9 (s, 2C), 56.3 (s, 

4C) ppm; HRMS (ESI): calcd. for C20H23O8: 391.1387 [M–H]+; found: 391.1384. 

2-Hydroxy-2,2-bis(4-isopropoxy-3,5-dimethoxyphenyl)acetaldehyde (25o). Purified by 

column chromatography (20% EtOAc in petroleum ether,  Rf = 0.5); yield: 

32 mg (30%); yellow syrup; IR(neat) max 3492, 2974, 1719, 1585, 1500, 

1457, 1413, 1322, 1231, 1103, 929, 839, 733, cm–1; 1H NMR (400 MHz, 

CDCl3): δ 9.91 (s, 1H), 6.57 (s, 4H), 4.42 (s, 1H), 4.34–4.41 (hept, 2H), 3.78 (s, 12H), 1.31 (s, 

12H) ppm; 13C NMR (100 MHz, CDCl3): δ 197.2 (d), 154.0 (s, 4C), 136.3 (s, 2C), 133.8 (s, 2C), 

104.8 (d, 4C), 83.5 (s), 75.4 (d, 2C), 56.1 (q, 4C), 22.5 (q, 4C) ppm; HRMS (ESI): calcd. for 

C24H33O8: 449.2170 [M+H]+; found: 449.2166. 

2-Hydroxy-2-(naphthalen-1-yl)-2-phenylacetaldehyde (25p).52 Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 77 mg (68%); 

colorless solid; mp: 92–94 °C; IR(neat) max 3462, 2925, 1717, 1509, 1448, 1345, 

1166, 1059, 947, 776, 745, 700 cm–1; 1H NMR (400 MHz, CDCl3): δ 10.20 (s, 1H), 7.78–8.04 (m, 

3H), 7.14–7.65 (m, 9H), 4.70 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 198.5 (s), 139.3 (s), 

136.6 (s), 135.2 (s), 131.0 (s), 130.0 (d), 129.1 (d, 2C), 128.9 (d), 128.5 (d), 127.0 (d, 2C), 126.7 

(d), 126.2 (d), 125.9 (d), 125.4 (d), 124.6 (d), 84.1 (s) ppm; HRMS (ESI): calcd. for C18H14O2Na: 

285.0886 [M+Na]+; found: 285.0881. 

2-Hydroxy-2-(4-methoxyphenyl)-2-(naphthalen-1-yl)acetaldehyde (25q). Purified by column 

chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 54 mg (46%); 

colorless solid; mp: 128–130 °C; IR(neat) max 3492, 2963, 1716, 1604, 1507, 1507, 

1460, 1301, 1249, 1173, 1104, 1029, 951, 832, 802, 778, 647 cm–1;  1H NMR (400 MHz, CDCl3): 

δ 10.10 (d, J = 1.4 Hz, 1H), 7.94 (d, J = 8.7 Hz, 1H), 7.81–7.89 (m, 2H), 7.38–7.46 (m, 3H), 7.23–

7.33 (m, 3H), 6.88 (d, J = 9.2 Hz, 2H), 4.60 (d, J = 1.4 Hz, 1H), 3.78 (s, 3H) ppm; 13C NMR (100 

MHz, CDCl3): δ 198.1 (s), 159.6 (s), 136.5 (s), 135.0 (s), 131.0 (s), 130.9 (s), 129.9 (d, 1C), 128.8 

(d, 1C), 128.2 (d, 2C), 126.7 (d, 1C), 126.0 (d, 1C), 125.8 (d, 1C), 125.2 (d, 1C), 124.5 (d, 1C), 

114.4 (d, 2C), 83.6 (s), 55.2 (s) ppm; HRMS (ESI): calcd. for C19H17O3: 293.1172 [M+H]+; found: 

293.1159. 
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2-(3,5-Di-tert-butyl-2-methoxyphenyl)-2-hydroxy-2-phenylacetaldehyde (25r). Purified by 

column chromatography (5% EtOAc in petroleum ether,  Rf = 0.5); yield: 42 mg 

(42%); colorless solid; mp: 132–134 °C; IR(neat) max 3492, 2958, 1715, 1475, 

1363, 1229, 1164, 1135, 998, 887, 799, 756, 700 cm–1; 1H NMR (400 MHz, 

CDCl3): δ 10.15 (s, 1H), 7.74–7.94 (m, 7H), 5.20 (s, 1H), 4.08 (s, 3H), 1.94 (s, 9H), 1.63 (s, 9H) 

ppm; 13C NMR (100 MHz, CDCl3): δ 193.7 (s), 155.2 (s), 146.7 (s), 141.9 (s), 139.4 (s), 135.7 (s), 

128.3 (d, 2C), 127.9 (d, 1C), 127.2 (d, 2C), 127.0 (d, 1C), 125.9 (d, 1C), 82.6 (s), 63.4 (q, 1C), 

35.6 (s), 34.5 (s), 31.7 (q, 3C), 31.2 (q, 3C) ppm; HRMS (ESI): calcd. for C23H31O3: 355.2268 

[M+H]+; found: 355.2262. 

1-Hydroxy-1,1-diphenylpropan-2-one (25s). Purified by column chromatography (5% EtOAc in 

petroleum ether,  Rf = 0.5); yield: 75 mg (64%); colorless solid; mp: 64–66 °C (Lit.46 

64–66 °C); IR(neat) max 3462, 2925, 1706, 1492, 1447, 1335, 1157, 1055, 754, 

696 cm–1; cm–1; 1H NMR (400 MHz, CDCl3): δ 7.28 (s, 10H), 4.76 (s, 1H), 2.17 (s, 

3H) ppm; 13C NMR (100 MHz, CDCl3): δ 208.7 (s), 141.4 (s, 2C), 128.5 (d, 4C), 128.3 (d, 4C), 

128.1 (d, 2C), 85.8 (s), 26.3 (q) ppm; HRMS (ESI): calcd. for C15H14O2Na: 249.0886 [M+Na]+; 

found: 249.0884. 

5,5-Diphenylfuran-2(5H)-one (27a). Purified by column chromatography (10% EtOAc in 

petroleum ether,  Rf = 0.5); yield: 69 mg (62%); colorless solid; mp: 134–136°C 

(Lit.44e 133–134 °C); IR(neat) max 2925, 1760, 1449, 1211, 1095, 985, 921, 818, 

759, 697 cm–1; 1H NMR (400 MHz, CDCl3): δ 7.96 (d, J = 5.49 Hz, 1H), 7.30–7.43 (m, 10H), 6.20 

(d, J = 5.49 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.1 (s), 158.8 (d), 139.2 (s, 2C), 128.7 

(d, 4C), 128.6 (d, 2C), 126.6 (d, 4C), 119.7 (d), 92.2 (s) ppm; HRMS (ESI): calcd. for 

[C16H13O2+H]+: 237.0910 [M+H]+; found: 237.0908. 

5-(4-Methoxyphenyl)-5-phenylfuran-2(5H)-one (27b). Purified by column chromatography 

(10% EtOAc in petroleum ether,  Rf = 0.5); yield: 79 mg (72%); colorless solid; 

mp: 118–120 °C (Lit.53 118.6–119.6 °C); IR(neat) max 2951, 1762, 1609, 

1512, 1254, 1179, 1092, 1032, 918, 832, 758, 699 cm–1; 1H NMR (400 MHz, CDCl3): δ 7.91 (d, J 

= 5.49 Hz, 1H), 7.30–7.40 (m, 5H), 7.22 (d, J = 9.16 Hz, 2H),  6.88 (d, J = 9.16 Hz, 2H), 6.18 (d, 

J = 5.49 Hz, 1H), 3.81 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.2 (s), 159.8 (s), 159.0 
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(d), 139.4 (s), 131.3 (s), 128.7 (d, 2C), 128.6 (d), 128.1 (d, 2C), 126.5 (d, 2C), 119.5 (d), 114.0 (d, 

2C), 92.2 (s), 55.3 (q) ppm; HRMS (ESI): calcd. for C17H15O3: 267.1016 [M+H]+; found: 

267.1012. 

5-Phenyl-5-(p-tolyl)furan-2(5H)-one (27c). Purified by column chromatography (10% EtOAc in 

petroleum ether,  Rf = 0.5); yield: 86 mg (78%); colorless solid; mp: 70–72 °C; 

IR(neat) max 2921, 1764, 1211, 1092, 919, 820, 757, 699 cm–1; 1H NMR (400 

MHz, CDCl3): δ 7.93 (d, J = 5.49 Hz, 1H), 7.35 (d, J = 6.71 Hz, 5H), 7.16–7.22 (m, 4H), 6.18 (d, 

J = 5.49 Hz, 1H), 2.36 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.2 (s), 158.9 (d), 139.4 

(s), 138.6 (s), 136.3 (s), 129.4 (d, 2C), 128.7 (d, 2C), 128.6 (d, 2C), 126.8 (d), 126.5 (d, 2C), 119.6 

(d), 92.2 (s), 21.1 (s) ppm; HRMS (ESI): calcd. for C17H15O2: 251.1067 [M+H]+; found: 251.1064. 

5-(4-Isopropylphenyl)-5-phenylfuran-2(5H)-one (27d). Purified by column chromatography 

(10% EtOAc in petroleum ether,  Rf = 0.5); yield: 77 mg (70%); colorless solid; 

mp: 88–90 °C; IR(neat) max 2951, 1766, 1092, 919, 818, 699 cm–1; 1H NMR 

(400 MHz, CDCl3): δ 7.94 (d, J = 5.5 Hz, 1H), 7.33–7.38 (m, 5H), 7.23 (s, 4H), 6.19 (d, J = 5.5 

Hz, 1H), 2.91 (hept, J = 6.9 Hz, 1H), 1.25 (d, J = 6.9 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3): 

δ 172.2 (s), 158.9 (d), 149.5 (s), 139.4 (s), 136.5 (s), 128.7 (d, 2C), 128.5 (d), 126.8 (d, 2C), 126.6 

(d, 2C), 126.5 (d, 2C), 119.5 (d), 92.3 (s), 33.8 (d), 23.8 (q, 2C) ppm; HRMS (ESI): calcd. for 

C19H19O2: 279.1380 [M+H]+; found: 279.1378. 

5-(4-Chlorophenyl)-5-phenylfuran-2(5H)-one (27e). Purified by column chromatography (10% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 55 mg (50%); colorless gum; IR(neat) 

max 2950, 1761, 1491, 1208, 1092, 1055, 985, 915, 815, 761, 697 cm–1; 1H NMR 

(400 MHz, CDCl3): δ 7.92 (d, J = 5.5 Hz, 1H), 7.26–7.40 (m, 9H), 6.23 (d, J = 5.5 Hz, 1H) ppm; 

13C NMR (100 MHz, CDCl3): δ 171.7 (s), 158.3 (d), 138.8 (s), 137.8 (s), 134.8 (s), 128.9 (d, 2C), 

128.9 (d), 128.9 (d, 2C), 128.0 (d, 2C), 126.5 (d, 2C), 120.0 (d), 91.6 (s) ppm; HRMS (ESI): calcd. 

for C16H12O2Cl: 271.0520 [M+H]+; found: 271.0520. 

5-(4-Bromophenyl)-5-phenylfuran-2(5H)-one (27f). Purified by column chromatography (10% 

EtOAc in petroleum ether, Rf = 0.5); yield: 77 mg (71%); colorless solid; mp: 

72–74 °C; IR(neat) max 2925, 1767, 1488, 1209, 1091, 918, 821, 760, 699 cm–

1; 1H NMR (500 MHz, CDCl3): δ 7.91 (d, J = 5.3 Hz, 1H), 7.50 (d, J = 8.8 Hz, 2H), 7.34–7.40 (m, 
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3H), 7.29–7.32 (m, 2H), 7.20 (m, J = 8.8 Hz, 2H), 6.21 (d, J = 5.7 Hz, 1H) ppm; 13C NMR (125 

MHz, CDCl3): δ 171.7 (s), 158.2 (d), 138.7 (s), 138.4 (s), 131.9 (d, 2C), 128.9 (d), 128.8 (d, 2C), 

128.3 (d, 2C), 126.5 (d, 2C), 122.9 (s), 120.0 (d), 91.6 (s) ppm; HRMS (ESI): calcd. for 

C16H12O2Br: 315.0015  [M+H]+; found: 315.0009. 

5-(4-Iodophenyl)-5-phenylfuran-2(5H)-one (27g). Purified by column chromatography (10% 

EtOAc in petroleum ether, Rf = 0.5); yield: 74 mg (69%); colorless solid; mp: 

80–82 °C, IR(neat) max 2951, 1758, 1484, 1393, 1202, 1090, 985, 816, 759, 697 

cm–1; 1H NMR (500 MHz, CDCl3): δ 7.91 (d, J = 5.3 Hz, 1H), 7.70 (d, J = 8.4 Hz, 2H), 7.35–7.39 

(m, 3H), 7.28–7.31 (m, 2H), 7.07 (d, J = 8.4 Hz, 2H), 6.21 (d, J = 5.7 Hz, 1H) ppm; 13C NMR (125 

MHz, CDCl3): δ 171.7 (s), 158.2 (d), 139.1 (s), 138.8 (s), 137.9 (d, 2C), 128.9 (d), 128.9 (d, 2C), 

128.4 (d, 2C), 126.5 (d, 2C), 120.0 (d), 94.67 (s), 91.74 (s) ppm; HRMS (ESI): calcd. for 

C16H12O2I: 362.9876 [M+H]+; found: 362.9879. 

5-(4-Nitrophenyl)-5-phenylfuran-2(5H)-one (27h). Purified by column chromatography (10% 

EtOAc in petroleum ether, Rf = 0.5); yield: 79 mg (72%); colorless gum; IR(neat) 

max 2920, 1759, 1519, 1347, 1207, 1091, 915, 851, 815, 760, 697 cm–1; 1H NMR 

(500 MHz, CDCl3): δ 8.24 (d, J = 9.2 Hz, 2H), 7.97 (d, J = 5.3 Hz, 1H), 7.53–7.57 (d, J = 8.9 Hz, 

2H), 7.38–7.44 (m, 3H), 7.28–7.33 (m, 2H), 6.29 (d, J = 5.3 Hz, 1H) ppm; 13C NMR (125 MHz, 

CDCl3): δ 171.1 (s), 157.4 (d), 147.9 (s), 146.2 (s), 138.2 (s), 129.3 (d), 129.1 (d, 2C), 127.5 (d, 

2C), 126.5 (d, 2C), 124.0 (d, 2C), 120.7 (d), 91.2 (s) ppm; HRMS (ESI): calcd. for C16H12O4N: 

282.0761 [M+H]+; found: 282.0750. 

5-(2-Fluorophenyl)-5-phenylfuran-2(5H)-one (27i). Purified by column chromatography (10% 

EtOAc in petroleum ether,  Rf = 0.5); yield: 78 mg (71%); colorless solid; mp: 120–

122 °C; IR(neat) max 2924, 1761, 1486, 1451, 1219, 1087, 984, 915, 820, 758, 696 

cm–1; 1H NMR (400 MHz, CDCl3): δ 8.18 (dd, J = 5.6, 3.38 Hz, 1H), 7.64–7.71 (m, 1H), 7.33–

7.46 (m, 4H), 7.15–7.33 (m, 3H), 7.08 (dd, J =11.3, 8.3 Hz, 1H), 6.23 (d, J = 5.3 Hz, 1 H) ppm; 

13C NMR (100 MHz, CDCl3): δ 171.7 (s), 159.3 (ds, 1JC-F = 247 Hz), 157.6 (dd, 3JC-F = 6.3 Hz), 

138.3 (s), 130.7 (dd, 3JC-F = 8.5 Hz), 129.0 (d) 128.8 (d, 2C), 127.6 (dd, 4JC-F = 3.1 Hz), 126.8 (ds, 

3JC-F = 12.3 Hz), 126.8 (d, 2C) 124.8 (dd, 4JC-F = 3.1 Hz), 120.1 (d), 116.2 (dd, 2JC-F = 22.4 Hz), 

90.0 (s) ppm; HRMS (ESI): calcd. for C16H12O2F: 255.0816 [M+H]+; found: 255.0815. 
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5-(4-Fluorophenyl)-5-(4-methoxyphenyl)furan-2(5H)-one (27j). Purified by column 

chromatography (10% EtOAc in petroleum ether, Rf = 0.5); yield: 72 mg (66%); 

colorless solid; mp: 96–98 °C; IR(neat) max 2933, 1764, 1606, 1510, 1304, 1232, 

1181, 1086, 1032, 964, 918, 832 cm–1;  1H NMR (400 MHz, CDCl3): δ 7.89 (d, 

J = 6.0 Hz, 1H), 7.30 (dd, J = 9.0, 5.26 Hz, 2H), 7.21 (m, J = 8.3 Hz, 2H), 7.04–7.09 (m, 2H), 6.90 

(m, J = 9.0 Hz, 2 H), 6.20 (d, J = 5.3 Hz, 1H), 3.83 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 

172.0 (s), 163.4 (ds, 1JC-F = 248.9 Hz), 159.9 (s), 158.7 (d), 135.3 (s), 131.0 (s), 128.5 (dd, 3JC-F 

=8.5 Hz, 2C), 128.0 (d, 2C), 119.6 (d), 115.7 (dd, 2JC-F = 21.6, 2C), 114.1 (d, 2C), 91.64 (s), 55.33 

(q) ppm; HRMS (ESI): calcd. for C17H14O3F: 285.0921 [M+H]+; found:285.0918. 

5-(4-Bromophenyl)-5-(4-methoxyphenyl)furan-2(5H)-one (27k). Purified by column 

chromatography (10% EtOAc in petroleum ether, Rf = 0.5); yield: 55 mg (51%); 

colorless solid; mp: 90–92 °C;  IR(neat) max 2930, 1762, 1607, 1511, 1305, 

1253, 1179, 1085, 1031, 982, 919, 823 cm–1; 1H NMR (500 MHz, CDCl3): δ 7.86 

(d, J = 5.7 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.14–7.21 (m, 4H), 6.88 (d, J = 9.2 Hz, 2H), 6.19 (d, 

J = 5.7 Hz, 1H), 3.81 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 171.9 (s), 159.9 (s), 158.4 (d), 

138.5 (s), 131.8 (d), 130.7 (s), 128.2 (d), 128.1 (d), 122.8 (s), 119.8 (d), 114.1 (d), 91.6 (s), 55.3 

(s) ppm; HRMS (ESI): calcd. for C17H14O3: 345.0121 [M+H]+; found: 345.0107. 

5-(4-(Benzyloxy)-3,5-dimethoxyphenyl)-5-phenylfuran-2(5H)-one (27l). Purified by column 

chromatography (10% EtOAc in petroleum ether, Rf = 0.5); yield: 69 mg 

(65%); colorless solid; mp: 124–126 °C; IR(neat) max 2921, 1760, 1589, 1503, 

1453, 1414, 1328, 1214, 1126, 970, 920, 835, 734, 699 cm–1; 1H NMR (500 

MHz, CDCl3): δ 7.91 (d, J = 5.7 Hz, 1H), 7.48 (d,  J = 7.3 Hz, 2H), 7.27–7.41 (m, 8H), 6.51 (s, 

2H), 6.20 (d, J = 5.7 Hz, 1H), 5.01 (s, 2H), 3.77 (s, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 

173.0 (s), 158.7 (d), 153.7 (s, 2C), 139.1 (s), 137.7 (s), 137.3 (s), 134.7 (s), 128.8 (d), 128.7 (d, 

2C), 128.4 (d, 2C), 128.2 (d, 2C), 127.9 (d), 126.6 (d, 2C), 119.7 (d), 104.3 (d, 2C), 90.2 (s), 75.0 

(t), 56.3 (q, 2C) ppm; HRMS (ESI): calcd for C25H23O5: 403.1540 [M+H]+; found: 403.1538. 

5,5-Bis(3,4-dimethoxyphenyl)furan-2(5H)-one (27m). Purified by column chromatography 

(30% EtOAc in petroleum ether, Rf = 0.5); yield: 60 mg (56%); yellow solid; 

mp: 113–115 °C; IR(neat) max 2931, 1762, 1515, 1463, 1414, 1263, 1143, 
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1025, 922, 840, 765 cm–1; 1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 5.5 Hz, 1H), 6.82 (s, 6H), 

6.17 (d, J = 5.5 Hz, 1H), 3.88 (s, 6H), 3.82 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.3 (s), 

159.0 (d), 149.3 (s, 2C), 149.1 (s, 2C), 131.6 (s, 2C), 119.2 (d, 2C), 110.7 (d, 4C), 109.8 (d), 92.1 

(s), 56.0 (q, 4C) ppm; HRMS (ESI): calcd. for C20H21O6: 357.1333 [M+H]+; found: 357.1328. 

5,5-Bis(3,4,5-trimethoxyphenyl)furan-2(5H)-one (27n).  Purified by column chromatography 

(30% EtOAc in petroleum ether, Rf = 0.5); yield: 64 mg (60%); yellow solid; 

mp: 166–168 °C; IR(neat) max 2922, 1766, 1590, 1507, 1459, 1416, 1329, 

1242, 1128, 1004, 830 cm–1; 1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 5.5 

Hz, 1H), 6.51 (s, 4H), 6.20 (d, J = 5.5 Hz, 1H), 3.82 (s, 12H), 3.86 (s, 6H) ppm; 13C NMR (100 

MHz, CDCl3): δ 172.0 (s), 158.6 (d, 2C), 153.3 (s, 4C), 138.4 (s, 2C), 134.4 (s), 119.6 (d), 104.1 

(d, 4C), 92.1 (s), 60.9 (q, 3C), 56.3 (q, 3C) ppm; HRMS (ESI): calcd. for C22H25O8: 417.1544 

[M+H]+; found: 417.1539. 

5,5-Bis(4-isopropoxy-3,5-dimethoxyphenyl)furan-2(5H)-one (27o). Purified by column 

chromatography (30% EtOAc in petroleum ether, Rf = 0.5); yield: 69 mg 

(66%); colorless solid; mp: 160–162 °C; IR(neat) max 2925, 1729, 1587, 

1501, 1459, 1415, 1325, 1236, 1125, 926, 766 cm–1; 1H NMR (400 MHz, 

CDCl3): δ 7.88 (d, J = 6.1 Hz, 1H), 6.49 (s, 4H), 6.20 (d, J = 5.5 Hz, 1H), 4.37 (hept, J = 12.2, 

6.10 Hz, 2H), 3.77 (s, 12H), 1.29 (d, J = 6.1 Hz, 12H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.2 

(s), 158.7 (d), 153.9 (s, 4C), 136.5 (s, 2C), 133.9 (s, 2C), 119.4 (d), 104.2 (d, 4C), 92.3 (s), 75.4 

(d, 2C), 56.2 (q, 4C), 22.43 (q, 4C) ppm; HRMS (ESI): calcd. for C26H33O8: 473.2170 [M+H]+; 

found: 473.2166. 

5-(Naphthalen-1-yl)-5-phenylfuran-2(5H)-one (27p). Purified by column chromatography 

(10% EtOAc in petroleum ether, Rf = 0.5); yield: 97 mg (89%); colorless solid; 

mp: 184–186 °C; IR(neat) max 2925, 1763, 1199, 1089, 969, 924, 778, 699 

cm–1; 1H NMR (400 MHz, CDCl3): δ 8.15 (d, J = 5.5 Hz, 1H), 7.94 (d, J = 7.9 

Hz, 1H), 7.88 (d, J = 8.5 Hz, 2H), 7.68 (d, J = 7.3 Hz, 1H), 7.49–7.55 (m, 1H), 7.44 (t, J = 7.6 Hz, 

1H), 7.24–7.38 (m, 6H), 6.23 (d, J = 5.5 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.1 (s), 

159.5 (d), 139.3 (s), 134.7 (s), 134.6 (s), 130.5 (d), 130.3 (s), 129.0 (d, 2C), 128.8 (d), 128.6 (d), 
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126.4 (d), 126.2 (d), 125.8 (d), 125.7 (d, 2C), 125.2 (d), 124.6 (d), 119.1 (d), 92.9 (s) ppm; HRMS 

(ESI): calcd. for C20H14O2Na: 309.0886 [M+H]+; found: 309.0873. 

5-(4-Methoxyphenyl)-5-(naphthalen-1-yl)furan-2(5H)-one (27q). Purified by column 

chromatography (10% EtOAc in petroleum ether, Rf = 0.5); yield: 82 mg 

(76%); colorless solid; mp: 100–102 °C; IR(neat) max 2921, 1763, 1607, 

1511, 1253, 1178, 1087, 1032, 919, 832, 777 cm–1; 1H NMR (400 MHz, 

CDCl3): δ 8.14 (d, J = 6.0 Hz, 1H), 7.80– 7.98 (m, 3H), 7.70 (d, J = 7.5 Hz, 1H), 7.40–7.54 (m, 

2H), 7.25–7.37 (m, 1H), 7.16 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 9.0 Hz, 2H), 6.21 (d, J = 5.3 Hz, 

1H), 3.78 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 172.2 (s), 159.8 (s), 159.4 (d), 134.8 (s), 

134.6 (s), 131.1 (s), 130.5 (s), 130.2 (d), 128.8 (d), 127.3 (d, 2C), 126.4 (d), 126.2 (d), 125.8 (d), 

125.0 (d), 124.7 (d), 119.1 (d), 114.3 (d, 2C), 92.9 (s), 55.3 (q) ppm; HRMS (ESI): calcd. for 

C21H17O3: 317.1172 [M+H]+; found: 317.1169. 
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In recent years, transition metal catalysed directed C-H activation has become a very popular and a 

useful method to synthesize a large number of aromatic as well as heteroaromatic compounds of 

interest. In this context, the synthesis of molecules that bear suitable directing groups, particularly 

their late stage functionalization (LSF) via C-H activation strategies has become an important tool to 

build focused libraries of organic scaffolds of drug molecules. On the other hand, 2,2-

diarylacetaldehydes represent a highly functionalized core with the potential for various ring 

annulations. Despite this, due to their ready deformylation, the methods for their synthesis are scarce 

and very limited number of reports are present on their utility in organic synthesis. This warrants the 

development of reliable methods for their synthesis and the demonstration of their utility in natural 

product synthesis. One of the simple possibilities in this context is their two carbon Wittig-Gennari 

olefination and intramolecular lactonization leading to a 5,5-diarylbutenolide core – a popular 

synthetic target in natural products synthesis.   

Chapter I includes the directed C–H alkynylation of 2-(hetero)arylquinazolin-4-ones with the 

ethynylbenziodoxolone reagent (TIPS-EBX) employing an Ir(III)-catalyst. Then Chapter II deals 

with the directed C–H alkenylation/alkylation of 2-(1-isopropyl-1H-pyrazol-5-yl)pyridine/ 

functionalization of the Pyrazole unit of GBT 440 scaffold with the alkenes, acrylates, amides, and 

diazocarbonyl compounds using Rh(III)-catalyst. Overall chapter-II deals with the building of 

focused small molecule libraries around the recently launched sickle cell anemia drug Voxelotor 

(GBT 440) employing early and late stage C-H functionalization. In chapter III, we developed one-

pot iodine-catalysed oxone-mediated oxidative rearrangement of stilbenes leading to 2,2-diaryl-2-

hydroxyacetaldehydes. The resulting α-hydroxy aldehydes have been subjected for a one-pot Stille-

Gennari olefination followed by cyclisation leading to 5,5-diaryl-γ-butenolides.  
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Iridium(III)-Catalyzed Alkynylation of 2‑(Hetero)arylquinazolin-4-one
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ABSTRACT: The directed C−H alkynylation of 2-(hetero)arylquinazolin-4-ones has been explored with the
ethynylbenziodoxolone reagent TIPS-EBX employing an Ir(III) catalyst. Complementary conditions for either
monoalkynylation or dialkynylation have been developed. Also demonstrated is the broad scope of this reaction and the
compatibility of various functional groups such as −F, −Cl, −Br, −CF3, −OMe, −NO2, and alkyl, etc.

“Alkyne” is a unique functional group in organic synthesis that
allows the introduction of a wide range of carbon- and/or
heteroatom-centered functional groups that can be easily
transformed into carbo-/heterocycles of varying ring sizes.1

There are several methods based on either functional group
manipulation or cross-coupling reactions to construct or
introduce an alkyne unit. In recent years, there has been
tremendous interest in the catalytic alkynylation of C−H
bonds to avoid prefunctionalization of the reacting substrates.2

Indeed, the direct/directed alkynylation of sp2 C−H bonds is
considered as a reliable alternative to Sonogashira coupling.3,4

The directed alkynylation reactions occupy a special role in
this regard as they are regioselective and can be conducted
even at room temperature.4 A variety of functional groups such
as amine, amide, anilide, imine, ester, carboxylic acid, various
heterocycles, hydroxyl, and ketone groups have been employed
as directing groups for directed C−H bond alkynylations. The
alkyne sources employed in this pursuit include terminal
alkynes,5 haloalkynes,6 borane alkynes,7 and alkynylated
hypervalent iodine reagents.8 There are various inorganic
metal complexes (Pd, Ru, Rh, Ir, Co, etc.) that have been
employed for the different types of C−H bond- activation
processes (sp3, sp2, and sp). Among these, iridium complexes
occupy a special place due to the high reactivity of the Ir(III)
species toward C−H bond cleavage.9 Coming to the Ir(III)-
catalyzed directed alkynylations using EBX-based reagents
(Scheme 1a),9a−g the Jiang, Zeng, Li, and Xie groups reported,
respectively, the carbonyl/carboxylate and pyrimidine-directed
ortho C−H alkynylation of (hetero)aryl rings. The selective
terminal alkynylation of 2-vinylanilines has been reported by
the Nachtsheim group. Li and co-workers, on the other hand,
documented an Ir-catalyzed pyridine-directed alkynylation of
pendant aryls units of N1-aryl-7-azaindole derivatives using
TIPS-EBX. Very recently, Zhao and co-workers reported the

selective ortho-alkynylation of Cbz-protected benzylamines
employing bromoalkynes as the electrophilic alkynylating
agents.
As part of our ongoing program on C−H activation

functionalization at ambient temperatures employing [Ir]
complexes,10 the directed alkynylation of 2-arylquinazolinones
has been undertaken considering the fact that quinazolin-4-one
is a privileged structural unit widely found in natural products
and in some approved/investigational drug candidates.11

Anticancer drugs like erlotinib, gefitinib, and prazosin, which
have been used to cure high blood pressure, anxiety and panic
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Scheme 1. Transition-Metal-Catalyzed Alkynylation
Reactions
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disorder, are representative quinazolin-4-one-based marketed
drugs.
The directed C−H functionalization of the pendant aryl ring

in the 2-arylquinazolin-4-one core has been well explored.12

C−H amination,13 arylation,14 alkenylation,15 and cross-
dehydrogenative coupling16 with acrylates and aceotxylation17

have been documented using [Pd], [Ru], [Rh], and [Cu]
complexes (Scheme 1b). Coming to the reports with [Ir]
complexes, there are very few in this regard. The mono-/bis-
sulfamidation of the aryl ring in 2-arylquinazolin-4-one using
sulfonyl azides was recently reported by Cui and co-workers,
and the reactions were carried out at elevated temperatures.13e

This compilation on C−H functionalization of 2-arylquinazo-
lin-4-ones revealed that the corresponding directed alkynyla-
tion via C−H bond functionalization on these scaffolds is
missing. This prompted us to conduct explorations in this
direction.
In this context, the preliminary experiments were conducted

employing 2-phenylquinazolin-4-one 1a(0.05 mmol) and
TIPS-EBX 2 (0.06 mmol) as substrates and [IrCp*Cl2]2(5
mol %) and AgSbF6 (10 mol %) as the catalyst system.
Initially, different solvents were screened to see the feasibility
of the proposed alkynylation. As shown in Table 1, the reaction
outcome seems to be solvent dependent. When conducted in
CH3CN at rt, the reaction was sluggish and gave mono-
alkynylated quinazolin-4-one 3a(21%) along with dialkyny-
lated quinazolin-4-one 4a (10%) (Table 1, entry 1). The
product yield was improved when we switched to other aprotic
polar solvents such as THF and dioxane. However, both
mono- and dialkynylated products were obtained in varying
proportions (Table 1, entries 2 and 3). Interestingly, when the
reactions were conducted in protic solvents such as methanol,
ethanol, and trifluoroethanol at room temperature (Table 1,
entries 4−8), the dialkynylated product was not observed and
the monoalkynylated product was obtained in varying yields. It
was found that methanol was a good choice of solvent for this
reaction, giving 3a in 89% isolated yield (entry 4). At this
juncture, to check the possibility of carrying out the
dialkynylation exclusively, the reactions were conducted
using 2.5 equiv of TIPS-EBX (with respect to 1a), and
different nonpolar solvents such as toluene, dichloromethane,
and dichloroethane were screened at different temperatures. As
shown in Table 1, the best results were obtained in
dichloroethane at 70 °C, resulting in the dialkynylated product
4a in 94% isolated yield (entry 14). Control experiments
revealed that the presence of the Ir complex is essential and
that under similar conditions the Rh(III) complex performed
poorly (entries 15−17).
Having the complementary conditions for the selective

mono- or dialkynylation in hand, we proceeded to explore the
scope of the current transformations employing diverse 2-
(hetero)arylquinazolin-4-one scaffolds (Scheme 2). Initially,
we examined the scope of substituents on the para-position (F,
Cl, Br, Me, OMe, CF3; respectively 1b−g) and the meta-
position (F, Br, OMe; respectively 1h−j). The selective
mono-/dialkynylation of these substrates 1b−j proceeded
smoothly with 2 under optimized conditions and provided the
corresponding monoalkynylated products 3b−j (73−91%) and
dialkynylated products 4b−j (67−96%) in good to excellent
yields. The catalytic ortho-C−H alkynylation was not affected
by the steric hindrance of another ortho-substitution (1k−m).
Even when methoxy groups were placed at the ortho- and para-

positions, the alkynylation reaction proceeded smoothly and
provided the corresponding product 3n in 89% yield.
Next, we examined the scope of substituents on the aryl ring

of the quinazolin-4-one core by employing the C7-(Me, F, Br
or NO2)-substituted 2-phenylquinazolin-4-ones 1o−r. In all
cases, the mono- and dialkynylation with 2 proceeded
smoothly and provided the corresponding monoalkynylated
products 3o−r (70−82%) and dialkynylated products 4o−r
(79−86%) in very good yields. However, the monoalkynyla-
tion of 6,7-dimethoxy-2-phenylquinazolin-4(3H)-one (1s)
gave the corresponding monoalkynylated product 3s in 62%
yield, along with the dialkynylated product 4s in 14% yield.
The scope of the alkynylation reaction has been further

examined by employing quinazolin-4-ones 1t−z having C2-
naphthyl and heteroaryl substituents. In the case of 2-(1-
naphthyl)quinazolin-4(3H)-one (1t), the alkynylation pro-
ceeded as expected at the C2 of the naphthyl ring and gave the
corresponding product 3t in 84% yield. On the other hand, in
the case of the isomeric 2-(2-naphthyl) quinazolin-4(3H)-one
(1u), the monoalkynylation took place selectively at the C3
position instead of C1, resulting in the product 3u. This site

Table 1. Optimization Studiesa

yieldb (%)

entry
catalyst/
additive solvent

temp (°C)/time
(h) 3a 4a

1 [A]/a CH3CN rt/16 21 10
2 [A]/a THF rt/12 42 8
3 [A]/a dioxane rt/16 44 trace
4 [A]/a MeOH rt/16 89 trace
5 [A]/a EtOH rt/16 52 trace
6 [A]/a HFIP rt/16 36 trace
7 [A]/a TFE rt/16 30 trace
8 [A]/a toluene rt/16 35 12
9 [A]/a DCM rt/16 38 22
10 [B]/a DCE rt/16 27 trace
11 [A]/b DCE rt/16 18 43
12 [A]/a MeOH 70/12 20 53
13 [A]/a DCM 70/12 12 62
14 [A]/a DCE 70/12 − 94
15 [B]/a DCE 70/12 12 40
16 [B]/b DCE 70/12 8 32
17 [B]/b DCE 70/12 trace 28c

18 [A]/b DCE 70/12 8 68
19 [A]/b DCE 70/12 24 38c

aReaction conditions: for entries 1−10, 0.05 mmol of 1a, 0.06 mmol
of 2a, 5 mol % of catalyst, 10 mol % of additive, dry solvent (1.0 mL),
16 h; for entries 12−19, 0.05 mmol of 1a, 0.125 mmol of 2a, 5 mol %
of [IrCp*Cl2]2, 10 mol % of additives, dry solvent (1.0 mL), 12 h.
bIsolated yields. cNaOAc (1.2 equiv) was used.
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selectivity seems to originating from steric hindrance by the
fused aromatic ring. The dialkynylation of 1u is also facile,
giving the 1,3-dialkynylated product 4u in 76% yield. Coming
to the alkynylation of 2-heteroaryl quinazolin-4-ones such as
(2-furanyl, 1v), (2-thiophene-yl, 1w), (3-indolyl, 1x), and (3-
benzothiophene-yl, 1y), under the standard reaction con-
ditions, the alkynylation with 2 proceeded smoothly and gave
the products 3v−y in good yields (70−83%). However, 2-(2-
pyridyl)quinazolin-4-one was found to be intact under these
reaction conditions, suggesting the possible formation of a
stable N,N′-bidentate iridium complex which seems to inhibit
further reactions. Interestingly, when (E)-2-styrylquinazolin-
4(3H)-one (1z) was employed as a substrate, under the
standard reaction conditions, the alkynylation with 2
proceeded selectively at the β-carbon of the styrene and gave
3z in 73% yield. To obtain a substrate for exploring the
synthetic utility, the mono- and dialkynylation of 2-phenyl-
quinazolin-4(3H)-one 1a was carried out on 1 g scale using 5
mol % of the iridium complex. The reactions proceeded
smoothly to afford 3a (1.5 g) and 4a (2.3 g) in 82% and 92%
yields respectively.
The possibility of using R-EBX (R = n-octyl or phenyl) has

been examined under both mono- and dialkylation conditions.
At room temperature, both substrates are intact, and when
heated the R-EBX undergoes an internal redox process

resulting in the 2-oxo-2-(n-octyl or phenyl)ethyl 2-iodoben-
zoate derivatives (see Scheme S1).
Next, the synthetic utility of alkyne 3a (Scheme 3) was

demonstrated by subjecting it to cycloisomerization employing

tetra-n-butylammonium fluoride (TBAF) and sodium hydride
(NaH) in DMF to obtain the complementary 5-exo-dig-and 6-
endo-dig-cyclized products 5a and 5b with simultaneous TIPS
deprotection, respectively, in 84% and 41% yield. On the other
hand, the electrophilic 6-endo-dig bromocyclization of com-
pound 3a with N-bromosuccinimide (NBS) resulted in the

Scheme 2. Ir(III)-Catalyzed C−H Mono-/Dialkynylation of 2-(Hetero)arylquinazolin-4-one Scaffoldsa

aConditions: (a) 82% on 1 g scale; (b) 92% on 1 g scale; (c) 14% of 4s was isolated; (d) 12% of 3i was isolated.

Scheme 3. Synthetic Utility of 3a
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formation of 5c in 88% yield and the one-pot desilylation with
TBAF and [Pd]-catalyzed Sonogashira/hydroamination af-
forded cyclized product 5d in 74% yield.
Next, control experiments have been carried out to

understand the course of the reaction in general and the
complementary mono- vs dialkynylation. Deuterium-labeling
experiments employing CD3OD (10% in the ortho-position of
the phenyl group under heating in DCE and no labeling when
carried out in CD3OD at rt) revealed that the C−H bond
cleavage was a reversible process (see Schemes S3 and S4).
When the reaction was carried out in the presence of 2
(Scheme S5), no deuterium incorporation was observed in the
recovered 1a, indicating that the alkynylation process proceeds
faster than the deuteration. As expected, the competitive
reaction of an equimolar amount of 1h (3-fluorophenyl), 1j (3-
methoxphenyl), and 2 under standard conditions gave 3h in
21% and 3j in 68% isolated yield respectively (1:3.2 ratio),
indicating that electron-rich phenyl groups undergo alkynyla-
tion faster (see Scheme S6).
Based upon the previous reports,18−21 we propose the

following tentative mechanistic pathway (Scheme 4). The

catalytic cycle starts with the formation of the monomeric
IrCp*(SbF6)2 complex upon reaction of the dimeric iridium
complex with AgSbF6. This undergoes a coordinative C−H
insertion with 2-arylquinazolin-4-one 1, resulting in the
cyclometalated Ir(III) complex A.18 There are two possible
pathways proposed for the transfer of the alkyne group from
the TIPS-EBX to the aryl ring. In one path, the involvement of
an intermediate Ir(V) species occurs via the oxidative addition
resulting in the alkynyl-Ir(V) species B, which undergoes a
reductive elimination, generating the key Ir(III)-alkyne
intermediate C (path a).2b,19 In another path, the complex-
ation of the intermediate A with the alkyne unit TIPS-EBX
followed by a regioselective migratory insertion of alkyne
results in the intermediate D which, upon α-elimination of 2-
iodobenzoic acid, results in the iridium vinylidene species
E.20,21b The intermediate E then undergoes a concerted R
group migration followed by elimination, resulting in
intermediate C, a species that is common in both the pathways
a and b. Finally, the alkynylated product 3 and the active

Ir(III) species are generated by the dissociation of alkyne from
C by complexing with 2-arylquinazolin-4-one 1, which
undergoes a C−H insertion to continue the catalytic cycle.
In conclusion, [Ir]-catalyzed ortho-alkynylation of 2-

(hetero)arylquinazolin-4-ones with TIPS-EBX has been
established. In methanol, selective monoalkynylation has
been observed at room temperature. On the other hand, the
dialkynylation could be conducted by switching to 1,2-
dichloroethane as a solvent and conducting the reaction at
70 °C. A wide-range of mono-/dialkynylated quinazolin-4-ones
have been synthesized in good to excellent yields. Considering
the ease of functionalizing the alkyne groups and the
importance of the quinazolin-4-one scaffold in new drug
discovery programs, this late-stage alkynylation provides an
attractive handle to synthesize molecules of therapeutic
interest.

■ EXPERIMENTAL SECTION
General Information. The reactions were carried out in

anhydrous solvents under argon atmosphere in oven-dried glassware.
All anhydrous solvents were distilled prior to use: dichloromethane,
DCE, and CH3CN from CaH2; methanol from Mg cake; THF on
Na/benzophenone. Commercial reagents were used without any
purification. Column chromatography was carried out by using silica
gel (60−120, 100−200, 230−400 mesh). 1H and 13C NMR chemical
shifts are reported in ppm relative to chloroform-d (δ = 7.26) or
TMS, and coupling constants (J) are reported in hertz (Hz). The
following abbreviations have been used to designate signal multi-
plicity: s = singlet, d = doublet, t = triplet, q = quartet, sxt = sextet,
hept = septet, m = multiplet, b = broad. High-resolution mass spectra
(HRMS) were recorded on a Q Exactive Hybrid Quadrupole
Orbitrap mass spectrometer, where the mass analyzer used for
analysis is orbitrap. Melting points were recorded on a digital
microscopic melting apparatus and are uncorrected. Infrared spectra
were recorded on an ATR, and only major peaks are reported in cm−1.
All starting quinazolin-2-ones21a and ethynyl benziodoxolones21b were
prepared according to well−known literature procedures.

General Procedure for Iridium Catalyzed C−H Monoalky-
nylation of Quinazolin-2-ones. To a screw-capped vial with a
spinvane triangular−shaped Teflon stir bar were added aryl
quinqzolinone (0.2 mmol), TIPS-EBX (0.24 mmol), [IrCp*Cl2]2 (5
mol %, 8 mg), AgSbF6 (10 mol %, 7 mg), and methanol (3 mL) under
air. The reaction mixture was stirred at room temperature for 16 h.
After completion, the reaction mixture was diluted with CH2Cl2 and
washed with satd NaHCO3 followed by brine, dried (Na2SO4), and
concentrated under reduced pressure. The resulting crude was
purified by column chromatography (5:1 petroleum ether/EtOAc)
to afford monoalkynylated quinazolin-2-ones 3.

General Procedure for Iridium-Catalyzed C−H Dialkynyla-
tion of Quinazolin-2-ones. To a screw-capped vial with a spinvane
triangular shaped Teflon stir bar were added quinazolin-4-one (0.2
mmol), TIPS-EBX (0.5 mmol), [IrCp*Cl2]2 (5 mol %, 8 mg), AgSbF6
(10 mol %, 7 mg), and 1,2-dichloroethane (3 mL) under air. The
reaction mixture was stirred at 70 °C for 12 h. After completion, the
reaction mixture was diluted with CH2Cl2 and washed with satd
NaHCO3 followed by brine, dried (Na2SO4), and concentrated under
reduced pressure. The resulting crude was purified by column
chromatography (9:1 petroleum ether/EtOAc) to afford dilalkyny-
lated quinazolin-4-ones 4.

2-(2-((Triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one
(3a). The product was obtained as a white solid: yield 72 mg (89%);
Rf 0.5 (5:1 petroleum ether/EtOAc); mp 146−147 °C; IR (neat) νmax
3022, 2944, 2142, 2863, 2150, 1671, 1563, 1368, 1213, 881, 769, 675
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.76 (s, 1H), 8.34−8.23 (m,
2H), 7.84−7.72 (m, 2H), 7.69−7.57 (m, 1H), 7.54−7.45 (m, 3H),
1.38−0.99 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s),
151.2 (s), 149.1 (s), 134.8 (d), 134.5 (d), 133.7 (s), 130.8 (d), 130.0
(d), 129.2 (d), 128.0 (d), 127.0 (d), 126.5 (d), 121.4 (s), 120.6 (s),

Scheme 4. Mechanistic Proposal
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104.1 (s), 100.4 (s), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C25H31N2OSi 403.2200, found 403.2206.
2-(4-Fluoro-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3b). The product was obtained as a white solid: yield 68
mg (81%); Rf 0.4 (5:1 petroleum ether/EtOAc); mp 154−155 °C; IR
(neat) νmax 2944, 2861, 2155, 1655, 1462, 1370, 1223, 876, 768, 637
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.71 (s, 1H), 8.42−8.10 (m,
2H), 7.85−7.71 (m, 2H), 7.59−7.43 (m, 1H), 7.32 (dd, J = 8.7, 2.6
Hz, 1H), 7.22 (ddd, J = 8.9, 7.8, 2.7 Hz, 1H), 1.30−1.06 (m, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 163.6 (ds, 1JC−F = 253.7 Hz),
161.3 (s), 150.3 (s), 149.0 (s), 134.6 (d), 132.6 (dd, 3JC−F= 9.2 Hz),
130.0 (ds, 4JC−F = 2.9 Hz), 128.0 (d), 127.1 (d), 126.5 (d), 122.6 (ds,
3JC−F = 10.1 Hz), 121.3 (s), 121.2 (dd, 2JC−F = 23.6 Hz), 117.1 (dd,
2JC−F = 21.6 Hz), 102.9 (s), 102.1 (s), 18.6 (q, 6C), 11.1 (d, 3C);
HRMS (ESI−TOF) m/z [M + H]+ calcd for C25H30FN2OSi
421.2106, found 421.2110.
2-(4-Chloro-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3c). The product was obtained as a white solid: yield 70
mg (81%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 151−152 °C; IR
(neat) νmax 2948, 2860, 2152, 1670, 1463, 1368, 1228, 860, 732, 660
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.77 (s, 1H), 8.29 (dd, J = 8.2,
3.2 Hz, 2H), 7.79 (d, J = 3.8 Hz, 2H), 7.61 (d, J = 2.0 Hz, 1H), 7.49
(ddd, J = 8.6, 6.5, 2.9 Hz, 2H), 1.35−1.04 (m, 21H); 13C{1H} NMR
(100 MHz, CDCl3) δ 161.3 (s), 150.2 (s), 149.0 (s), 137.0 (s), 134.7
(d), 134.2 (d), 131.9 (s), 131.5 (d), 129.6 (d), 128.0 (d), 127.2 (d),
126.5 (d), 121.9 (s), 121.4 (s), 102.8 (s), 102.3 (s), 18.6 (q, 6C), 11.1
(d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd for
C25H30ClN2OSi 437.1810 found 437.1816.
2-(4-Bromo-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3d). The product was obtained as a white solid: yield 80
mg (84%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 153−154 °C; IR
(neat) νmax 3281, 2938, 2862, 2146, 1691, 1467, 1372, 1213, 880, 727,
634 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.71 (s, 1H), 8.30 (dt, J =
7.9, 1.1 Hz, 1H), 8.23 (d, J = 8.6 Hz, 1H), 7.89−7.74 (m, 3H), 7.64
(dd, J = 8.6, 2.1 Hz, 1H), 7.57−7.41 (m, 1H), 1.26−0.93 (m, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 161.2 (s), 150.2 (s), 149.0 (s),
137.1 (d), 134.7 (d), 132.6 (d), 132.3 (s), 131.5 (d), 128.1 (d), 127.2
(d), 126.5 (d), 125.2 (s), 122.1 (s), 121.4 (s), 102.7 (s), 102.5 (s),
18.6 (q, 6C), 11.1 (d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd
for C25H30BrN2OSi 481.1305, found 481.1312.
2-(4-Methyl-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3e). The product was obtained as a white solid: yield 76
mg (91%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 149−150 °C; IR
(neat) νmax 2944, 2861, 2158, 1680, 1571, 1463, 1369, 1222, 840, 710,
669 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.79 (s, 1H), 8.30 (d, J =
7.7 Hz, 1H), 8.23 (d, J = 8.2 Hz, 1H), 7.86−7.64 (m, 2H), 7.54−7.39
(m, 2H), 7.31 (dd, J = 8.2, 1.0 Hz, 1H), 2.41 (s, 3H), 1.76−0.81 (m,
21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 151.2 (s),
149.2 (s), 141.4 (s), 135.2 (d), 134.5 (d), 130.7 (s), 130.3 (d), 130.0
(d), 128.0 (d), 126.7 (d), 126.5 (d), 121.3 (s), 120.2 (s), 104.5 (s),
100.1 (s), 21.1 (q), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C26H33N2OSi 417.2357, found 417.2362.
2-(4-Methoxy-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3f). The product was obtained as a white solid: yield 72
mg (83%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 150−151 °C; IR
(neat) νmax 2937, 2859, 2143, 1685, 1578, 1460, 1370, 1226, 726, 664
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.81 (s, 1H), 8.32 (d, J = 8.9
Hz, 1H), 8.30−8.26 (m, 1H), 7.79−7.72 (m, 2H), 7.45 (ddd, J = 8.2,
6.0, 2.3 Hz, 1H), 7.09 (d, J = 2.6 Hz, 1H), 7.04 (dd, J = 8.9, 2.7 Hz,
1H), 3.89 (s, 3H), 1.29−1.10 (m, 21H); 13C{1H} NMR (100 MHz,
CDCl3) δ 161.4 (s), 161.3 (s), 150.9 (s), 149.3 (s), 134.46 (d), 132.0
(d), 127.8 (d), 126.6 (d), 126.5 (d), 125.9 (s), 121.6 (s), 121.2 (s),
119.3 (d), 115.8 (d), 104.2 (s), 100.6 (s), 55.6 (q), 18.7 (q, 6C), 11.2
(d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd for C26H33N2O2Si
433.2306, found 433.2310.
2-(4-(Trifluoromethyl)-2-((triisopropylsilyl)ethynyl)phenyl)-

quinazolin-4(3H)-one (3g). The product was obtained as a white
solid: yield 74 mg (77%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp
169−170 °C; IR (neat) νmax 2922, 2862, 2140, 1668, 1564, 1464,
1330, 1120, 899, 774, 660 cm−1; 1H NMR (400 MHz, CDCl3) δ

10.78 (s, 1H), 8.42 (d, J = 8.3 Hz, 1H), 8.31 (d, J = 8.0 Hz, 1H), 7.86
(s, 1H), 7.84−7.77 (m, 2H), 7.74 (dd, J = 8.3, 1.3 Hz, 1H), 7.58−
7.47 (m, 1H), 1.46−0.86 (m, 21H); 13C{1H} NMR (100 MHz,
CDCl3) δ 161.3 (s), 149.9 (s), 148.8 (s), 136.8 (s), 134.8 (d), 133.0
(qs, 2JC−F = 33.8 Hz), 131.43 (qd, 3JC−F = 11.0 Hz), 130.8 (d), 128.2
(d), 127.5 (d), 126.6 (d), 125.6 (qd, 3JC−F = 10.3 Hz), 124.5 (qs,
1JC−F = 273.0 Hz), 121.5 (ds, 4JC−F = 2.9 Hz), 121.5 (s), 107.5 (s),
102.6 (s), 18.6 (q, 6C), 11.1 (d, 3C); HRMS (ESI−TOF) m/z [M +
H]+ calcd for C26H30F3N2OSi 471.2074, found 471.2081.

2-(5-Fluoro-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-
4(3H)-one (3h). The product was obtained as a white solid: yield 62
mg (73%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 136−137 °C; IR
(neat) νmax 3296, 2943, 2862, 2150, 1685, 1554, 1462, 1285, 844, 721,
672 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.86 (s, 1H), 8.30 (d, J =
7.9 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.89−7.71 (m, 2H), 7.57−7.40
(m, 2H), 7.36−7.20 (m, 1H), 1.31−1.02 (m, 21H); 13C{1H} NMR
(100 MHz, CDCl3) δ 164.2 (ds, 1JC−F = 252.7 Hz), 161.4 (s), 150.2
(s), 148.9 (s), 135.5 (s), 134.7 (d), 130.0 (dd, 3JC−F = 8.7 Hz), 128.1
(d), 127.2 (d), 126.5 (d), 125.5 (dd, 4JC−F = 3.4 Hz), 121.4 (s), 117.8
(dd, 2JC−F = 21.8 Hz), 110.0 (ds, 2JC−F = 18.8 Hz), 107.2 (s), 96.5 (s),
18.6 (q, 6C), 11.1 (d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd
for C25H30FN2OSi 421.2106, found 421.2107.

2-(5-Bromo-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-
4(3H)-one (3i). The product was obtained as a white solid: yield 68
mg (71%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 164−165 °C; IR
(neat) νmax 3024, 2939, 2861, 2152, 1665, 1603, 1465, 1291, 878, 767,
658 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.82 (s, 1H), 8.51 (d, J =
2.1 Hz, 1H), 8.31 (d, J = 7.7 Hz, 1H), 7.86−7.75 (m, 2H), 7.61 (dd, J
= 8.3, 2.1 Hz, 1H), 7.54−7.48 (m, 2H), 1.23−1.18 (m, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 161.3 (s), 149.7 (s), 148.9 (s),
136.0 (d), 134.9 (s), 134.7 (d), 133.9 (d), 132.9 (d), 128.6 (d),
127.32 (d), 126.5 (d), 123.6 (s), 121.4 (s), 119.3 (s), 103.2 (s), 102.2
(s), 18.6 (q, 6C), 11.1 (d, 3C); HRMS (ESI−TOF) m/z [M + H]+

calcd for C25H30BrN2OSi 481.1305, found 481.1313.
2-(5-Methoxy-2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3j). The product was obtained as a white solid: yield 64
mg (74%); Rf 0.6 (5:1 petroleum ether/EtOAc); mp 122−123 °C; IR
(neat) νmax 2938, 2862, 2150, 1664, 1591, 1463, 1241, 1025, 877, 773,
668 cm−1; 1H NMR (400 MHz, CDCl3) δ 11.00 (s, 1H), 8.30 (d, J =
7.9 Hz, 1H), 7.84−7.74 (m, 3H), 7.56 (d, J = 8.6 Hz, 1H), 7.48 (t, J =
7.3 Hz, 1H), 7.01 (dd, J = 8.6, 2.5 Hz, 1H), 3.91 (s, 3H), 1.22−1.01
(m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.6 (s), 160.0 (s),
151.1 (s), 149.1 (s), 136.3 (d), 135.1 (s), 134.5 (d), 128.0 (d), 127.0
(d), 126.5 (d), 121.4 (s), 117.8 (d), 114.1 (d), 112.9 (s), 104.2 (s),
98.4 (s), 55.7 (q), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF) m/
z [M + H]+ calcd for C26H33N2O2Si 433.2306, found 433.2311.

2-(2-Fluoro-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-
4(3H)-one (3k). The product was obtained as a white solid: yield 62
mg (76%); Rf 0.4 (5:1 petroleum ether/EtOAc); mp 153−154 °C; IR
(neat) νmax 2941, 2863, 2154, 1665, 1467, 1371, 1221, 871, 761, 648
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.33 (s, 1H), 8.25 (d, J = 8.0
Hz, 1H), 7.91−7.71 (m, 2H), 7.52 (ddd, J = 8.1, 4.8, 3.5 Hz, 1H),
7.47−7.37 (m, 2H), 7.24−7.11 (m, 1H), 0.97−0.74 (m, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 162.3 (s), 159.9 (ds, 1JC−F =
251.2 Hz), 148.9 (s), 147.6 (s), 134.6 (d), 131.7 (dd, 3JC−F = 9.2 Hz),
129.3 (dd, 4JC−F = 3.3 Hz), 128.1 (d), 127.4 (d), 126.4 (d), 125.0 (s),
124.6 (ds, 2JC−F = 16.4 Hz), 121.4 (s), 116.4 (dd, 2JC−F = 21.6 Hz),
102.2 (ds, 4JC−F = 3.8 Hz), 97.9 (s), 18.4 (q, 6C), 11.0 (d, 3C);
HRMS (ESI−TOF) m/z [M + H]+ calcd for C25H30FN2OSi
421.2106, found 421.2107.

2-(2-Chloro-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-
4(3H)-one (3l). The product was obtained as a white solid: yield 64
mg (74%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 184−185 °C; IR
(neat) νmax 2943, 2864, 2153, 1670, 1462, 1379, 1228, 860, 738, 661
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.47 (s, 1H), 8.23 (d, J = 8.1
Hz, 1H), 7.86−7.68 (m, 2H), 7.57−7.48 (m, 2H), 7.46 (dd, J = 8.2,
1.3 Hz, 1H), 7.43−7.34 (m, 1H), 0.87−0.80 (m, 21H); 13C{1H}
NMR (100 MHz, CDCl3) δ 162.6 (s), 150.2 (s), 148.9 (s), 135.6 (s),
134.6 (d), 133.1 (s), 131.4 (d), 130.9 (d), 129.7 (d), 128.1 (d), 127.4
(d), 126.3 (d), 125.2 (s), 121.4 (s), 102.3 (s), 97.8 (s), 18.3 (q, 6C),
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10.9 (d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd for
C25H30ClN2OSi 437.1810 found 437.1814.
2-(2-Bromo-6-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3m). The product was obtained as a white solid: yield 75
mg (78%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 194−195 °C; IR
(neat) νmax 3222, 2940, 2862, 2148, 1666, 1468, 1370, 1220, 882, 730,
636 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.83 (s, 1H), 8.26 (dd, J =
8.4, 4.5 Hz, 1H), 7.79 (d, J = 3.6 Hz, 2H), 7.64 (d, J = 8.1 Hz, 1H),
7.58 (dd, J = 7.8, 1.1 Hz, 1H), 7.55−7.49 (m, 1H), 7.32 (t, J = 8.0 Hz,
1H), 1.04−0.71 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ
161.9 (s), 151.1 (s), 148.8 (s), 137.4 (s), 134.6 (d), 132.8 (d), 131.9
(d), 131.1 (d), 128.1 (d), 127.4 (d), 126.4 (d), 125.2 (s), 121.8 (s),
121.5 (s), 102.2 (s), 98.0 (s), 18.4 (q, 6C), 11.0 (d, 3C); HRMS
(ESI−TOF) m/z [M + H]+ calcd for C25H30BrN2OSi 481.1305,
found 481.1309.
2-(2,4-Dimethoxy-6-((tri isopropylsilyl)ethynyl)phenyl)-

quinazolin-4(3H)-one (3n). The product was obtained as a white
solid: yield 82 mg (89%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp
129−130 °C; IR (neat) νmax 2922, 2860, 2145, 1671, 1596, 1387,
1216, 1021, 861, 734, 643 cm−1; 1H NMR (400 MHz, CDCl3) δ 11.3
(s, 1H), 8.55 (d, J = 7.9 Hz, 1H), 8.20 (s, 1H), 8.11−7.97 (m, 2H),
7.72 (ddd, J = 8.2, 6.7, 1.6 Hz, 1H), 7.51 (s, 1H), 4.29 (s, 3H), 4.23
(s, 3H), 1.58−1.31 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ
161.4 (s), 150.9 (s), 150.7 (s), 150.0 (s), 149.2 (s), 134.5 (d), 127.8
(d), 126.7 (d), 126.6 (s), 126.5 (d), 121.2 (s), 116.2 (d), 113.2 (s),
112.1 (d), 104.5 (s), 99.5 (s), 56.2 (q), 56.2 (q), 18.7 (q, 6C), 11.2
(d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd for C27H35N2O3Si
463.2411, found 463.2419.
7-Methyl-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3o). The product was obtained as a white solid: yield 68
mg (82%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 118−119 °C; IR
(neat) νmax 2935, 2859, 2155, 1655, 1610, 1456, 1216, 880, 791, 666
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.59 (s, 1H), 8.29 (dd, J = 7.4,
1.5 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 7.65 (dd, J = 7.1, 1.6 Hz, 1H),
7.60 (s, 1H), 7.55−7.45 (m, 2H), 7.31 (d, J = 8.1 Hz, 1H), 2.52 (s,
3H), 1.49−0.76 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ
161.2 (s), 151.2 (s), 149.3 (s), 145.5 (s), 134.8 (d), 133.7 (s), 130.68
(d), 130.0 (d), 129.2 (d), 128.5 (d), 127.8 (d), 126.3 (d), 120.5 (s),
119.0 (s), 104.2 (s), 100.5 (s), 21.9 (q), 18.6 (q, 6C), 11.2 (d, 3C);
HRMS (ESI−TOF) m/z [M + H]+ calcd for C26H33N2OSi 417.2357,
found 417.2352.
7-Fluoro-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin4(3H)-

one (3p). The product was obtained as a white solid: yield 63 mg
(75%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 121−122 °C; IR
(neat) νmax 3283, 2944, 2861, 2143, 1687, 1576, 1373, 1285, 879, 765,
676 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.92 (brs, 1H), 8.33−8.17
(m, 2H), 7.69−7.56 (m, 1H), 7.54−7.48 (m, 2H), 7.43 (d, J = 9.7 Hz,
1H), 7.24−7.13 (m, 1H), 1.31−0.84 (m, 21H); 13C{1H} NMR (100
MHz, CDCl3) δ 166.7 (ds, 1JC−F = 254.2 Hz), 160.7 (s), 152.4 (s),
151.3 (ds, 3JC−F = 13.2 Hz), 134.9 (d), 133.3 (ds, 4JC−F = 3.1 Hz),
131.0 (d), 130.0 (d), 129.2 (d), 129.1 (dd, 3JC−F = 11.0 Hz), 120.7
(s), 118.1 (s,), 115.7 (dd, 2JC−F = 23.6 Hz), 113.3 (dd, 2JC−F = 21.8
Hz), 104.1 (s), 100.7 (s), 18.6 (q, 6C), 11.2 (d, 3C); 19F NMR (377
MHz, CDCl3) δ −103.2.; HRMS (ESI−TOF) m/z [M + H]+ calcd
for C25H30FN2OSi 421.2106, found 421.2100.
7-Bromo-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (3q). The product was obtained as a white solid: yield 75
mg (78%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 124−125 °C; IR
(neat) νmax 3308, 2941, 2143, 2864, 1689, 1587, 1462, 1234, 880, 769,
659 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.86 (s, 1H), 8.31 (d, J =
8.1 Hz, 1H), 8.14 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 7.70−
7.62 (m, 1H), 7.58 (dd, J = 8.5, 1.9 Hz, 1H), 7.56−7.45 (m, 2H),
1.56−0.89 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.8 (s),
152.2 (s), 150.1 (s), 135.0 (d), 133.0 (s), 131.1 (d), 130.8 (d), 130.3
(d), 130.1 (d), 129.3 (d), 129.3 (s), 127.9 (d), 120.5 (s), 120.2 (s),
104.1 (s), 101.1 (s), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C25H30BrN2OSi 481.1305, found 481.1298.
7-Nitro-2-(2-((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-

one (3r). The product was obtained as a yellow solid: yield 62 mg
(70%); Rf 0.4 (5:1 petroleum ether/EtOAc); mp 147−148 °C; IR

(neat) νmax 3261, 2933, 2862, 2150, 1702, 1576, 1347, 1228, 880, 731,
676 cm−1; 1H NMR (500 MHz, CDCl3) δ 11.16 (s, 1H), 8.64 (d, J =
2.1 Hz, 1H), 8.46 (d, J = 8.7 Hz, 1H), 8.44−8.39 (m, 1H), 8.24 (dd, J
= 8.7, 2.1 Hz, 1H), 7.73−7.66 (m, 1H), 7.62−7.43 (m, 2H), 1.26−
1.03 (m, 21H); 13C{1H} NMR (125 MHz, CDCl3) δ 160.1 (s), 153.0
(s, 2C), 151.8 (s), 149.7 (s), 135.2 (d), 132.2 (s), 131.6 (d), 130.2
(d), 129.5 (d), 128.4 (d), 125.5 (s), 123.6 (d), 120.5 (d), 104.0 (s),
101.8 (s), 18.6 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF) m/z [M +
H]+ calcd for C25H30N3O3Si 448.2051, found 448.2047.

6,7-Dimethoxy-2-(2-((tri isopropylsilyl)ethynyl)phenyl)-
quinazolin-4(3H)-one (3s). The product was obtained as a white
solid: yield 58 mg (62%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp
129−130 °C; IR (neat) νmax 2942, 2861, 2148, 1656, 1569, 1385,
1269, 1218, 1080, 980, 878, 668 cm−1; 1H NMR (400 MHz, CDCl3)
δ 10.65 (s, 1H), 8.33 (dd, J = 7.6, 1.5 Hz, 1H), 7.70−7.66 (m, 2H),
7.57−7.48 (m, 2H), 7.29 (s, 1H), 4.06 (s, 3H), 4.04 (s, 3H), 1.33−
1.10 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.7 (s), 155.1
(s), 149.9 (s), 149.3 (s), 145.4 (s), 134.9 (d), 133.5 (s), 130.6 (d),
129.7 (d), 129.3 (d), 120.3 (s), 114.7 (s), 108.5 (d), 105.5 (d), 104.3
(s), 100.5 (s), 56.4 (q), 56.3 (q), 18.7 (q, 6C), 11.2 (d, 3C); HRMS
(ESI−TOF) m/z [M + H]+ calcd for C27H35N2O3Si 463.2411, found
463.2408.

2-(2-((Triisopropylsilyl)ethynyl)naphthalen-1yl)quinazolin-
4(3H)-one (3t). The product was obtained as a yellow solid: yield 76
mg (84%); Rf 0.6 (5:1 petroleum ether/EtOAc); mp 202−203 °C; IR
(neat) νmax 2943, 2858, 2142, 1662, 1466, 1371, 1221, 880, 768, 670,
634 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.71 (s, 1H), 8.29 (d, J =
7.5 Hz, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.86 (d, J = 7.5 Hz, 1H), 7.84−
7.79 (m, 2H), 7.76 (d, J = 8.8 Hz, 1H), 7.63 (d, J = 8.5 Hz, 1H),
7.58−7.45 (m, 3H), 1.06−0.78 (m, 21H); 13C{1H} NMR (100 MHz,
CDCl3) δ 162.0 (s), 151.6 (s), 149.0 (s), 134.7 (d), 134.5 (s), 132.9
(s), 130.7 (s), 130.2 (d), 128.7 (d), 128.3 (d), 128.1 (d), 128.0 (d),
127.3 (d), 127.2 (d), 126.4 (d), 124.9 (d), 121.5 (s), 121.0 (s), 103.9
(s), 97.9 (s), 18.4 (q, 6C), 11.0 (d, 3C); HRMS (ESI−TOF) m/z [M
+ H]+ calcd for C29H33N2OSi 453.2357, found 453.2361.

2-(3-((Triisopropylsilyl)ethynyl)naphthalen-2-yl)quinazolin-
4(3H)-one (3u). The product was obtained as a white solid: yield 64
mg (72%); Rf 0.6 (5:1 petroleum ether/EtOAc); mp 194−195 °C; IR
(neat) νmax 2941, 2861, 2148, 1665, 1602, 1462, 1370, 1224, 880, 763,
668, 639 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.76 (s, 1H), 8.73 (s,
1H), 8.31 (d, J = 7.8 Hz, 1H), 8.17 (s, 1H), 7.97 (d, J = 7.1 Hz, 1H),
7.86 (d, J = 7.9 Hz, 2H), 7.83−7.74 (m, 1H), 7.65−7.53 (m, 2H),
7.50 (t, J = 7.4 Hz, 1H), 1.22−1.09 (m, 21H); 13C{1H} NMR (100
MHz, CDCl3) δ 161.5 (s), 151.6 (s), 149.3 (s), 135.3 (d), 134.3 (d),
133.6 (s), 132.5 (s), 130.8 (d), 130.3 (s), 129.0 (d), 128.5 (d), 128.0
(d), 127.9 (d), 127.4 (d), 126.9 (d), 126.5 (d), 121.3 (s), 117.0 (s),
104.5 (s), 99.1 (s), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C29H33N2OSi 453.2357, found 453.2355.

2-(3-((Triisopropylsilyl)ethynyl)furan-2-yl)quinazolin-4(3H)-one
(3v). The product was obtained as a yellow solid: yield 64 mg (83%);
Rf 0.6 (5:1 petroleum ether/EtOAc); mp 148−149 °C; IR (neat) νmax
2924, 2858, 2139, 1655, 1370, 1211, 881, 748, 642 cm−1; 1H NMR
(400 MHz, CDCl3) δ 10.37 (s, 1H), 8.29 (dd, J = 8.0, 1.1 Hz, 1H),
7.84 (dd, J = 8.2, 0.7 Hz, 1H), 7.77 (ddd, J = 8.3, 7.1, 1.6 Hz, 1H),
7.62 (d, J = 1.9 Hz, 1H), 7.48 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H), 6.66 (d,
J = 1.9 Hz, 1H), 1.31−1.13 (m, 21H); 13C{1H} NMR (100 MHz,
CDCl3) δ 160.7 (s), 148.7 (s), 146.7 (s), 145.2 (d), 143.0 (s), 134.8
(d), 128.1 (d), 127.2 (d), 126.7 (d), 121.8 (s), 115.6 (d), 110.4 (s),
103.9 (s), 96.9 (s), 18.8 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C23H29N2O2Si 393.1993, found 393.1995.

2-(3-((Triisopropylsilyl)ethynyl)thiophene-2-yl)quinazolin-4(3H)-
one (3w). The product was obtained as a yellow solid: yield 64 mg
(79%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 136−137 °C; IR
(neat) νmax 2944, 2861, 2141, 1689, 1464, 1348, 1212, 769, 710, 668
cm−1; 1H NMR (400 MHz, CDCl3) δ 11.03 (s, 1H), 8.28 (d, J = 7.9
Hz, 1H), 7.82−7.61 (m, 2H), 7.49−7.41 (m, 2H), 7.18 (d, J = 5.1 Hz,
1H), 1.36−1.12 (m, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ
160.9 (s), 148.9 (s), 146.8 (s), 138.5 (s), 134.6 (d), 132.5 (d), 129.8
(d), 127.6 (d), 126.7 (d), 126.6 (d), 121.6 (s), 121.2 (s), 102.3 (s),
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100.4 (s), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF) m/z [M +
H]+ calcd for C23H29N2OSSi 409.1764, found 409.1765.
2-(2-((Triisopropylsilyl)ethynyl)-1H-indol-3-yl)quinazolin-4(3H)-

one (3x). The product was obtained as a yellow solid: yield 60 mg
(70%); Rf 0.5 (5:1 petroleum ether/EtOAc); mp 209−210 °C; IR
(neat) νmax 3254, 2937, 2862, 2139, 1661, 1584, 1418, 1235, 874, 718,
674 cm−1; 1H NMR (400 MHz, CDCl3) δ 10.52 (brs, 1H), 8.89 (d, J
= 7.4 Hz, 1H), 8.70 (brs, 1H), 8.30 (dd, J = 7.9, 1.1 Hz, 1H), 7.85 (d,
J = 7.6 Hz, 1H), 7.76 (ddd, J = 8.3, 7.1, 1.6 Hz, 1H), 7.43 (ddd, J =
8.1, 7.2, 1.2 Hz, 1H), 7.40−7.31 (m, 3H), 1.36−1.11 (m, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 161.6 (s), 149.9 (s), 148.5 (s),
135.8 (s), 134.4 (d), 127.9 (d), 126.5 (d), 126.0 (d), 125.6 (s), 125.5
(d), 123.9 (d), 122.7 (d), 121.3 (s), 118.4 (s), 113.4 (s), 110.8 (d),
105.9 (s), 96.8 (s), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C27H32N3OSi 442.2309, found 442.2305.
2-(2-((Triisopropylsilyl)ethynyl)benzo[b]thiophene-3-yl)-

quinazolin-4(3H)-one (3y). The product was obtained as a yellow
solid: yield 72 mg (78%); Rf 0.6 (5:1 petroleum ether/EtOAc); mp
170−171 °C; IR (neat) νmax 2930, 2861, 2133, 1664, 1594, 1457, 885,
765, 684, cm−1; 1H NMR (400 MHz, CDCl3) δ 10.49 (s, 1H), 9.00
(d, J = 7.9 Hz, 1H), 8.34 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 8.1 Hz, 1H),
7.83−7.75 (m, 2H), 7.54−7.45 (m, 3H), 1.51−1.06 (m, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 161.2 (s), 149.0 (s), 147.4 (s),
139.2 (s), 136.7 (s), 134.6 (d), 130.1 (s), 128.2 (d), 127.2 (d), 126.8
(d), 126.6 (d), 126.6 (d), 125.9 (d), 124.8 (s), 121.7 (ds, 2C), 108.9
(s), 97.7 (s), 18.7 (q, 6C), 11.2 (d, 3C); HRMS (ESI−TOF) m/z [M
+ H]+ calcd for C27H31N2OSSi 459.1921, found 459.1916.
(Z)-2-(1-Phenyl-4-(triisopropylsilyl)but-1-en-3-yn-2-yl)-

quinazolin-4(3H)-one (3z). The product was obtained as yellow thick
liquid: yield 62 mg (73%); Rf 0.6 (5:1 petroleum ether/EtOAc) IR
(neat) νmax 3308, 2941, 2864, 1689, 1587, 1462, 1234, 880, 769, 659,
cm−1; 1H NMR (500 MHz, CDCl3) δ 11.33 (s, 1H), 8.30 (d, J = 7.9
Hz, 1H), 7.80 (d, J = 8.0 Hz, 2H), 7.79−7.71 (m, 2H), 7.52−7.42 (m,
4H), 7.12 (s, 1H), 1.46−1.09 (m, 21H); 13C{1H} NMR (100 MHz,
CDCl3) δ 161.0 (s), 150.2 (s), 149.2 (s), 136.9 (s), 134.6 (d), 129.9
(d), 129.0 (s), 128.8 (d, 2C), 127.8 (d), 127.4 (d), 127.24 (d), 126.9
(d, 2C), 126.7 (d), 121.8 (s), 109.5 (s), 102.9 (s), 18.7 (q, 6C), 11.2
(d, 3C); HRMS (ESI−TOF) m/z [M + H]+ calcd for C27H33N2OSi
429.2357, found 429.2356.
2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-4(3H)-one

(4a). The product was obtained as a white solid: yield 110 mg (94%);
Rf 0.7 (9:1 petroleum ether/EtOAc); mp 188−189 °C; IR (neat) νmax
2943, 2862, 2148, 1666, 1459, 1370, 1224, 880, 669 cm−1;1H NMR
(400 MHz, CDCl3) δ 9.00 (s, 1H), 8.28 (d, J = 7.9 Hz, 1H), 7.75 (dd,
J = 4.6, 1.2 Hz, 2H), 7.58−7.54 (m, 2H), 7.52−7.48 (m, 1H), 7.40
(dd, J = 8.3, 7.4 Hz, 1H), 0.86 (s, 42H); 13C{1H} NMR (100 MHz,
CDCl3) δ 161.4 (s), 151.2 (s), 148.9 (s), 138.9 (s), 134.4 (d), 132.7
(d, 2C), 129.8 (d), 128.1 (d), 127.1 (d), 126.2 (d), 123.3 (s, 2C),
121.6 (s), 102.6 (s, 2C), 97.2 (s, 2C), 18.3 (q, 12C),11.0 (d, 6C);
HRMS (ESI−TOF) m/z [M + H]+ calcd for C36H51N2OSi2
583.3534, found 583.3543.
2-(4-Fluoro-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (4b). The product was obtained as a white solid: yield 100
mg (83%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 168−169 °C. IR
(neat) νmax 2942, 2863, 2149, 1668, 1464, 1369, 1223, 996, 878, 662
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.26 (s, 1H), 8.27 (d, J = 7.7
Hz, 1H), 7.88−7.65 (m, 2H), 7.52−7.48 (m, 1H), 7.26 (d, J = 8.6 Hz,
2H), 0.85 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 162.4 (ds,
1JC−F = 251.7 Hz), 161.6 (s), 150.5 (s), 148.9 (s), 135.5 (ds, 4JC−F =
3.4 Hz), 134.4 (d), 128.1 (d), 127.3 (d), 126.2 (d), 125.4 (ds, 3JC−F =
10.9 Hz, 2C), 121.6 (s), 119.7 (dd, 2JC−F = 23.3 Hz, 2C), 101.5 (ds,
4JC−F = 3.0 Hz, 2C), 98.7 (s, 2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS
(ESI−TOF) m/z [M + H]+ calcd for C36H50FN2OSi2 601.3440,
found 601.3449.
2-(4-Chloro-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (4c). The product was obtained as a white solid: yield 100
mg (81%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 185−186 °C; IR
(neat) νmax 2942, 2863, 2152, 1664, 1498, 1369, 1212, 999, 772, 662
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.10 (s, 1H), 8.27 (d, J = 7.7
Hz, 1H), 7.82−7.71 (m, 2H), 7.54 (s, 2H), 7.53−7.48 (m, 1H), 0.86

(s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 150.3 (s),
148.8 (s), 137.2 (s), 135.8 (s), 134.4 (d), 132.4 (d, 2C), 128.1 (d),
127.3 (d), 126.2 (d), 124.8 (s, 2C), 121.6 (s), 101.3 (s, 2C), 98.9 (s,
2C), 18.3 (q, 12 C), 10.9 (d, 6C); HRMS (ESI−TOF) m/z [M + H]+

calcd for C36H50ClN2OSi2617.3145, found 617.3153.
2-(4-Bromo-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (4d). The product was obtained as a white solid: yield 110
mg (83%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 181−182 °C; IR
(neat) νmax 2942, 2862, 2152, 1667, 1464, 1369, 1213, 939, 773, 670
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.09 (s, 1H), 8.27 (d, J = 7.8
Hz, 1H), 7.79−7.72 (m, 2H), 7.69 (s, 2H), 7.53−7.49 (m, 1H), 0.86
(s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 150.4 (s),
148.8 (s), 137.7 (s), 135.2 (d, 2C), 134.5 (d), 128.1(d), 127.3 (d),
126.2 (d), 124.9 (s, 2C), 123.6 (s), 121.6 (s), 101.2 (s, 2C), 99.1 (s,
2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI−TOF) m/z [M + H]+

calcd for C36H50BrN2OSi2661.2640, found 661.2643.
2-(4-Methyl-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (4e). The product was obtained as a white solid: yield 114
mg (96%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 190−191 °C. IR
(neat) νmax 2970, 2862, 2144, 1668, 1438, 1369, 1212, 901, 653 cm

−1;
1H NMR (400 MHz, CDCl3) δ 8.98 (s, 1H), 8.27 (d, J = 7.8 Hz, 1H),
7.74 (d, J = 3.8 Hz, 2H), 7.48 (m, 1H), 7.37 (s, 2H), 2.37 (s, 3H),
0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.8 (s), 151.2
(s), 148.9 (s), 140.1 (s), 136.2 (s), 134.3 (d), 133.3 (d, 2C), 128.1
(d), 127.0 (d), 126.1 (d), 123.0 (s, 2C), 121.6 (s), 102.8 (s, 2C), 96.5
(s, 2C), 20.93 (q), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C37H53N2OSi2 597.3691, found 597.3702.

2-(4-Methoxy-2,6-bis((triisopropylsilyl)ethynyl)phenyl)-
quinazolin-4(3H)-one (4f). The product was obtained as a white
solid: yield 116 mg (95%); Rf 0.8 (9:1 petroleum ether/EtOAc); mp
183−184 °C; IR (neat) νmax 2940, 2862, 2144, 1669, 1496, 1369,
1222, 880, 670 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.09 (s, 1H),
8.27 (d, J = 7.9 Hz, 1H), 7.74 (dd, J = 4.6, 1.0 Hz, 2H), 7.54−7.40
(m, 1H), 7.05 (s, 2H), 3.86 (s, 3H), 0.86 (s, 42H); 13C{1H} NMR
(100 MHz, CDCl3) δ 161.6 (s), 160.1 (s), 151.1 (s), 149.0 (s), 134.3
(d), 131.9 (s), 128.1 (d), 127.0 (d), 126.1 (d), 124.5 (s, 2C), 121.5
(s), 118.3 (d, 2C), 102.7 (s, 2C), 96.8 (s, 2C), 55.8 (q), 18.3 (q,
12C), 10.9 (d, 6C); HRMS (ESI−TOF) m/z [M + H]+ calcd for
C37H53N2O2Si2 613.3640, found 613.3649.

2-(4-(Trifluoromethyl)-2,6-bis((triisopropylsilyl)ethynyl)phenyl)-
quinazolin-4(3H)-one (4g). The product was obtained as a white
solid: yield 114 mg (88%); Rf 0.8 (9:1 petroleum ether/EtOAc); mp
186−187 °C; IR (neat) νmax 2942, 2860, 2156, 1670, 1496, 1373,
1232, 950, 880, 674 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.44 (s,
1H), 8.26 (d, J = 7.9 Hz, 1H), 8.10−7.63 (m, 4H), 7.53−7.49 (m,
1H), 0.86 (s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.5 (s),
150.1 (s), 148.8 (s), 141.7 (s), 134.5 (d), 132.5 (qs, 2JC−F = 33.3 Hz),
129.0 (qd, 3JC−F = 3.6 Hz, 2C), 128.1 (d), 127.4 (d), 126.2 (d), 124.5
(s, 2C), 122.9 (qs, 1JC−F = 273.2 Hz), 121.7 (s), 101.2 (s, 2C), 99.6
(s, 2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI−TOF) m/z [M +
H]+ calcd for C37H50F3N2OSi2651.3408, found 651.3420.

2-(3-Fluoro-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-
4(3H)-one (4h). The product was obtained as a white solid: yield 91
mg (76%); Rf 0.6 (9:1 petroleum ether/EtOAc); mp 178−179 °C; IR
(neat) νmax 2933, 2861, 2140, 1667, 1463, 1370, 1226, 881, 773, 674
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.14 (s, 1H), 8.29 (d, J = 7.9
Hz, 1H), 7.81−7.68 (m, 2H), 7.56−7.48 (m, 2H), 7.18 (t, J = 8.5 Hz,
1H), 0.87 (d, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 163.9 (ds,
1JC−F = 257.4 Hz), 161.4 (s), 149.9 (s), 148.8 (s), 140.6 (s), 134.5
(d), 134.1 (dd, 3JC−F = 8.4 Hz), 128.2 (d), 127.4 (d), 126.2 (d), 121.6
(s), 119.3 (ds, 4JC−F = 4.0 Hz), 117.4 (dd, 2JC−F = 21.9 Hz), 112.7
(ds, 2JC−F = 18.49 Hz), 103.6 (s), 101.7 (s), 96.8 (s), 95.5 (s), 18.3
(dq, 4JC−F = 2.6 Hz, 12C), 11.0 (dd, 4JC−F = 4.6 Hz, 6C)19F NMR
(376 MHz, CDCl3) δ −105.4.; HRMS (ESI−TOF) m/z [M + H]+

calcd for C36H50FN2OSi2 601.3440, found 601.3452.
2-(3-Bromo-2,6-bis((triisopropylsilyl)ethynyl)phenyl)quinazolin-

4(3H)-one (4i). The product was obtained as a white solid: yield 88
mg (67%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 184−185 °C; IR
(neat) νmax 2940, 2863, 2148, 1681, 1463, 1371, 1209, 991, 879, 669
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.12 (s, 1H), 8.27 (d, J = 7.5
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Hz, 1H), 7.78−7.72 (m, 2H), 7.68 (d, J = 8.6 Hz, 1H), 7.51 (ddd, J =
8.2, 6.1, 2.2 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 0.91−0.74 (m, 42H);
13C{1H} NMR (100 MHz, CDCl3) δ 161.5 (s), 150.7 (s), 148.9 (s),
140.5 (s), 134.5 (d), 134.0 (d), 132.9 (d), 128.2 (d), 127.4 (d), 126.3
(d), 122.3 (s), 121.8 (s), 103.5 (s), 101.8 (s), 100.9 (s, 2C), 98.5 (s,
2C), 18.4 (q, 6C), 18.3 (q, 6C), 11.0 (d, 6C); HRMS (ESI−TOF)
m/z [M + H]+ calcd for C36H50BrN2OSi2661.2640, found 661.2640.
2-(3-Methoxy-2,6-bis((triisopropylsilyl)ethynyl)phenyl)-

quinazolin-4(3H)-one (4j). The product was obtained as a white
solid: yield 86 mg (74%); Rf 0.8 (9:1 petroleum ether/EtOAc); mp
169−170 °C; IR (neat) νmax 2942, 2863, 2133, 1669, 1496, 1370,
1232, 880, 670 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.93 (s, 1H),
8.27 (d, J = 7.9 Hz, 1H), 7.76−7.73 (m, 2H), 7.61−7.35 (m, 2H),
6.94 (d, J = 8.7 Hz, 1H), 3.91 (s, 3H), 0.86 (s, 21H), 0.84 (s, 21H);
13C{1H} NMR (100 MHz, CDCl3) δ 161.4 (s), 160.9 (s), 151.0 (s),
149.0 (s), 140.4 (s), 134.3 (d), 134.0 (d), 128.1 (d), 127.1 (d), 126.1
(d), 121.6 (s), 115.1 (s), 113.1 (s), 112.3 (d), 102.6 (s), 101.8 (s),
98.5 (s), 94.6 (s), 56.4 (q), 18.4 (q, 12C), 10.9 (d, 6C); HRMS
(ESI−TOF) m/z [M + H]+ calcd for C37H53N2O2Si2 613.3640, found
613.3640.
2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-methylquinazolin-

4(3H)-one (4o). The product was obtained as a white solid: yield 102
mg (86%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 202−203 °C; IR
(neat) νmax 2941, 2862, 2141, 1657, 1453, 1370, 1224, 985, 879, 667
cm−1; 1H NMR (500 MHz, CDCl3) δ 8.90 (s, 1H), 8.15 (d, J = 8.1
Hz, 1H), 7.61−7.55 (m, 3H), 7.39 (t, J = 7.8 Hz, 1H), 7.31 (d, J = 8.1
Hz, 1H), 2.49 (s, 3H), 0.87 (s, 42H); 13C{1H} NMR (125 MHz,
CDCl3) δ 161.3 (s), 151.1 (s), 149.0 (s), 145.2 (s), 138.9 (s), 132.7
(d, 2C), 129.6 (d), 128.6 (d), 128.0 (d), 126.0 (d), 123.3 (s, 2C),
119.2 (s), 102.6 (s, 2C), 97.1 (s, 2C), 21.9 (q), 18.3 (q, 12C), 11.0
(d, 6C); HRMS (ESI−TOF) m/z [M + H]+ calcd for C37H53N2OSi2
597.3691, found 597.3684.
2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-fluoroquinazolin-

4(3H)-one (4p). The product was obtained as a white solid: yield 99
mg (83%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 203−204 °C; IR
(neat) νmax 2940, 2863, 2145, 1663, 1608, 1452, 1370, 1225, 985, 877,
667 cm−1; 1H NMR (400 MHz, CDCL3) δ 9.35 (s, 1H), 8.28 (dd, J =
8.7, 6.2 Hz, 1H), 7.56 (d, J = 7.8 Hz, 2H), 7.44−7.36 (m, 2H), 7.21
(td, J = 8.6, 2.3 Hz, 1H), 0.87 (s, 42H); 13C{1H} NMR (100 MHz,
CDCl3) δ 166.5 (ds,

1JC−F = 254.3 Hz),160.9 (s), 152.7 (s), 151.2 (ds,
3JC−F = 13.1 Hz), 138.5 (s), 132.7 (d, 2C), 130.0 (d), 128.9 (dd, 3JC−F
= 10.6 Hz), 123.2 (s, 2C), 118.3 (s), 115.8 (dd, 2JC−F = 23.6 Hz),
113.4 (dd, 2JC−F = 22.1 Hz), 102.5 (s, 2C), 97.4 (s, 2C), 18.3 (q,
12C), 10.9 (d, 6C); 19F NMR (376 MHz, CDCl3) δ −103.1; HRMS
(ESI−TOF) m/z [M + H]+ calcd for C36H50FN2OSi2 601.3440,
found 601.3450.
2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-bromoquinazolin-

4(3H)-one (4q). The product was obtained as a white solid: yield 106
mg (80%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 202−203 °C; IR
(neat) νmax 2941, 2862, 2145, 1661, 1596, 1445, 1370, 1225, 986, 881,
670 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.05 (s, 1H), 8.13 (d, J =
8.5 Hz, 1H), 7.93 (d, J = 1.8 Hz, 1H), 7.61 (dd, J = 8.5, 1.9 Hz, 1H),
7.57 (d, J = 7.9 Hz, 2H), 7.45−7.38 (m, 1H), 0.89 (s, 42H); 13C{1H}
NMR (100 MHz, CDCl3) δ 160.8 (s), 152.5 (s), 149.9 (s), 138.4 (s),
132.8 (d, 2C), 130.9 (d), 130.5 (d), 130.0 (d), 129.0 (s), 127.6 (d),
123.2 (s, 2C), 120.5 (s), 102.4 (s, 2C), 97.5 (s, 2C), 18.4 (q, 12C),
10.9 (d, 6C); HRMS (ESI−TOF) m/z [M + H]+ calcd for
C36H50BrN2OSi2661.2640, found 661.2637.
2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-7-nitroquinazolin-

4(3H)-one (4r). The product was obtained as a yellow solid: yield 98
mg (79%); Rf 0.6 (9:1 petroleum ether/EtOAc); mp 212−213 °C; IR
(neat) νmax 2941, 2862, 2155, 1667, 1606, 1534, 1453, 1346, 1228,
985, 880, 668 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.72 (brs, 1H),
8.59 (d, J = 1.8 Hz, 1H), 8.42 (d, J = 8.7 Hz, 1H), 8.26 (dd, J = 8.7,
2.0 Hz, 1H), 7.59 (d, J = 7.8 Hz, 2H), 7.45 (t, J = 7.8 Hz, 1H), 0.86
(s, 42H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.4 (s), 153.7 (s),
151.6 (s), 149.6 (s), 137.9 (s), 132.9 (d, 2C), 130.3 (d), 128.1 (d),
125.7 (s), 123.6 (d), 123.1 (s, 2C), 120.8 (d), 102.4 (s, 2C), 97.7 (s,
2C), 18.3 (q, 12C), 10.9 (d, 6C); HRMS (ESI−TOF) m/z [M + H]+

calcd for C36H50N3O3Si2 628.3385, found 628.3372.

2-(2,6-Bis((triisopropylsilyl)ethynyl)phenyl)-6,7-dimethoxyquina-
zolin-4(3H)-one (4s). The product was obtained as a white solid: yield
112 mg (87%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 193−194
°C; IR (neat) νmax 2940, 2862, 2138, 1647, 1608, 1457, 1385, 1269,
1213, 1093, 980, 878, 666 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.30
(s, 1H), 7.60 (s, 1H), 7.54 (d, J = 7.8 Hz, 2H), 7.38 (t, J = 7.8 Hz,
1H), 7.19 (s, 1H), 4.01 (s, 3H), 3.95 (s, 3H), 0.88 (s, 42H); 13C{1H}
NMR (100 MHz, CDCl3) δ 161.1 (s), 154.8 (s), 149.9 (s), 149.3 (s),
145.3 (s), 138.8 (s), 132.7 (d, 2C), 129.7 (d), 123.3 (s, 2C), 114.9
(s), 108.7 (d), 105.1 (d), 102.7 (s, 2C), 97.0 (s, 2C), 56.4 (q), 56.2
(q), 18.4 (q, 12C), 11.0 (d, 6C); HRMS (ESI−TOF) m/z [M]+ calcd
for C38H54N2O3Si2 642.3667, found 642.3647.

2-(1,3-Bis((triisopropylsilyl)ethynyl)naphthalen-2-yl)quinazolin-
4(3H)-one (4u). The product was obtained as a white solid: yield 96
mg (76%); Rf 0.7 (9:1 petroleum ether/EtOAc); mp 204−205 °C; IR
(neat) νmax 2936, 2862, 2141, 1665, 1606, 1463, 1371, 1023, 881, 665
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.15 (s, 1H), 8.40 (d, J = 8.1
Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 8.10 (s, 1H), 7.85 (d, J = 7.8 Hz,
1H), 7.81−7.71 (m, 2H), 7.67−7.55 (m, 2H), 7.53−7.45 (m, 1H),
0.92 (s, 21H), 0.88 (s, 21H); 13C{1H} NMR (100 MHz, CDCl3) δ
161.5 (s), 151.6 (s), 149.0 (s), 136.6 (s), 134.3 (d), 133.3 (d), 133.0
(s), 132.6 (s), 128.6 (d), 128.3 (d), 128.2 (d), 128.1 (d), 127.1 (d),
126.8 (d), 126.2 (d), 121.7 (s), 121.7 (s), 119.4 (s), 103.1 (s), 100.7
(s), 96.4 (s, 2C), 18.4 (q, 6C), 18.3 (q, 6C), 11.0 (d, 6C); HRMS
(ESI−TOF) m/z [M + H]+ calcd for C40H53N2OSi2 633.3691, found
633.3682.

12-Methyleneisoindolo[1,2-b]quinazolin-10(12H)-one (5a). To a
solution of TIPS-alkyne 3a (81 mg, 0.2 mmol) in THF (1 mL) was
added TBAF (0.24 mL, 0.24 mmol) at 0 °C. After addition, the
solution was warmed to room temperature, stirred for another 1 h,
quenched with water, and extracted with ethyl acetate (3 × 10 mL).
The combined organic layers were dried over Na2SO4. The volatile
compounds were removed in vacuo, and the residue was subjected to
column chromatography on silica gel to afford 5a (42 mg; 84%):
colorless solid; Rf 0.5 (5:1 petroleum ether/EtOAc); mp 280−282
°C; IR (neat) νmax 2921, 2552, 1669, 1650, 1602, 1468, 1334, 873,
768, 668 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 7.8 Hz,
1H), 8.17 (d, J = 7.4 Hz, 1H), 7.90−7.76 (m, 3H), 7.63 (dt, J = 22.0,
7.3 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.07 (s, 1H), 5.94 (s, 1H);
13C{1H} NMR (100 MHz, CDCl3) δ 160.8 (s), 151.8 (s), 147.6 (s),
139.7 (s), 135.6 (s), 134.4 (d), 132.4 (d), 130.2 (d), 129.9 (s), 127.6
(d), 127.1 (d), 126.8 (d), 123.0 (d), 121.4 (s), 120.3 (d), 101.8 (t);
HRMS (ESI-TOF) m/z [M + H]+ calcd for C16H11ON2 247.0866,
found 247.0865.

8H-Isoquinolino[1,2-b]quinazolin-8-one (5b). To a solution of
TIPS-alkyne 3a (81 mg, 0.2 mmol) in dry DMF (1.5 mL) was added
NaH (60%) (4.8 mg, 0.2 mmol) at room temperature. The solution
was heated at 80 °C for 10 h and then extracted with ethyl acetate.
The combined organic layers were dried over Na2SO4 and
concentrated in vacuo. The residue was subjected to column
chromatography on silica gel to afford 5b (20 mg 41%) as a yellow
solid: Rf 0.7 (5:1 petroleum/EtOAc); mp 167−169 °C (168−170
°C);22 1H NMR (400 MHz, CDCl3) δ 9.10 (d, J = 8.0 Hz, 1H), 8.67
(d, J = 7.8 Hz, 1H), 8.48 (d, J = 7.9 Hz, 1H), 7.89 (dt, J = 15.0, 7.5
Hz, 2H), 7.77−7.72 (m, 1H), 7.67 (dd, J = 12.8, 7.5 Hz, 2H), 7.53 (t,
J = 7.0 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H); 13C {1H} NMR (100 MHz,
CDCl3) δ 159.5 (s), 147.6 (s), 146.2 (s), 134.8 (d), 132.9 (s), 132.2
(d, 2C), 128.5 (d), 127.6 (d), 127.3 (d), 127.3 (d), 126.5 (d), 125.8
(d), 122.0 (s), 117.8 (s), 113.2 (d); LC−MS (ESI) m/z 247 [M + H]
+.

5-Bromo-6-(triisopropylsilyl)-8H-isoquinolino[1,2-b]quinazolin-
8-one (5c). To a solution of TIPS-alkyne 3a (81 mg, 0.2 mmol) in
dioxane/water (1:1) (1.5 mL) was added NBS (53 mg, 0.3 mmol) at
room temperature. The solution was heated at 80 °C for 10 h and
then extracted with ethyl acetate. The combined organic layers were
dried over Na2SO4 and concentrated in vacuo. The residue was
subjected to column chromatography on silica gel to afford 5c (85
mg; 88%) as a yellow solid: Rf 0.3 (5:1 petroleum/EtOAc); mp 180−
182 °C; IR (neat) νmax 2948, 2667, 1676, 1598, 1564, 1466, 1367,
879, 749, 665 cm−1; 1H NMR (500 MHz, CDCl3) δ 8.27 (d, J = 7.8
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Hz, 1H), 8.18 (d, J = 7.5 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.74−
7.62 (m, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.32
(d, J = 8.4 Hz, 1H), 1.84−1.74 (m, 3H), 1.31 (brs, 18H); 13C {1H}
NMR (100 MHz, CDCl3) δ 170.1 (s), 160.0 (s), 145.1 (s), 138.4 (s),
136.7 (s), 132.8 (d), 131.8 (d), 130.5 (s), 129.9 (d), 128.5 (d), 125.3
(d), 124.6 (d), 121.9 (d), 121.1 (d), 120.0 (s), 119.9 (s), 19.4 (q,
6C), 14.2 (d, 3C); HRMS (ESI-TOF) m/z [M + H]+ calcd for
C25H30ON2

81BrSi 483.1285, found 483.1292.
(E)-12-Benzylideneisoindolo[1,2-b]quinazolin-10(12H)-one (5d).

An oven-dried Schlenk tube was charged with TIPS-alkyne 3a (81 mg,
0.2 mmol), aryl iodide (49 mg, 0.24 mmol), PdCl2(PPh)3 (14 mg, 10
mol %), and CuI (11.4 mg, 30 mol %) in sequence. The Schlenk tube
was vacuumed and backfilled with nitrogen three times followed by
addition of anhydrous THF (1 mL). TBAF (0.4 mL, 1 M in THF)
was added into the solution at 0 °C and under the protection of
nitrogen through syringe, and then the Schlenk tube was closed
tightly. After the solution was warmed to room temperature and
stirred for 1 h, water was added, and the resulting mixture was
extracted with dichloromethane (2 × 20 mL). The combined organic
layers were dried over Na2SO4 and concentrated in vacuo. The
residue was subjected to column chromatography on silica gel to
afford 5d (48 mg; 74%) as a yellow solid: Rf 0.7 (5:1 petroleum/
EtOAc); mp 184−186 °C (184−185 °C);23 1H NMR (500 MHz,
CDCl3) δ 9.15 (s, 1 H) 8.48 (dd, J = 8.01, 1.14 Hz, 1 H) 8.20 (d, J =
7.63 Hz, 1 H) 7.83−7.88 (m, 1 H) 7.77−7.83 (m, 1 H) 7.49−7.56
(m, 4 H) 7.46−7.49 (m, 2H) 7.41−7.46 (m, 1H) 7.33−7.38 (m, 1 H)
7.27−7.30 (d, J = 8.0 Hz, 1 H); 13C {1H} NMR (125 MHz, CDCl3) δ
161.3 (s), 151.4 (s), 147.5 (s), 135.3 (s, 2C), 134.4 (s), 134.3 (d),
131.9 (d), 130.7 (s), 129.6 (d), 129.0 (d, 2C), 128.8 (d, 2C), 128.2
(d), 127.5 (d), 127.2 (d), 126.6 (d), 123.8 (d), 123.2 (d), 122.9 (d),
121.5 (s); HRMS (ESI-TOF) m/z [M + H]+ calcd for C22H15N2O
323.1179, found 323.1179.
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a b s t r a c t

The Ru-catalyzed enantio- and diastereoselective dynamic kinetic resolution of a-(benzyloxy/benzoy-
loxy)acyl-c-butyrolactones has been examined via transfer hydrogenation. Employing the in situ pre-
pared (R,R)-Ru-FsDPEN catalyst, the transfer hydrogenation of using formic acid/triethylamine at rt
gave the corresponding (S)-3-((S)-2-(benzyloxy/benzoyloxy)-1-hydroxyethyl)dihydrofuran-2(3H)-one
with good to excellent diastereo- and enantioselectivity. One of the resulting hydrogenation product pre-
pared on gram scales was utilized for the synthesis of (3R,3aS,6aR)-hexahydrofuro[2,3–b]furan-3-ol (1), a
key synthetic intermediate of various HIV protease inhibitors such as darunavir with excellent enantio-
(95% ee) and diastereoselectivities (dr 95:5).

� 2021 Elsevier Ltd. All rights reserved.

Introduction

Acquired immunodeficiency syndrome (AIDS) caused by the
human immunodeficiency virus (HIV) damages the immune sys-
tem of human beings which eventually leads to death [1]. For the
last couple of decades, the HIV protease inhibitors have been
employed as effective antiretroviral drugs (ARV) and are important
constituents of combination therapy or highly active anti-retrovi-
ral therapy (HAART) to treat HIV-AIDS [2]. The synthetic interme-
diate (3R,3aS,6aR)-hexahydrofuro[2,3–b]furan-3-ol (1), which is
trivially known as bis-THF alcohol 1 is a key unit in various HIV
protease inhibitors like darunavir and brecanavir (Fig. 1) [3–6].
Due to its significant utility in various HIV PIs, the bis-THF alcohol
unit 1 has gained considerable synthetic attention and numerous
methods have been reported for its synthesis [7–10]. Amongst
these, the traditional L-glyceraldehyde based approaches and those
of the enzymatic dynamic kinetic resolution of a-benzyloxyacyl-c-
butyrolactones are of commercial significance [8–10]. Though the
former has stood the test of time, the latter is a relatively new
approach invented by Lonza Ltd. [11] and seems to be popular

among the Chinese manufacturers who supply to the majority of
the generic retroviral API manufacturers (Scheme 1).

Interestingly, the catalytic asymmetric hydrogenation via
dynamic kinetic resolution of related a-benzyloxyacyl-c-butyro-
lactones (3) was documented by the Sumitomo Chemical Com-
pany, Limited in 2003 (Scheme 1) [12]. However, this suffered
from drawbacks of low diastereo- or enantioselectivity, the use
of expensive phosphine-based ligands and the conducting of the
hydrogenation at higher pressure and temperature, which seems
to be a limiting factor for its practical applications. Considering
all these drawbacks, we wondered about the catalytic dynamic
kinetic resolution of these lactones 2 and 3 under asymmetric
transfer hydrogenation conditions. The asymmetric transfer hydro-
genation of racemic compounds via dynamic kinetic resolution
(ATH-DKR) is an elegant and powerful method for the preparation
of various optically active compounds containing two stereocen-
ters [13]. ATH-DKR processes have gained a lot of interest over
the past few years because of their operationally simpler approach
than molecular hydrogenation as well as due to high diastereo-
and enantioselectivities notices [14]. Herein, we describe the first
enantioselective ATH-DKR of a-(benzyloxy/benzoyloxy)acyl-c-
butyrolactones, a transformation that (1) uses readily available
and inexpensive starting materials, (2) requires low catalyst load-
ing, (3) has in situ catalyst formation, and (4) after transformation
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forms bis-THF alcohol having three contiguous stereo-centers with
up to 95% enantiomeric excess (ee) and 95/05 diastereomer ratio
(dr).

Results and discussion

Having mentioned the importance of the ATH-DKR and to
examine its suitability with lactones 2 and 3, the work in the direc-
tion commenced to identify the optimal substrate/conditions. Our
initial optimization experiments started with the lactone 2 and the
RuCl(p-cymene)[(R,R)-TsDPEN] (A). As shown in Table 1, using a
mixture of HCO2H/Et3N (5:2) as hydrogen source in dichloro-
methane, the hydrogenation proceeded smoothly at rt and pro-
vided the product 4 in 73% ee and 78:22 dr ratio (Table 1, entry
1). In the process of optimizing the reaction conditions, initially,
different solvents as well as a combination of solvents have been
screened employing catalyst A. As shown below, in all solvents,
the reactions ended up with high conversion; however, without
any further improvement in ee/dr (Table 1, entries 2–11). This
prompted us to examine the other complexes (RuCl[(R,R)-
TsDPEN]-(mesitylene)) (B), (RuCl[(R,R)-FsDPEN](p-cymene)) (C),
and (RuCl [(R,R)-Teth-TsDPEN] (D), in this pursuit.

Initial experiments with complexes B, C and D (Table 1, entries
12–14) in dichloromethane as solvent revealed that the catalyst C
was found to improve diastereoselectivity up to 86/14, with no
change in % ee (Table 1, entry 13). For further improvement in %
ee of the desired product, the reaction was examined in different
solvents and solvent combinations using catalyst C (Table 1, entries
15–19). These experiments revealed that the reaction in CHCl3
resulted in high dr ratio (92/08) but lower % ee (73%) (Table 1, entry
17) and the same in t-amyl alcohol as solvent gave high % ee (78%)
and lower dr (86:14) (Table 1, entry 19).

With this clue, we next examined the reaction in a 70:30 mix-
ture of t-amyl alcohol/CHCl3, which resulted in a high dr ratio
(90/10) with good % ee (78%) (Table 1, entry 20) as compared to
other solvents. At this juncture, we screened the mixture of HCO2-
H/ DIPEA (5:2) and HCO2H/ DBU (5:2), which were used as hydro-
gen source to check its effect on % ee and dr ratio but we ended up
with a lower % ee in both the cases (Table 1, entries 21 and 22).
With these results in hand, the next set of reactions have been car-
ried out by varying the percentage from 10 to 50% of CHCl3 in t-
amyl alcohol (Table 2, entries 1–6). At the outset, the solvent com-
bination of t-amyl alcohol and CHCl3 in 1.6:0.4 mL ratio proved to
be the better with improved ee (78%) and dr (91:9) of the desired
product (Table 2, entry 3). From these results, it was evident that

Fig. 1. Structures of HIV-protease inhibitors with the bis-THF alcohol 1 structural
unit.

Scheme 1. Methods reported for DKR of a-acyl-c-butyrolactones 2 and 3.

Table 1
Catalyst and solvent screening on substrate 2.

entry Catalyst Solvent Conv. (%)b syn/antib ee (%)b

1 A DCM 99 78/22 73
2 A ACN 99 51/49 67
3 A MeOH 89 62/38 39
4 A EtOAc 99 74/26 76
5 A MTBE 97 35/65 54
6 A DMSO 99 24/76 59
7 A IPA 99 67/33 49
8 A CHCl3 99 88/12 64
9 A EtOAc + DCM 99 70/30 69
10 A CHCl3 + THF 99 74/26 67
11 A DCM + THF 99 72/28 68
12 B DCM 99 71/29 17
13 C DCM 99 86/14 73
14 D DCM 99 64/36 1.4
15 C DCE 99 81/19 74
16 C DCM + THF 99 79/ 21 79
17 C CHCl3 99 92/08 73
18 C CHCl3 + THF 99 80/20 75
19 C t-amyl alcohol 99 86/14 78
20 C t-amyl alcohol + CHCl3 99 90/10 78
21 Cc t-amyl alcohol + CHCl3 99 90/10 72
22 Cd t-amyl alcohol + CHCl3 99 86/14 67

aConditions: 0.1 mmol of 2, 5 mol % of catalyst, and 0.1 mL of FA/TEA (5:2) were
added to the solvent (2 mL), and the mixture was stirred at 27 �C for 48 h. b-
Conversions, dr, and eewere calculated from chiral HPLC. cFA/DIPEA (5:2), d FA/DBU
(5:2) used instead of FA/TEA (5:2).
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the % ee and dr outcome seems to be dependent on the combina-
tion of solvents and their respective concentrations.

At this stage, to avoid the use of commercial Ru-complexes that
are very expensive, the possibility of employing in situ generated
(RuCl[(R,R)-FsDPEN](p-cymene)) was explored (Table 3, entries
1–4) by varying the catalyst loading from 5 to 1 mol% (Table 3,
entries 1–4). These experiments revealed that 5 mol% catalyst
(Ru: Ligand ratio 1:2) gave the best results with a complete conver-
sion of 2 resulting in the desired product 4 with 78% ee and 91/09
dr ratio (Table 3, entry 2). The decrease in catalyst loading resulted
in a nominal decrease in the % ee and dr ratio (Table 3, entries 3–4).

Based on these detailed experiments with the benzoyl substrate
2, we next moved to examine the compatibility of benzyl lactone 3
under the optimized conditions. As shown in Table 4, the results
are encouraging. With 5 mol% in situ generated catalyst C (Ru:
ligand ratio = 1:2) the complete conversion of the substrate was
noticed within 12 h at room temperature and the corresponding
hydroxyl lactone 5 was obtained with good enantioselectivity
(91% ee) and diastereoselectivity (91/09) (Table 4, entry 1). This
inspired us to further investigate the catalyst loading (Table 4,
entries 2–5). Gratifyingly, even with 0.5 mol% catalyst, the reaction
proceeded smoothly, with increased 95% ee and 95/05 dr ratio
(Table 4, entry 4). Decreasing the catalyst loading to 0.2 mol%
resulted in a lower conversion with no loss of ee and dr ratio
(Table 4, entry 5).

The efficiency of this ATH-DKR process developed has been
examined by conducting the reaction on a 10 g scale, under opti-
mized reaction conditions. This gave the desired product 5 with
95% ee and 95/05 dr ratio (Scheme 2). This compound 5 has been

further advanced to the benzoate 7 of the key Darunavir interme-
diate 1 by following the established 3 step sequence [7f,9b] and its
absolute configuration/enatioselectivity (ee: 95%; dr: 95/05) has
been established by comparing with the authentic benzoate pre-
pared from the commercial 1. Finally, saponification of 7 with aq.
NaOH in THF provided the bis-THF alcohol 1.

Conclusion

In conclusion, the dynamic kinetic resolution of benzoyloxy/
benzyloxy a-acyl-c-butyrolactone via asymmetric transfer hydro-
genation has been examined for the first time employing chiral
Ruthenium complexes. The best results were obtained with the
benzylated substrate. After substantial optimization, the ATH reac-
tion was successfully carried out employing 0.5 mol% of in situ pre-
pared (R,R)-Ru-FsDPEN complex and using HCO2H/Et3N mixture as
a hydrogen source. With both substrates, the ATH-DKR reactions
have been executed on gram scales and obtained good to excellent
diastereo and enantioselectivities (up to dr = 95:5 and ee = 95%)
and one of the intermediate has been advanced to synthesize bis-
THF alcohol intermediate of darunavir on a multi gram scale.
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Table 2
Screening of t-amyl alcohol:CHCl3 solvent ratio.

Entry t-amyl alcohol (mL) CHCl3 (mL) Conv. (%)b syn/antib ee (%)b

1 1.8 0.2 99 86/14 78
2 1.6 0.4 99 89/11 77
3 1.4 0.6 99 91/09 78
4 1.2 0.8 99 91/09 77
5 1.0 1.0 99 88/12 75
6 0.8 1.2 99 83/16 72

aConditions: 0.1 mmol of 2, 5 mol % of catalyst, and 0.1 mL of FA/TEA (5:2) were
added to the solvent (2.0 mL). bConversions, dr and ee were calculated from chiral
HPLC.

Table 3
Screening of in situ complex/varying the catalyst loading.

Entry Catalyst (mol %) Conv. (%)b syn/antib ee (%)b

1c 5 99 90/10 77
2d 5 99 91/09 78
3d 2 99 88/12 78
4d 1 99 91/09 76

aConditions: 0.5 mmol of 2, and 0.5 mL of FA/TEA (5:2) were added to the solvent
(10.0 mL). bConversions, dr ratio and ee were calculated from chiral HPLC. cLigand:
[Ru]-complex proportion 1:1, dLigand: [Ru]-complex proportion 1:2.

Table 4
DKR of benzyloxylactone 3 under optimized conditions 2.

Entry Catalyst loading (mol %) Conv. (%)b syn/antib ee (%)b

1 5 99 91/09 91
2 2 99 95/05 94
3 1 99 95/05 95
4 0.5 99 95/05 95
5 0.2 60 94/06 95

aConditions: 1 mmol of 3, and 1 mL of FA/TEA (5:2) were added to the solvent.
bConversion, dr ratio, and ee were calculated from chiral HPLC.

Scheme 2. Synthesis of (3R,3aS,6aR)-Hexahydrofuro[2,3–b]furan-3-ol (1).
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.tetlet.2021.152831.
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