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ABSTRACT

A series of donor-acceptor pyranones (3a-m, 4a-h) was synthesized using �������	�	�	�S,S-acetal 

as synthon for their application as emissive materials for energy-saving organic light emitting 

devices (OLEDs). Among them, five pyranones 3f, 3g, 3h, 3m, and 4e exhibited highly bright 

fluorescence in the solid state and weak or no emission in the solution state. Photophysical analysis 

of these dyes revealed that only 3f and 3m showed aggregation-induced emission behaviour in 

THF/water mixture (0-99%) with varying water fractions (fw) leading to bright fluorescence 

covering entire visible region, while other derivatives 3g, 3h and 4e did not show any fluorescence 

signal. The computational studies of the compounds revealed that the longer wavelength absorption 

originates from HOMO to LUMO electronic excitation. These dyes exhibited good thermal stability 

with 5% weight loss temperature in the range of 218-347 oC. The potential application of the donor-

acceptor pyranone dyads was demonstrated by fabrication of solution-processed OLEDs. 

Remarkably, OLED devices prepared using highly emissive compounds 6-(anthracen-9-yl)-4-

(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3m) and 6-(4-methoxyphenyl)-4-(methylthio)-2-oxo-
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2H-pyran-3-carbonitrile (3f) displayed pure white emission with CIE coordinates of (0.29, 0.31) and 

(0.32, 0.32), respectively. Additionally, the resultant devices exhibited external quantum efficiency 

(EQE) of 1.9% and 1.2% at 100 cd m-2, respectively.

INTRODUCTION

 Solid-state white organic light emitting devices (WOLEDs) have attracted a great deal of 

attention owing to their potential use in day-to-day lighting systems with long lifetime, high 

brightness and low energy consumption.1-3 These energy-saving devices are now on the verge of 

becoming an alternative source of light to conventional incandescent and fluorescent lamps.4 

Typically, WOLEDs can be fabricated by the mixing or stacking of three primary colors (red, 

green, and blue)5-7 emitting materials or two complementary colors (yellow and blue)8 emitters into 

a single or multiple emissive layer either via dry or solution process. However, these multi-layered 

or multi-dopant device structures not only results in increased fabrication difficulty and costs, but 

also yield numerous operational problems making them a less attractive approach for generating 

white light emitting devices. Moreover, these multi-component based systems are associated with 

many other challenges such as improper phase segregation, low color rendering index, poor 

efficiency and most importantly less reproducibility.9-12 

Over the last few years, numerous approaches have been developed for fabrication of 

WOLEDs and it has become a front-line research field of academia as well as industries (Table S1 

in Supporting Information). WOLEDs have been fabricated by employing inorganic substances,10-11 

inorganic-organic hybrid systems,12 polymers,13-15 quantum dots,16-17 rare-earth elements,18-19 and 

archetypal organic phosphors.20 Among them, single component based white light organic emitters 

have captured remarkable attention due to their ability to be transformed in a film, good thermal and 

electrochemical stability, excellent color tunability and high efficiency as well as simple fabrication 

process.21-24 To achieve efficient white light emission, several mechanisms/concepts have been 
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demonstrated that include inter-/intra-molecular charge transfer (ICT),25-27 Excited-state 

intramolecular proton transfer (ESIPT),28,29 Frustrated Energy Transfer,30 excimers,31,32 or 

aggregation-induced emission (AIE).33,34 

It has been well-documented that donor-acceptor based organic molecular frameworks are 

potential compounds for preparing light emitting devices with high quantum efficiency, chemical 

and thermal robustness, color tunability.35 By screening a small library of donor-acceptor based 

pyranones and �-conjugated systems, we recently discovered first solution-solid dual emissive AIE 

luminogen dihydropyrano-indolizine DPI-7, and developed multi-color bright light emitting solid 

compounds by modulating donor-acceptor and chromophoric moieties.36 We observed that few 

pyranone derivatives in the library showed bright fluorescence in the solid state and envisaged that 

they may be tuned for preparing multicolour/white optoelectronic devices by modulating donor-

acceptor and chromophoric moieties. To our surprise, no systematic investigations have been made 

earlier for exploring the optoelectronic properties of pyranone derivatives. Aiming to search for new 

white-emissive fluorophores and to enhance our understanding with pyranones having push-pull 

characteristics, herein, we report synthesis, photophysical, electrochemical, thermal, and 

electroluminescent properties of a series of pyranones with different donor-acceptor 

functionalities for developing organic electronic devices. 

RESULTS AND DISCUSSION

Synthesis of Fluorescent Compounds

For the last two decades, our research group has been involved in developing new fluorescent 

aromatic compounds using the chemistry of 2-pyranones. We have demonstrated how swapping of 

the electron donor and acceptor groups onto an aromatic scaffold modulate the optical properties of 

fluorenes.37 Recently we have reported pyranones and their derived fluoranthenes, pyrenylarenes 
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and non-planar benzo[f]quinolines/acridines as efficient light emitting materials for OLED 

applications.36,38 Therefore, in order to tune the photophysical  properties of pyranones for their 

potential use in optoelectronic devices, it was imperative to prepare pyranones having different 

donor-acceptor and chromophoric moieties. There are many synthetic approaches reported in the 

literature for the synthesis of 2-pyranones.39-41 We found Tominaga et al. protocol41a suitable for the 

synthesis of various donor-acceptor based 2-pyranone derivatives. The reaction of �������	�	�	�

S,S-acetal 1 with different aryl ketones 2a-m in the presence of potassium hydroxide in 

dimethylsulfoxide at room temperature afforded 6-aryl-4-methylthio-2H-pyran-3-carbonitriles (3a-

m) in good yields. Further methylthio group was replaced with different secondary amine in 

methanol to afford 4-amino-6-aryl-2-oxo-2H-pyran-3-carbonitriles (4a-h) in good yields (Scheme 

1).
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Scheme 1. Synthesis of pyranone derivatives.
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Photophysical Properties 

The photophysical properties of the synthesized compounds 3a-m and 4a-h were examined by 

their UV-vis absorption and photoluminescence (PL) spectra both in solution as well as in the solid 

state. All the synthesized compounds 3a-m and 4a-h were found to be non-fluorescent (NF) or weak 

fluorescent in DMSO solution. Interestingly, some of the pyranones having electron rich moiety at 

position 6 showed good to excellent fluorescence in solid state. The bright fluorescence of these 

molecules in solid state may be due to restriction of molecular motion with effective charge transfer 

in the solid state leading to radiative decay. On the contrary, compound having electron withdrawing 

group (4-nitrophenyl) at position 6 of pyranone exhibited no solid state fluorescence due to 

ineffective charge transfer (Table 1). Among them, compounds 3f, 3g, 3h, 3m, and 4e showing 

highly bright fluorescence (intensity > 750 au at slit width of 2.5 nm) in the solid state were selected 

for further studies.

Table 1. Photophysical properties of pyranones 3a-m and 4a-h.

Sr. No. Ar

N

9max, abs
a

   (nm)

9max, em
b

  (nm)

Intensityc

    (au)

3a

NO2

-- 398 NF NF

3b

F

-- 405 505 600

3c

Cl

-- 410 511 271

3d

Br

-- 414 485 75

3e -- 410 491 546
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3f

OMe

-- 394, 340 485 >1000d

3g -- 347, 296 424 >1000d

3h
O

-- 396, 344 500 937d

3i
S

-- 428 528 8

3j
N

-- 400 449 43

3k

N

-- 408 458 63

3l -- 395 504 271

3m -- 400, 357, 296 572 776d

4a

Cl

N 320 450 310

4b

Cl

N 315 458 656

4c

Br

N 325 488 506

4d

Br

N 315 451 384

4e

O

N 323 466 >1000d

4f N 321 451 332

4g
S

O

N 405 512 387
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4h N 327 481 425

aLongest wavelength absorption maximum in DMSO; bSolid state fluorescence emission maximum in powder, cSolid 

state PL intensity at slit width 2.5 nm. dQuantum Yield: 3f: 6.88%; 3g: 4.36%; 3h: 4.20%; 3m: 5.10%; 4e: 10.57%.

UV-vis and PL spectra of selected compounds (3f, 3g, 3h, 3m, and 4e) are given in Figure 1. The 

PL maxima of substituted pyranones (3f, 3g, 3h, 3m, and 4e) in solid state (powder) showed blue to 

orange fluorescence �Lmax 424-572 nm). Due to the presence of planar M����C����	� anthracene 

moiety at position 6 of substituted pyranone 3m, it showed strong red shift with emission maximum 

at 572 nm as compared to other derivatives (3f, 3g, 3h, and 4e), while in the absence of aromatic 

ring at the 6-position of pyranones like in 3g, it showed a blue shift with emission maximum at 424 

nm.

(a) (b)

Figure 1. (a)Absorption (in DMSO) and (b) solid state emission spectra of 3f, 3g, 3h, 3m, and 4e in powder form

Aggregation Induced Emission Property: In order to understand the mechanism of bright 

fluorescence of these dyes in the solid state and weak or no emission in the solution state, we 

investigated the aggregation-induced emission (AIE) property of the compounds 3f, 3g, 3h, 3m, and 

4e. For this purpose, the fluorescence study was conducted in THF/water mixture (0-99%) with 
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varying water fractions (fw). It was observed that only 3f and 3m showed aggregation-induced emission 

behaviour, while other derivatives 3g, 3h and 4e did not show any fluorescence signal. Further we 

found that upon increasing the water fraction (fw) in THF solution of 3f, the fluorescence intensity 

increased gradually from 60% to 90% with emission maximum at 470 nm. Surprisingly, at 99% water 

fraction, the emission of the dye 3f became broad and shifted from blue to green region with maximum 

at 520 nm (Figure 2a).  Similarly, upon increasing the water fraction (fw) in THF solution of 3m, the 

fluorescence intensity increased gradually from 0% to 90% with emission maximum at 530 nm and at 

99% water fraction, the emission became broad and bathochromically shifted from green to yellow 

region with maximum at 542 nm (Figure 2b). Interestingly, when the fw reached 99%, a drastic 

enhancement was observed in the emission intensity (upto 26-fold in 3f and 15-fold in 3m) as 

compared to the pure THF solution. These results implicated that both 3f and 3m showed aggregation 

induced emission property with broad spectra covering entire visible region and they may be promising 

candidates for WOLEDs.

20% 40% 60% 80% 90%0% 99%
0% 20% 40% 60% 80% 90% 99%

(a) (b)

(c) (d)
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Figure 2. Fluorescence spectra of (a) pyranone 3f and (b) 3m with increasing water fraction [from 0 to 99% (v/v) 

water in THF]. Images of (c) 3f and (d) 3m in THF with varying water fraction taken under UV light illumination 

�Lex = 365 nm).

Fluorescence life time decay analysis:

Furthermore, Time-correlated single photon counting (TCSPC) analysis was performed to 

measure the average fluorescence lifetime of the aggregates of 3f and 3m in 99% water in THF 

taking Ludox as a prompt (Figure 3). The fluorescence life time decay profile of 3f and 3m in 

99% water in THF nicely fitted with tri-exponential function as shown in Figure 3. The average 

fluorescence lifetime of aggregates 3f and 3m was found to be 2.6 ns and 3.0 ns respectively.

�������	
� ns

�	�����
�� ns

���������� ns

��������

���������� ns

���������� ns

�	���	�
�� ns

��������

(a) (b)

Figure 3. Time-resolved fluorescence decay plot of (a) dye 3f and (b) dye 3m in pure THF and 99% water in THF solution 
at 25 °C using a nano-LED of 390 nm as the light source.

Computational Studies

To examine the electronic properties of the compounds 3f, 3g, 3h, 3m and 4e, time-

dependent density functional theory (TDDFT) calculations were performed with a Gaussian 

09 package.42 The geometries were optimized at DFT/B3LYP level using a 6-31G (d, p) 

basis set. TDDFT calculations were performed using a B3LYP/6-31++G (d, p) method. 
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Figure 4 showed the theoretically computed molecular orbitals in the ground states for the 

representative compounds 3f, 3g, 3h, 3m, and 4e. TDDFT calculations indicated that the charge 

density distribution of HOMO for compound 3f was spread over the phenyl, pyran and partially at 

sulphur atom and in LUMO the charge density was mainly shifted towards the pyran and �SMe 

segment. For compound 3g, the charge distribution in HOMO was majorly localised on the pyran 

unit and �SMe group and in LUMO it was localised at sulphur atom of �SMe group, pyran ring and 

�CN group. For compound 3h the charge density in HOMO was localised on the furan and pyran 

unit and in LUMO it was localised mainly on the pyran core, sulphur atom and partially on furan 

unit. For compound 3m the charge density in HOMO was localised on the anthracene unit and in 

LUMO it was localised on anthracene and pyran moiety having nitrile and -SMe group. For 

compound 4e the charge densities in HOMO and LUMO were localised on the phenyl and pyran 

rings. 

Figure 4. Computed molecular orbital energy diagram and isodensity surface plots of the HOMO, LUMO of dyes 3f, 
3g, 3h, 3m, and 4e.

The energies of the HOMO and LUMO levels, HOMO-LUMO gap, main orbital transition, and 

oscillator strength f and ground state dipole moments (�g) are listed in Table 2. The 
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computational results of compounds 3f, 3g, 3h, 3m, and 4e revealed that the longer wavelength 

absorption originates from the HOMO to LUMO electronic excitation (Table 2). The pyranones 3f, 

3g, 3h, and 4e possessed large dipole moment (10-17 Debye) except 3m which exhibited low dipole 

moment (7.24 Debye) possibly due to resultant effect of two dipole vectors in different directions.

Table 2. Computed values of vertical excitations, oscillator strength (f), ground state dipole moment 

(µg), assignment, HOMO, LUMO, and energy band gap (Eg) by using B3LYP model.

Entry 9max

(nm)

f µg

(D)

Assignment HOMO

(eV)

  LUMO 

(eV)

Eg 

(theo.)

3f 373   0.6651 16.86 HOMO � LUMO (94 %) -6.84 -3.09 3.75

3g 320 0.2360 13.25 HOMO � LUMO (99%) -6.90 -2.56 4.34

3h 376 0.6980 10.40 HOMO � LUMO (99 %) -6.52 -2.87 3.65

3m 489 0.1532 7.24 HOMO � LUMO (97 %) -5.85 -2.77 3.08

4e 347 0.5378 13.21 HOMO � LUMO (99 %) -6.49 -2.44 4.05

Electrochemical and Thermal Properties

Electrochemical studies were performed to check the redox behaviour of the compounds 3f, 

3g, 3h, 3m, and 4e. Cyclic voltammetric measurements were performed in a three-electrode 

cell setup using Ag/AgCl as standard electrode and Pt disk as the working electrode, using 2 

mM compound and 0.2 M electrolyte tetrabutylammonium hexafluorophosphate (Bu4NPF6) 

dissolved in dry dichloromethane (DCM). All the potentials were calibrated with ferrocene, 

(Fc/Fc+). The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) levels were readily estimated from onset oxidation (Eox) and onset reduction 
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potentials (Ered), using the equations EHOMO = �[(Eox � EFc/Fc
+) + 4.8] eV and ELUMO = �[(Ered 

� EFc/Fc
+) + 4.8] eV and the data are summarized in Table 3. 

(a) (b)

Figure 5. Electrochemical and thermal properties of the dyes 3f, 3g, 3h, 3m and 4e: (a) Cyclic voltammogram in dry 

DCM (scan rate 100 mVs-1) and (b) TGA curves.

Irreversible oxidation and reduction peaks were observed for the dyes 3f, 3g, 3h, 3m and 

4e as shown in Figure 5a, which indicated that neither radical cations (oxidized species) nor 

radical anions (reduced species) are stable entities which may react with solvent molecules 

or supporting electrolyte. The HOMO values for the compounds 3f, 3g, 3h, 3m, and 4e were 

found to be -6.1, -6.4, -6.1, -5.7, and -6.1 eV respectively whereas LUMO values were in the range 

of -3.5, -3.0, -3.3, -3.6, and  -3.0 eV respectively. The theoretically derived HOMO and LUMO 

energies and band gaps of the dyes in vacuum were found to be higher than experimentally deduced 

values from electrochemical measurements in DCM solvent. The deviation in theoretical and 

experimental values may probably be due to interactions of solvent molecules with the molecules of 

the dye.
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The thermal properties of 3f, 3g, 3h, 3m, and 4e were gauged by thermo gravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) experiments under argon atmosphere. The 

melting temperature obtained by DSC experiments for the dyes 3f, 3g, 3h, 3m, and 4e was 225, 

168, 218, 267, and 267 °C respectively (Supplementary Information Figure S1-S5). All the dyes 

showed good thermal stability with its 5% weight loss temperatures under argon atmosphere were 

found to be 298, 218, 260, 263, and 347 °C respectively as shown in Table 3.

Table 3. Thermal and electrochemical properties of dyes 3f, 3g, 3h, 3m and 4e.

Entry
Tm

a

(°C)                

Td
b 

(°C)                 

HOMO

(eV)

LUMO

(eV)

Eo-o
C

(eV)

3f      225 298 -6.1 -3.5 2.6

3g 168 218 -6.4 -3.0 3.4

3h 218 260 -6.1 -3.3 2.8

3m 267 263 -5.7 -3.6 2.1

4e 267 347 -6.1 -3.0 3.1

aMelting temperature gauged by DSC.  bDecomposition temperature (5% weight loss) under nitrogen atmosphere
in the TGA measurements. cOptical band gap from CV.

 

On the basis of interesting photophysical, thermal, and electrochemical properties, the dyes 3f, 

3g, 3h, 3m and 4e were used to demonstrate their potential application in OLEDs.

OLED DEVICE FABRICATION AND MEASUREMENTS

Materials

Indium tin oxide (ITO) coated glass substrates with a sheet resistance of 15 T-�> and light 

transmittance greater than 88% was purchased from the Luminescence Technology Co., Taiwan. 

The hole injection material poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) 
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with a purity of 99.9% was purchased from UniRegion Bio-Tech Co., Taiwan. The sublimated grade 

8�8U�(���/���
(������&�5�5U�(���	����8�8�G�GU�����
(����	�5�5U�(���	��� (CBP) as host and 4�4U�4V�

(1,3,5-benzinetriyl)-tris(-phenyl-1H-benzimidazole) (TPBi) as electron transporting and hole 

blocking material was purchased from Wang Shine Co., Taiwan. Lithium fluoride (LiF) (purity 

99.95%) was purchased from Sigma-Aldrich. Aluminum (Al) ingots (99.999%) were purchased 

from Showa Chemical Co. Ltd., Taiwan. All materials were used without further purification.

Electroluminescence properties

The solution-processed OLED devices were fabricated with a structure of ITO (125 nm)/ 

PEDOT:PSS (35 nm)/ CBP:dye (25 nm)/ TPBi (40 nm)/ LiF (1 nm)/ Al (100 nm). The pre-patterned 

indium tin oxide glass substrates were cleaned with routine procedure, acetone and ethanol by 

ultrasonic bath for 30 min in each step. Afterward, the substrates were dried with nitrogen (N2) gas 

flow and then loaded into a UV-ozone chamber for 15 min to eliminate all organic impurities. 

PEDOT:PSS was spin-coated (4000 rpm, 20 s) as a hole injection layer on ITO glass in an ambient 

condition and was annealed at 120 °C for 15 min in an inert atmosphere. Before depositing the 

following emissive layers, the solution was prepared by dissolving the CBP host and pyranone dyes 

(3m, 3f, 3h, 3g, and 4e) separately in THF with continuous stirring at 40 oC for 60-75 min. Then, 

both the solutions were mixed together to obtain different blending ratios (0.5, 1, 3, and 5 wt%). The 

resulting solution was then spin-coated at 2500 rpm for 20 s inside the N2 filled glove box. The 

depositions of the electron transporting layer (TPBi), electron injection layer (LiF), and the top 

electrode (Al) were thermally evaporated in sequence over the emissive layer in an ultra-high 

vacuum chamber at a base pressure of less than 6×10-6 torr. All the devices were measured 

immediately after fabrication in ambient atmospheric condition without further encapsulation. 
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Figure 6. Device fabrication and EL measurements; (a) energy level diagram of the solution processed OLED devices 
composing pyranones 3f and 3m emitters with molecular host CBP; (b) schematic illustration of the device 
configuration; (c) AFM 3D topographical images of 3m and 3f; (d) resultant electroluminescence spectra (1 wt%) of the 
devices; (e) CIE chromaticity diagram of the devices; (f) electroluminance spectra with chromaticity and device 
photograph (Inset). 

Electroluminescence spectra, luminance, and CIE chromatic coordinate information of the 

resulting OLEDs were measured by a Photo Research SpectraScan PR655 photometer. A Keithley 

2400 electrometer was used to measure the current-voltage (I-V) characteristics. The EL spectra and 

CIE coordinate, as well as luminance were recorded at each measurement step. The emission area of 

the devices was 0.25 cm2, and only the luminance in the forward direction was measured. Since the 

good film-forming characteristics of light emitting dyes are crucial for the total performance of the 

devices, atomic force microscopy (AFM) was used to quantitatively investigate the surface 

morphology of the spin coated new compounds, 3f, 3g, 3h, 3m, and 4e on the glass substrate in the 

tapping mode. Figure 6 illustrated the device configuration, surface morphology, and 
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electroluminescent properties of the fabricated OLEDs containing the newly synthesized emitters, 3f 

and 3m (1 wt%) with CBP host (For device configuration and surface morphology of 3h, 3g, and 4e, 

see Figure S6 in Supporting Information). For a direct comparison, we prepared thin films of the 

emissive layers (1 wt% emitter) doped in CBP host under inert atmosphere. The scanning area for 

each film was 10×10 �Y WY &' Interestingly, all the spin coated layers were found to be smooth as 

shown in Figure 6c (Figure S6b in Supporting Information) and no apparent cracks or pinholes were 

observed. The root mean square surface roughness (Rq) values of the dyes 3f, 3g, 3h, 3m, and 4e 

were 0.54 nm, 0.54 nm, 0.70 nm, 0.56 nm, and 0.55 nm, respectively. Each film displayed 

sufficiently low Rq, which confirmed that all the films have good integrity and stability. In addition, 

the resulting electroluminescence spectra of the devices 3f and 3m exhibited broad band covering 

the entire visible region from 400 to 700 nm, leading to white light as depicted in Figure 6.

(a) (b)

(c) (d)

Figure 7. (a) Current density-voltage, (b) current efficiency-current density, (c) current efficiency-luminance, and (d) 

luminance-current density plots of the solution processed OLED devices composed of 1 wt% 3f and 3m emitters.
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Figure 7 and Table 4 showed the electroluminescence characteristics of CBP host based solution-

processed OLED devices of pyranones 3m and 3f. The doping concentration of the emitters strongly 

influenced the device performance and light-behaviour. The device fabricated with the emitter 3m 

(0.5 wt%) doped in CBP host showed relatively best performance with an external quantum 

efficiency (EQE), power efficiency (PE), and current efficiency (CE) as 1.9%, 1.3 lmW-1, and 2.6 

cdA-1 at 100 cdm-2, respectively. Interestingly, it showed low turn-on voltage compared to other 

device fabricated with the emitters 3f, 3g, 3h, and 4e. As the concentration increased to 1 wt%, 

device 3m exhibited an EQE of 1.1%, current efficiency of 2.0 cdA-1, power efficiency of 0.8 lmW-

1, and CIE coordinates of (0.29, 0.31). Furthermore, a significant decrement into the EQE of OLED 

devices was observed with increasing concentration of dopant (3-5 wt%). For examples, as the 

concentration of molecule 3m increased from 1 wt% to 5 wt%, the EQE of device dropped from 

1.1% to 0.2% (a 5.5 fold decrement). The good performance of the device at low doping ratios may 

be attributed to the dilution effect, which may arise from the uniform dispersion of dye in the 

employed host.43 At high doping ratio, the poor performance of the device 3m may be due to 

charge-carrier imbalance,43-51 crystallinity of compounds,43-51 or non-radiative excited state decay 

due to Auger recombination.52 The device 3m exhibited pure white light emission with a maximum 

brightness 922 cdm-2 at 1 wt% and CIE coordinates of (0.29, 0.31), which is possibly attributed to 

the balanced effect of holes and electrons within the emitting layer. The device formed by using 0.5 

wt% 3f emitter showed pure white light spectrum with a current efficiency of 1.9 cdA-1, EQE of 

1.2%, power efficiency of 0.8 lmW-1, and CIE coordinates of (0.32, 0.32) at 100 cdm-2. The 

WOLED 3f also exhibited a maximum brightness of 722 cdm-2 at 1 wt% with CIE coordinate (0.35, 

0.36). The doped devices exhibited better efficiency and luminance when compared to non-doped 
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(neat film) devices of analogous dyes. It might be due to the effective capturing of excitons formed 

in CBP host by dopants through favorable energy transfer.

Table 4. Effects of doping concentrations on the operation voltage (OV), power efficiency (PE), 

current efficiency (CE), external quantum efficiency (EQE), CIE coordinates, and maximum 

luminance of the solution processed OLED devices.

Emitter Dopant

(wt%)

OV

(V)

PE

(lmW-1)

CE

(cdA-1)

@100 cdm-2

EQE 

(%)

CIE 

coordinates

Maximum

luminance

(cdm-2)

0.5 6.5 1.3 2.6 1.9 (0.27, 0.23) 836

1 7.8 0.8 2.0 1.1 (0.29, 0.31) 922

3 11.1 0.4 1.4 0.6 (0.33, 0.43) 782

5 8.7 0.2 0.5 0.2 (0.34, 0.49) 708

3m

Neat 
film

- - - - - -

3f 0.5 7.1 0.8 1.9 1.2 (0.32, 0.32) 592

1 8.8 0.7 1.9 1.1 (0.35, 0.36) 722

3 10.6 0.3 1.2 0.6 (0.35, 0.41) 635

5 9.1 0.2 0.6 0.3 (0.28, 0.35) 544

Neat film - - - - - -

The 3g emitter containing device showed a current efficiency of 0.4 cdA-1, EQE of 0.8%, power 

efficiency of 0.2 lmW-1, and CIE coordinates (0.18, 0.13) (Supplementary Information Table S2 and 

Figure S7). Whilst, the 0.5 wt% 3h containing device showed a current efficiency of 0.3 cdA-1, EQE 

of 0.3%, power efficiency of 0.1 lmW-1, and CIE coordinates (0.21, 0.21). Furthermore, the device 

with 0.5 wt% 4e showed a current efficiency, EQE and power efficiency of 0.4 cd A-1, 0.8% and 0.2 

lmW-1 respectively with CIE coordinate of (0.18, 0.14). The devices 3g, 3h, and 4e showed 

maximum brightness at 1 wt% composition (Figure S7). 

Page 18 of 36

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



It is interesting to note that the electroluminescence spectra of the synthesized dyes 3f, 3g, 3h, 

3m and 4e exceedingly depend on the substituents present on the pyranone scaffold. In case of 

device prepared using pyranones 3f and 3m containing 4-methoxyphenyl and anthracenyl moiety at 

position 6, the EL spectra showed broad emission covering entire visible region which was in close 

agreement with PL spectra of aggregates of the dyes as shown in Figure 2 and Figure 6d. In 

addition, the EL spectra of devices 3g, 3h, and 4e showed close resemblance with the PL spectra of 

the respective dyes in solid state (Figure 1 and Figure S8) indicating that the EL originated from the 

radiative decay of singlet excitons localized on the guest and no aggregation present between the 

molecules in the film. 

CONCLUSION

In conclusion, we have synthesized a series of pyranone dyes substituted with donor - 

acceptor functionalities and demonstrated their photophysical, thermal, electrochemical, and 

optoelectronic properties. Photophysical analysis of these dyes revealed that five compounds 3f, 

3g, 3h, 3m, and 4e showed highly bright fluorescence in the solid state. Among them, dyes 3f and 

3m showed aggregation-induced emission behaviour in THF/water mixture (0-99%) covering entire 

visible region. The computational studies using Gaussian software showed that the longer 

wavelength transitions of 3f, 3g, 3h, 3m, and 4e occur from HOMO to LUMO, which involve the 

charge transfer from the donor segment to the nitrile acceptor group. The cyclic voltammetry 

analysis of all the dyes revealed irreversible oxidation and reduction process. The OLEDs of 3f, 

3g, 3h, 3m, and 4e were successfully fabricated, which exhibited good electroluminescence 

properties with low turn-on voltage and achieved maximum brightness of 722, 590, 370, 922, 

and 441 cdm-2, respectively. Among all the five devices (3f, 3g, 3h, 3m, and 4e), two devices 

fabricated using the dyes 3f (4-methoxyphenyl-pyranone at 0.5 and 1 wt%) and 3m (6-

anthracenyl-pyranone at 1 wt%) exhibited pure white light emission with good external 
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quantum efficiency and brightness. These primary results indicated that the fluorescent donor-

acceptor pyranones have promising applications for future OLED display and solid-state lighting.

EXPERIMENTAL SECTION

General: 1H and 13C NMR spectra were recorded at 300 and 400 MHz in Bruker spectrometer. 

CDCl3 and DMSO-d6 were taken as solvents. Chemical shifts are reported in parts per million shift 

�Z�!���	& from Me4Si �Z 0 ppm for 1H) or based on the middle peak of the solvent (CDCl3) �Z 77.00 

ppm for 13C NMR) as an internal standard. Signal pattern are indicated as s, singlet; d, doublet; dd, 

double doublet; t, triplet; m, multiplet. Coupling constant (J) are given in hertz. Infrared (IR) 

spectra were recorded in KBr disc and reported in wave number (cm-1). ESIMS spectrometer was 

used for mass spectra analysis. High resolution mass spectra were taken with a Q-TOF analyzer. 

The cyclic voltammograms were obtained by CV analyzer and was employed to evaluate highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 

level. All the reactions were monitored by TLC and visualization was done by UV-light (354 nm). 

General procedure for the synthesis of 3a-3m and 4a-4h: A mixture of methyl 2-cyano-3,3-

dimethylsulfanylacrylate 1 (2.03 g, 10 mmol), substituted acetophenones 2 (11 mmol) and powdered 

KOH (15 mmol) in DMSO (50 mL) was stirred at room temperature for 10-14h. After completion, 

the reaction mixture was poured into ice water with constant stirring. The precipitate thus obtained 

was filtered and purified on a silica gel column using chloroform as eluent to yield 6-aryl-2-oxo-4-

methylsulfanyl-2H-pyran-3-carbonitriles 3a-3m. The compound 3c (277 mg, 1 mmol), 3d (320 mg, 

1mmol) 3e (257 mg, 1mmol) was refluxed in methanol with piperidine (127 µl, 1.5 mmol) for 6-7 h, 

the reaction mixture was cooled to room temperature and the solid obtained was filtered and washed 

with methanol to furnish 4a, 4c, 4f in good yields and the same procedure was followed with 

pyrrolidine and morpholine to obtain 4b, 4d, 4h, 4e and 4g in good to moderate yield .The 2H-
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pyran-2-ones 3a-m and 4a-h were synthesized according to the procedure described earlier.41 The 

data of all the synthesized compounds are given here.

4-(methylthio)-6-(4-nitrophenyl)-2-oxo-2H-pyran-3-carbonitrile (3a). Pale Yellow solid 

(1.42 g, 45% yield); Rf = 0.35 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 

244-246 oC; MS (ESI) m/z 289 [M + H]+; IR (KBr) [ = 2214 (CN), 1716 (CO) cm-1; 1H 

NMR (400 MHz, DMSO-d6): 5 = 2.87 (s, 3H), 7.41 (s, 1H), 8.29 (d, J = 9.06 Hz, 2H), 8.39 

(d, J = 9.06 Hz, 2H) ppm; 13C{1H} NMR (100 MHz, DMSO-d6): � = 14.9, 91.3, 102.4, 

114.4, 124.6, 128.8, 136.0, 149.8, 157.2, 158.7, 171.9 ppm; HRMS (ESI) calculated for 

C13H8N2O4S: 289.0283 [M + H]+. Found 289.0284.

6-(4-fluorophenyl)-4-(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3b). Greenish yellow 

(2 g, 70% yield); Rf = 0.43 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 

186-188 oC; MS (ESI) m/z 262 [M + H]+; IR (KBr) [ = 2216 (CN), 1713 (CO) cm-1; 1H 

NMR (400 MHz, DMSO-d6): 5 = 2.83 (s, 3H), 7.22 (s, 1H), 7.44 (t, J = 8.8 Hz, 2H), 8.10-

8.14 (m, 2H) ppm; 13C{1H} NMR (100 MHz, DMSO-d6): � = 14.8, 89.4, 99.9, 114.5, 114.5, 

116.8, 117.0, 126.8, 130.2, 130.3, 157.5, 160.5, 163.8, 166.3, 172.0 ppm; HRMS (ESI) 

calculated for C13H8FNO2S: 262.0338 [M + H]+. Found 262.0333.

6-(4-chlorophenyl)-4-(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3c).41a Yellow solid 

(1.8 g, 60% yield); Rf = 0.54 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 

240-242 oC; MS (ESI) m/z 278 [M + H]+; IR (KBr) [ = 2217 (CN), 1724 (CO) cm-1; 1H 

NMR (400 MHz, DMSO-d6): 5 = 2.83 (s, 3H), 7.25 (s, 1H), 7.66 (d, J = 8.8 Hz, 2H), 8.06 

(d, J = 8.8 Hz 2H) ppm; HRMS (ESI) calculated for C13H8ClNO2S: 278.0043 [M + H]+. 

Found 278.0039.

6-(4-bromophenyl)-4-(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3d).41a Yellow solid 

(1.82 g, 52% yield); Rf = 0.38 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 
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230-232 oC; MS (ESI) m/z 322 [M + H]+; IR (KBr) [ = 2213 (CN), 1697 (CO) cm-1; 1H 

NMR (400 MHz, DMSO-d6): 5 = 2.83 (s, 3H), 7.26 (s, 1H), 7.79 (d, J = 8.8 Hz, 2H), 7.98 

(d, J = 8.8 Hz 2H) ppm; HRMS (ESI) calculated for C13H8BrNO2S: 321.9537 [M + H]+. 

Found 321.9539.

4-(methylthio)-2-oxo-6-(p-tolyl)-2H-pyran-3-carbonitrile (3e). Greenish yellow solid 

(1.83 g, 65% yield); Rf = 0.36 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 

220-222 oC; MS (ESI) m/z  258 [M + H]+; IR (KBr) [ = 2212 (CN), 1698 (CO) cm-1; 1H 

NMR (400 MHz, CDCl3): 5 = 2.43 (s, 3H), 2.71 (s, 3H), 6.67 (s, 1H), 7.31 (d, J = 8.12 Hz, 

2H), 7.76 (d, J = 8.32 Hz 2H) ppm; 13C{1H} NMR (100 MHz, CDCl3): � = 14.8, 21.6, 90.4, 

97.3, 113.4, 126.7, 127.0, 130.1, 144.0, 157.4, 162.3, 169.8 ppm; HRMS (ESI) calculated 

for C14H11NO2S: 258.0589 [M + H]+. Found 258.0585.

6-(4-Methoxyphenyl)-4-(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3f).41a Yellow-

Green solid (2.70 g, 90% yield); Rf = 0.28 (chloroform/methanol, 99:1, v/v); mp 

(chloroform/methanol) 227-228 °C; MS (ESI) m/z 274 [M + H]+; IR (KBr) [ = 2206 (CN), 

1711 (CO) cm-1; 1H NMR (400 MHz, CDCl3): 5 = 2.69 (s, 3H), 3.89 (s, 3H), 6.60 (s, 1H), 

6.99 (d, J = 8.96 Hz, 2H), 7.83 (d, J = 8.92 Hz, 2H) ppm; HRMS (ESI) calculated for 

C14H12NO3S: 274.0538 [M + H]+. Found 274.0535

6-Isopropyl-4-(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3g). White solid (1.88 g, 

82% yield); Rf = 0.52 (chloroform/methanol, 99:1, v/v); mp 170-171 °C; MS (ESI) m/z 210 

[M + H]+; IR (KBr) [ = 2225 (CN), 1729 (CO) cm-1; 1H NMR (400 MHz, CDCl3): 5 = 1.28 

(d, J =6.9 Hz, 6H), 2.62 (s, 3H), 2.76-2.83 (m, 1H), 6.09 (s, 1H) ppm; 13C{1H} NMR (100 

MHz, CDCl3): 5 = 14.6, 19.8, 33.7, 90.8, 98.0, 113.1, 157.7, 170.2, 173.0 ppm; HRMS (ESI) 

calculated for C10H12NO2S: 210.0589 [M + H]+. Found 210.0587.
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6-(furan-2-yl)-4-(methylthio)-2-oxo-2H-pyran-3-carbonitrile (3h).41c Yellow solid (1.99 

g, 78% yield); Rf = 0.65 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 218-

219 °C; MS (ESI) m/z 234 [M + H]+; IR (KBr) [ = 2219 (CN), 1732 (CO) cm-1; 1H NMR 

(400 MHz, CDCl3): 5 = 2.69 (s, 3H), 6.64 (d, J = 1.92, 2H), 7.64 (d, 2H) ppm; HRMS (ESI) 

calculated for:C11H8NO3S:234.0225 [M + H]+. Found 234.0223.

4-(methylthio)-2-oxo-6-(thiophen-2-yl)-2H-pyran-3-carbonitrile (3i).41a Yellow solid 

(1.36 g, 50% yield); Rf = 0.30 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 

253-255 °C; MS (ESI) m/z 250 [M + H]+; IR (KBr) [ = 2205 (CN), 1704 (CO) cm-1; 1H 

NMR (400 MHz, DMSO-d6): 5 = 2.79 (s, 3H), 7.13 (s, 1H), 7.33 (dd, J = 3.96 Hz, 5.00 Hz), 

8.05 (dd, J = 1.09 Hz, 4.96 Hz, 2H), 8.16 (dd, J = 1.12 Hz, 3.85 Hz, 2H); HRMS (ESI) 

calculated for C11H7NO2S2: 249.9996 [M + H]+. Found 249.9993.

4-(methylthio)-2-oxo-6-(pyridin-2-yl)-2H-pyran-3-carbonitrile (3j).41b Grey solid (1.2 g, 

45% yield); Rf = 0.28 (chloroform/methanol, 98:2, v/v); mp (chloroform/methanol) 205-

208°C; MS (ESI) m/z 245 [M + H]+; IR (KBr) [ = 2206 (CN), 1721 (CO) cm-1; 1H NMR 

(400 MHz, CDCl3): 5 = 2.76 (s, 3H), 7.43-7.46 (m, 1H), 7.56 (s, 1H), 7.88 (td, J = 7.77 Hz, 

1.75 Hz, 1H), 8.06-8.09 (m, 1H), 8.68-8.70 (m, 1H); HRMS (ESI) calculated for 

C12H8N2O2S: 245.0385 [M + H]+. Found 245.0383.

4-(methylthio)-2-oxo-6-(pyridin-4-yl)-2H-pyran-3-carbonitrile (3k).41b Light Grey solid 

(1.5 g, 56% yield); Rf = 0.22 (chloroform/methanol, 98:2, v/v); mp (chloroform/methanol) 

208-210°C; MS (ESI) m/z 245 [M + H]+; IR (KBr) [ = 2214 (CN), 1716 (CO) cm-1; 1H 

NMR (400 MHz, CDCl3): 5 = 2.76 (s, 3H), 6.83 (s, 1H), 7.68-7.70 (m, 2H), 8.81-8.82 (m, 

2H) ppm; HRMS (ESI) calculated for C12H8N2O2S: 245.0385 [M + H]+. Found 245.0378.

4-(methylthio)-6-(naphthalen-2-yl)-2-oxo-2H-pyran-3-carbonitrile (3l).41c Pale yellow 

solid (2.57 g, 80% yield); Rf = 0.28 (chloroform/methanol, 98:2, v/v); mp 
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(chloroform/methanol) 248-250 °C; MS (ESI) m/z 294 [M + H]+; IR (KBr) [ = 2213 (CN), 

1699 (CO) cm-1; 1H NMR (400 MHz, DMSO-d6): 5 = 2.87 (s, 3H), 7.35 (s, 1H), 7.61-7.69 

(m, 2H), 8.01 (d, J = 7.79 Hz, 1H), 8.07-8.14 (m, 3H), 8.65 (s, 1H) ppm; HRMS (ESI) 

calculated for C17H11NO2S: 294.0589 [M + H]+. Found 294.0586.

6-(Anthracen-9-yl)-4-(mehtylthio)-2-oxo-2H-pyran-3-carbonitrile (3m). Orange solid 

(2.63 g, 70% yield);  Rf = 0.55 (chloroform/methanol, 99:1, v/v); mp (chloroform/methanol) 

270-271 °C; MS (ESI) m/z 344 [M + H]+; IR (KBr) [ = 2210 (CN) , 1731 (CO)  cm-1; 1H 

NMR (400 MHz, CDCl3): 5 = 2.61 (s, 3H), 6.62 (s, 1H), 7.52-7.59 (m, 4H), 7.88 (d, J = 8.5 

MHz 2H), 8.07 (d, J = 8.15 MHz, 2H), 8.64 (s, 1H) ppm; 13C{1H} NMR (100 MHz, CDCl3): 

5 =14.9, 106.1, 113.1, 124.3, 124.5, 125.8, 127.9, 129.0, 130.0, 130.9, 131.1, 157.8, 162.8, 

169.6 ppm; HRMS (ESI) calculated for: C21H14NO2S: 344.0745 [M + H]+. Found 344.0746.

6-(4-chlorophenyl)-2-oxo-4-(piperidin-1-yl)-2H-pyran-3-carbonitrile (4a). White solid 

(226 mg, 72% yield); Rf = 0.35 (chloroform/methanol, 98:2, v/v); mp (chloroform/methanol) 

223-225°C; MS (ESI) m/z 315 [M + H]+; IR (KBr) [ = 2210 (CN) , 1680 (CO)  cm-1; 1H 

NMR (400 MHz, CDCl3): 5 = 1.80 (s, 6H), 3.82 (s, 4H), 6.43 (s, 1H), 7.42-7.44 (m, 2H), 

7.72-7.74 (m, 2H) ppm; 13C{1H} NMR (100 MHz, CDCl3): 5 = 23.8, 26.4, 51.0, 72.6, 94.8, 

117.2, 125.6, 126.4, 127.5, 129.2, 129.4, 138.2, 159.7, 160.4, 162.2 ppm; HRMS (ESI) 

calculated for: C17H15ClN2O2: 315.0900 [M + H]+. Found 315.0901.

6-(4-chlorophenyl)-2-oxo-4-(pyrrolidin-1-yl)-2H-pyran-3-carbonitrile (4b).41c Off white 

solid (204 mg, 68% yield); Rf = 0.24 (chloroform/methanol, 98:2, v/v); mp 

(chloroform/methanol) 308-310 °C; MS (ESI) m/z 301 [M + H]+; IR (KBr) [ = 2201 (CN), 

1682 (CO) cm-1; 1H NMR (400 MHz, DMSO-d6): 5 = 1.94-1.99 (m, 4H), 3.75 (s, 2H), 3.93 

(2H), 6.84 (s, 1H), 7.60 (d, J = 8.74 Hz, 2H), 7.96 (d, J = 8.69 Hz, 2H) ppm; HRMS (ESI) 

calculated for C16H13ClN2O2: 301.0744 [M + H]+. Found 301.0742.
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6-(4-bromophenyl)-2-oxo-4-(piperidin-1-yl)-2H-pyran-3-carbonitrile (4c).41a Off white 

(287 mg, 80% yield); Rf = 0.26 (chloroform/methanol, 98:2, v/v); mp (chloroform/methanol) 

250-252 °C; MS (ESI) m/z 359 [M + H]+; IR (KBr) [ = 2210 (CN), 1679 (CO) cm-1
, 

1H 

NMR (400 MHz, DMSO-d6): 5 = 1.68 (s, 6H), 3.86 (s, 4H), 7.08 (s, 1H), 7.72-7.75 (m, 2H), 

7.89-7.92 (m, 2H) ppm; HRMS (ESI) calculated for C17H15BrN2O2: 359.0395 [M + H]+. 

Found 359.0392.

6-(4-bromophenyl)-2-oxo-4-(pyrrolidin-1-yl)-2H-pyran-3-carbonitrile (4d).41c Off white 

solid (269 mg, 78% yield); Rf = 0.28 (chloroform/methanol, 98:2, v/v); mp 

(chloroform/methanol) 306-308 °C; MS (ESI) m/z 345 [M + H]+; IR (KBr) [ = 2204 (CN), 

1680 (CO) cm-1; 1H NMR (400 MHz, DMSO-d6): 5 = 1.93-1.98 (m, 4H), 3.74 (s, 2H), 3.92 

(s, 2H), 6.84 (s, 1H), 7.72-7.75 (m, 2H), 7.87-7.89 (m, 2H) ppm; HRMS (ESI) calculated for 

C16H13BrN2O2: 345.0239 [M + H]+. Found 345.0234.

4-Morpholino-2-oxo-6-(p-tolyl)-2H-pyran-3-carbonitrile (4e). Green solid (222 mg, 75% 

yield); Rf = 0.55 (chloroform/methanol, 98:2, v/v); mp (chloroform/methanol) 264-265 °C; 

MS (ESI) m/z 297 [M + H]+; IR (KBr) [ = 2212 (CN), 1705 (CO) cm-1; 1H NMR (400 MHz, 

DMSO-d6): 5 = 2.38 (s, 3H), 3.75 (t, 4H), 3.92 (t, 4H), 7.05 (s, 1H), 7.35 (d, J = 8.0 Hz, 2H), 

7.88 (d, J = 8.3MHz, 2H) ppm; 13C{1H} NMR (100 MHz, DMSO-d6): 5 = 21.5, 49.9, 66.5, 

71.0, 95.3, 118.1, 126.7, 128.2, 130.1, 142.6, 160.0, 161.2, 162.3 ppm; HRMS (ESI) 

calculated for C17H17N2O3: 297.1239 [M + H]+. Found 297.1236.

2-oxo-4-(piperidin-1-yl)-6-(p-tolyl)-2H-pyran-3-carbonitrile (4f).  Brown solid (205  mg, 

70% yield); Rf = 0.35 (chloroform/methanol, 98:2, v/v); mp (chloroform/methanol) 194-196 

°C; MS (ESI) m/z 295 [M + H]+; IR (KBr) [ = 2191 (CN), 1695 (CO) cm-1; 1H NMR (400 

MHz, CDCl3): 5 = 1.79 (s, 6H), 2.40 (s, 3H), 3.81 (s, 4H), 6.41 (s, 1H), 7.25-7.27 (m, 2H), 

7.69 (d, J = 8.35 Hz, 2H) ppm; 13C{1H} NMR (100 MHz, CDCl3): � = 21.5, 23.8, 26.3, 
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50.8, 72.1, 93.8, 117.4, 126.1, 127.9, 129.7, 142.6, 160.7, 161.0, 162.6 ppm; HRMS (ESI) 

calculated for C18H18N2O2: 295.1447 [M + H]+. Found 295.1449.

4-morpholino-2-oxo-6-(thiophen-2-yl)-2H-pyran-3-carbonitrile (4g).41c Greenish Yellow 

solid (193 mg, 67% yield); Rf = 0.32 (chloroform/methanol, 98:2, v/v); mp 

(chloroform/methanol) 253-255 °C; MS (ESI) m/z 289 [M + H]+; IR (KBr) [ = 2206 (CN), 

1694 (CO) cm-1; 1H NMR (400 MHz, DMSO-d6): 5 = 3.74-3.76 (m, 4H), 3.90 (t, J = 4.8 Hz 

4H), 7.02 (s, 1H), 7.27-7.29 (m, 1H), 7.93 (dd, J = 1.2 Hz,4.8 Hz 1H), 8.02 (dd, J = 1.2 

Hz,4.00 Hz 1H) ppm; HRMS (ESI) calculated for C14H12N2O3S: 289.0647 [M + H]+. Found 

289.0647.

6-(naphthalen-2-yl)-2-oxo-4-(pyrrolidin-1-yl)-2H-pyran-3-carbonitrile (4h).41d White 

solid (234 mg, 74% yield); Rf = 0.35 (chloroform/methanol, 98:2, v/v); mp 

(chloroform/methanol) 300-302 °C; MS (ESI) m/z 317 [M + H]+; IR (KBr) [ = 2201 (CN), 

1686 (CO) cm-1; 1H NMR (400 MHz, DMSO-d6): 5 = 2.02 (s, 4H), 3.91 (s, 4H), 6.93 (s, 

1H), 7.60-7.66 (m, 2H), 7.98-8.10 (m, 4H), 8.53 (s, 1H) ppm; HRMS (ESI) calculated for 

C20H16N2O2: 317.1290 [M + H]+. Found 317.1262.
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