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Experimental section

General: All reactions were conducted in oven-dried glasswares. All reactions were conducted 

using a blue light-emitting diode (LED) array (30 LEDs, power density: 40 mW/cm2 at 460 nm) 
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as the visible-light source under an oxygen (O2, 1 atm) atmosphere. All solvents were dried 

according to known methods and distilled prior to use. Starting materials were commercially 

available (Sigma-Aldrich or Alfa-Aesar or TCI chemicals) and used as received. 1H NMR and 
13C NMR spectra were recorded at 400 and 600 MHz using deuterated CDCl3 or CDCl3-DMSO-

d6 mixture. Chemical shifts (δ) were reported as parts per million (ppm) and the following 

abbreviations were used to identify the multiplicities: s= singlet, d= doublet, t= triplet, q= quartet, 

m= multiplet, b= broad, and all combinations thereof can be explained by their integral parts. 

Unless otherwise specified, the proton/carbon signal of these 2 solvent peaks (at δ 7.24 or 2.50 

and δ 77.00 or 39.51 ppm, respectively) was used as the internal reference.  EPR spectra were 

recorded using a Bruker ESP-300E instrument.

General procedure for the formation of α-keto esters 

Ar R-OH
CuI (5 mol%)

Ar

O
O

O2-picolinic acid (1 equiv.)
CH3CN, O2

RT, blue-LEDs

R

A dry test tube (20 mL) containing 5 mol% CuI (5 mg) and 0.5 mmol of 2-piconilic acid (61 mg), 

was added 2 mL of dry CH3CN, aliphatic alcohol (2 mL) and terminal acetylene (0.50 mmol) via 

syringe. For low boiling aliphatic alcohols, such as MeOH, EtOH, propanol, isopropanol, n-

butanol and tertiaty butanol (4 mL), was used as both reactant and solvent. The reaction mixture 

was then irradiated with blue LEDs (40 mW/cm2 at 460 nm) under an oxygen atmosphere (1 

atm.) at room temperature (25-28 oC) until completion of the reaction (monitored by TLC).  The 

reaction mixture was diluted with 40 % ethyl acetate in hexane and stirred for 10 min. The 

mixture was filtered through celite and silica gel pads, and washed with ethyl acetate. The filtrate 

was concentrated and the residue was purified by column chromatography on silica gel to collect 

the α-keto ester as product.
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Figure S1. Optical pictures of reaction mixture before irradiation (A) and after irradiation (B & 

C). 

Competitive reaction of phenyl acetylene with 1o, 2o and 3o alcohols

Ph + MeOH
O2, 2-picolinic acid
CH3CN, RT, 12 h,

Blue-LEDs

3aOH OH

1a 2a 2j 2j 73%

3j 3q

<5% 0%

Procedure of competitive reaction: A dry test tube (20 mL) containing 5 mol% CuI (9.5 mg) 

and 1 mmol of 2-piconilic acid (123 mg), was added 4 mL of dry CH3CN, MeOH (1.0 mmol, 40 

µL), isopropanol (1 mmol, 76 µL) and tertiaty butanol (1 mmol, 96 µL) and phenyl acetylene 

(1.0 mmol) via syringe. The reaction mixture was then irradiated with blue LEDs (40 mW/cm2 at 

460 nm) under an oxygen atmosphere (1 atm.) at room temperature (25-28 oC) until completion 

of the reaction (monitored by TLC).  The reaction mixture was diluted with 40 % ethyl acetate in 

hexane and stirred for 10 min. The mixture was filtered through celite and silica gel pads, and 

washed with ethyl acetate. The filtrate was concentrated and the residue was purified by column 

chromatography on silica gel to collect the α-keto ester 3a as major product in 73% yield derived 

from 1º alcohol i.e., MeOH. Product 3j derived from 2º alcohol was formed in trace quantity, 

however we did not observe α-keto ester 3p resulting from tertiary butanol.

A B C
CuII(Pic)2
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Experimental procedure for the synthesis of biologically active compounds:

Preparation of Methyl 2-(3-nitrophenyl)-2-oxoacetate (4n): 

O2N CuI (5 mol%)
MeOH, RT

O2

blue-LEDs

O2N
O

O OMe

4n, 84%, 9h

A dry test tube (20 mL) containing 5 mol% CuI (5 mg) and 0.5 mmol of 2-piconilic acid (61 mg), 

was added 4 mL of dry CH3OH, and 3-nitrophenylacetylene (75 mg, 0.50 mmol) via syringe. 

The reaction mixture was then irradiated with blue LEDs (40 mW/cm2 at 460 nm) under an 

oxygen atmosphere at room temperature (25-28 oC) until completion of the reaction (monitored 

by TLC). The reaction mixture was diluted with 40 % ethyl acetate in hexane and stirred for 10 

min. The mixture was filtered through celite and silica gel pads, and washed with ethyl acetate. 

The filtrate was concentrated and the residue was purified by column chromatography on silica 

gel (eluent: petroleum ether/ethyl acetate = 4 : 1) to afford 88 mg of 4n (84%) as solid product. 

Preparation of 1-benzyl-3-(3-nitrophenyl)quinoxalin-2(1H)-one (6n):s1 

The above collected solid (4n) (84 mg, 0.4 mmol) was mixed with o-phenylenediamine (34 mg, 

0.4 mmol) in toluene (8 mL) and heated at 70 °C overnight. The precipitate that formed was 

collected by filtration, as yellow solid. The yield of product 5n after filtration was found to be 

75% (80 mg, 0.3 mmol) and used in the next step without purification. Compound 5n (0.3 mmol) 

was dissolved in DMF (10 mL), benzyl bromide (0.45 mmol) and K2CO3 (0.6 mmol) were added, 

and the mixture was stirred overnight. The solution was diluted with water and extracted with 

ethyl acetate. The organic layer was washed with water three times. The organic layer was 

washed with brine and dried over magnesium sulfate. The final product 6n obtained in 70% yield 

after solvent evaporation was purified by column chromatography on silica gel (eluent: 

petroleum ether/ethyl acetate = 5 : 1).
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O2N

CuI
2-Picolinic acid

MeOH, RT
O2

Blue-LED's

O

OMeO

O2N

NH2

NH2

N
H

N

O

N

N

O

NO2

NO2

toluene, reflux

DMF, K2CO3, rt

6n, 70%, 6h

75%
4n, 84%, 9h

over night

Benzyl bromide (1 equiv.)

overall yield = 44.1%

CFTR activators

5n
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Scheme S1. Synthetic comparison of the CFTR activator (6n) with literatures1 and the current 

method.

O2N
O

O2N
O

Br

Br

N
H

N

O

NO2

N

N

O

NO2

Br2

1,4-dioxane

toluene, reflux DMF, K2CO3, RT
70%75%

86%

O2N
O

OMe

O
MeOH

CuI (5 mol%)
O2

2-Picolinic acid
blue LEDs, 9h, RT

84% yield

NO2

DMSO, reflux
MeOH
72%

BnBr

CFTR activator
literature overall yield: 32%
current work overall yield: 44%

O-phenyline diamine

literature method:

current photo-redox method:

4n
5n

6n

Preparation of dimethyl 2,2'-(1,3-phenylene)bis(2-oxoacetate)(4u): A dry test tube (20 mL) 

containing 5 mol% CuI (5 mg) and 0.5 mmol of 2-piconilic acid (61 mg), was added 4 mL of dry 

CH3OH, and 1,3-diethynylbenzene (63 mg, 0.50 mmol) via syringe. The reaction mixture was 

then irradiated with blue LEDs (40 mW/cm2 at 460 nm) under an oxygen atmosphere at room 

temperature (25-28 oC) until completion of the reaction (monitored by TLC).  The reaction 

mixture was diluted with 40 % ethyl acetate in hexane and stirred for 10 min. The mixture was 

filtered through celite and silica gel pads, and washed with ethyl acetate. The filtrate was 

concentrated and the residue was purified by column chromatography on silica gel (eluent: 

petroleum ether/ethyl acetate = 5 : 1) to afford 116 mg of 4t (93%) as a colourless liquid.

Preparation of dimethyl 2,2'-(1,3-phenylene)bis(2-(hydroxyimino)acetate) (5t);s2 To a solution 

of 4t (116 mg, 0.46 mmol) in dry MeOH (15 mL) was added hydroxylamine hydrochloride (69 

mg, 1 mmol) and pyridine (2 drops). The reaction was stirred under nitrogen at room temperature 

overnight. Then the mixture was concentrated in vacuo and re-suspended between HCl solution 

(1 M, 10 mL) and EtOAc (15 mL). The organic phase was separated and further washed with 

HCl solution (1 M, 1 x 10 mL), then dried (MgSO4), filtered and concentrated in vacuo to give 4t 

as an off-white solid (82 mg, 64% yield).

OO

O

MeO

O

OMe NH2OH.HCl
N

O

OMe
N

O

MeO

HO OH

pyridine

CuI
2-Picolinic acid

MeOH, RT
O2

blue-LEDs 4u, 93%, 12h
over night

overall yield = 60%
DHPS inhibitor

5t, 64%
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Scheme S2.  Synthetic comparison of DHPS inhibitor (5t) with literatures2 and current photo-

redox method.

NH2OH.HCl
N

O

OMe
N

O

MeO
pyridine
over night

DHPS inhibitor
5t, 64%

OO
SeO2

O

HOOC

O

COOH

MeOH/H+

OO

O

MeO

O

OMe
CuI(5 mol%)
2-Picolinic acid

O2

blue-LEDs, RT,12h

4u

literature overall yield: 25%
current work overall yield: 60%

literature method:

current photo-redox method:

93% yield

FeCl2.H2O

MeSO3H
DCE, 60oC

98% yield

90% yield

45% yield

HO OH

Synthesis of Methyl 2-(3-nitrophenyl)-2-oxoacetate (4n) in gram scale: To a flame-dried round 

bottom flask (100 mL) containing 5 mol% CuI and 7.0 mmol of 2-piconilic acid (861 mg), was 

added 56 mL of dry CH3OH, and 3-nitrophenylacetylene (1.03 g, 7.0 mmol) via syringe. The 

reaction mixture was then irradiated with blue LEDs (40 mW/cm2 at 460 nm) under an oxygen 

atmosphere at room temperature (25-28 oC) until completion of the reaction (monitored by TLC). 

After the reaction was complete, methanol was removed under reduced pressure and the reaction 

mixture was diluted with 40 % ethyl acetate in hexane and stirred for 10 min. The mixture was 

filtered through celite and silica gel pads, and washed with ethyl acetate. The filtrate was 

concentrated and the residue was purified by column chromatography on silica gel (eluent: 

petroleum ether/ethyl acetate = 4 : 1) to afford 1.16 mg of 4n (79%) as solid product. 
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Evaluation of Green metrics of the current photochemical process
Scheme S3. Current photochemical process for the preparation of -ketoester (4n)

O2N
CuI

2-picolinic acid
MeOH, RT

O2

blue-LEDs

O

OMeO

O2N

Reactant 1 1-ethynyl-3-
nitrobenzene

1.029 g 7.0 mmol F.W = 147.02

Reactant 2 MeOH 0.224 g 7.0 mmol F.W = 32.02
Ligand 2-picolinic acid 0.861 g 7.0 mmol F.W = 123.02
solvent MeOH (56 mL) (d 

= 0.792 g/mL
44.128 g

Auxiliary ------ ------ ----- ------
Recycled solvent MeOH (40 mL) 31.6 g
Product Methyl 2-(3-

nitrophenyl)-2-
oxoacetate

1.156 g 5.53 mmol F.W = 209.03

 Product yield = 79%
O

OMe

O

NO2
NO2

MeOH 1.5 O2

Atom economy defined as “how much of the reactants remain in the final desired product”

Atom economy (AE) =
Molecular mass of desired product

Molecular mass of all reactants
X 100

Atom efficiency = 100
79% x 92%

= 72.7%

Atom economy =
209

147 + 32 + 48
= 92%

E-factor =
Amount of waste

Amount of product

E-factor =
1.029 + 0.224 + 0.861 + 44.128 - 1.156 - 31.6

1.156
= 11.66 Kg waste per Kg product

Reaction mass efficiency defined as “the percentage of the mass of the reactant that remain in the 
product.’’

Reaction mass efficiency (RME) =
Molecular mass of desired product
Molecular mass of all reactants

X 100

Reaction mass efficiency (RME) = X 100
1.156

1.029 + 0.224
= 92.2%

Carbon efficiency = X 100
9

8 + 1
= 100%
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Evaluation of Green metrics of the reported thermal process
Scheme S4. Reported thermal procedure for preparation of -keto ester (4n).

O
Br

Br

NO2
NO2

2 Br2

O

MeOH

O
OMe

O

NO2

DMSO

Reactant 1 1-(3-
nitrophenyl)ethan-
1-one

1.15 g 7.0 mmol F.W = 165.04

Reactant 2 Br2 2.48 g 15.75  mmol F.W = 157.84
solvent Dioxane (87.5 mL) 

(d = 1.03 g/mL
90 g

Auxiliary ------ ------ ----- ------
Product 2,2-dibromo-1-(3-

nitrophenyl)ethan-
1-one

1.931 g 6.02 mmol F.W = 320.86

Product yield = 86%
O

Br

Br

NO2
NO2

2 Br2

O

E-factor =
1.15 + 2.48 + 90 - 1.931

1.931
= 47.48 Kg waste per Kg product

Atom economy =
320.86

165.02 + 2 x 157.84
= 67%x 100

Atom efficiency = 100
86% x 67%

= 57.62%%

Carbon efficiency = X 1008
8

= 100%

Reaction mass efficiency (RME) = X 100
1.931

1.15 + 2.48
= 53.2%

Reactant 1 2,2-dibromo-1-(3-
nitrophenyl)ethan-
1-one

2.24 g 7.0 mmol F.W = 320.86

Reactant 2 MeOH 0.372 g 11.62  mmol F.W = 32
Reactant 3 DMSO (116.2 mL) 

(d = 1.1 g/mL
127.82 g --- F.W = 78.13

Auxiliary ------ ------ ----- ------
Product methyl 2-(3-

nitrophenyl)-2-
oxoacetate

1.053 g 5.04 mmol F.W = 209.03

Product yield = 72%
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O
Br

Br

NO2

MeOH S
O

O
OMe

O

NO2

S 2 HBr

E-factor =
2.24 + 0.372 + 127.82 - 1.053

1.053
= 122.9 Kg waste per Kg product

Atom economy =
209.03

320 + 32 + 78
= 48.6%x 100

Atom efficiency = 100
72% x 48.6%

= 35%%

Carbon efficiency = X 1009
8 + 1

= 100%

Scheme S5.  Medicinal applications of α-keto esters 4u, 4v, 4x:

General procedure for the formation of 6,7-dimethyl-2-phenylquinoxaline (8). 

Me

Me

H2N

H2N
+

CuI (5 mol%)
2-Picolinic acid (1 equiv.)

CH3CN:MeOH (1:1), O2, 12 h
RT, blue-LEDs 8, 65%

N

N

Me

Me

Ph

N N
NH2

S
O

O

MeO

NH

N N
N

N

O

S

i) HI, MeOH, Et3N,
reflux, 10-15 min

ii)DMF/MeOH, reflux, 1-6 h.

OMe O

O

OMe
O

O

MeO
OH O

O

OH
O

O

HO

O

O

OMe
O

O

MeO
O

O

OH
O

O

HO

i) NaSEt, 80oC, 3h

ii) LiOH, THF/H2O(1;1), 3h

i) LiOH, THF/H2O(1;1), 3h

Thiopene bioisosteres
(antiproliferative activity)

Bis-keto acids
E-coli DHPS inhibitors

Bis-keto acids
E-coli DHPS inhibitors

4x

4v

4u

ref: S6

ref: S2

ref: S2
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A dry test tube (20 mL) containing 5 mol% CuI (5 mg) and 0.5 mmol of 2-piconilic acid (61 mg), 

was added 2 mL of dry CH3CN, MeOH (2 mL) and terminal acetylene (0.50 mmol) via syringe, 

then 4,5-dimethylbenzene-1,2-diamine (0.50mmol) was added to the reaction mixture which was 

irradiated with blue LEDs (40 mW/cm2 at 460 nm) under an oxygen atmosphere (1 atm.) at room 

temperature (25-28 oC) until completion of the reaction (monitored by TLC). The reaction 

mixture was diluted with 40 % ethyl acetate in hexane and stirred for 10 min. The mixture was 

filtered through celite and silica gel pads, and washed with ethyl acetate. The filtrate was 

concentrated and the residue was purified by column chromatography on silica gel to afford 67 

mg of 6,7-dimethyl-2-phenylquinoxaline 8 (65%) as yellow solid product. 
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Scheme S6.  Previous literature thermal method for synthesis of 2-phenyl quinaxoline (8)S8a.

NH2

NH2
N
O N

N

1.5 equiv 4.0 equiv.

[AuCl(PPh3)]/AgSbF6

O

HNTf2 (1 equiv.)
PhMe, 70 oC, 18h

 Requires expensive gold and silver catalysts 

 Need of strong external oxidant pyridine N-oxide 

 Requires excess amount of external oxidant (4 equiv.) and acid additive 

 Harsh reaction condition and longer reaction time.

Scheme S7. Comparison of mechanistic pathways for the formation of 3-phenyl quinaxoline-2-ol 

(previous work)s7 and 2-phenyl quinaxoline (current work).

 

Ph CuX

2-picolinic acid

K2CO3

O2

Ph

Ph

CuII

CuII

Via SET process

H2N

H2N
+

via C-N coupling

C C to form glyoxal
via activation of

Ph

N

N

Ph

HO N

N

2-phenylquinoxaline

& Oxygen incorporation
3-phenylquinoxalin-2-ol

previous work

current work H2N

H2N
+

double condensation

OPh

OH

basic

Plausible mechanism for 3-phenyl quinaxoline-2-ol proceeds via C-N coupling under basic 

condition and in the absence of 2-picolinic acid ligand, whereas formation of 2-phenyl 

quinaxoline is going through visible light assisted control oxidation of phenylacetylene to 

phenylglyoxal in the presence of 2-picolinic acid ligand, which later double condenses with 

diamine. 
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Scheme S8. Plausible mechanism for formation of 3-phenyl quinaxoline-2-ol.7g

Ph
+

CuX

Ph CuI

blue-LEDs

Ph CuI *
1a'

1

7




Ph CuII

SET

O2

O2

8
NH2

NH2

Ph NH

H2N
via C-N coupling

H
N

N
H

Ph

CuIO2

H
N

N
H

Ph

CuII

O O

H
N

N
H

Ph

O
O CuII

H
N

N
H

Ph

O
OH

N

N

Ph

HO

Base

BH+Cl-

HX
CuX

CuI

Preparation of copper(I) phenylacetylide:s3 CuI (1.0 g, 5.0 mmol) was dissolved in ammonium 

hydroxide to form a blue solution. While stirring, phenylacetylene (0.5 g, 5.1 mmol in 50 mL 

ethanol) was added dropwise to the solution.  The system was allowed to stand for 15 min to 

form a yellow precipitate suspension. The precipitate was filtered out and washed with water, 

ethanol, and diethyl ether, three times each. The solid was vacuum-dried, and 0.65 g (75% yield) 

of a bright yellow solid was obtained.  The spectroscopic data for the yellow solid are shown 

below: FT-IR (KBr, cm-1) s4: 1929 (CC), 1596, 1568; UV-Vis:  λabs= 476 nm.

EPR measurements:  EPR spectra were recorded at room temperature on a Bruker ESP-300E (X 

band, 9.8 GHz) with parameters setting as shown below: receiver gain= 30 n; receiver phase= 0 

deg; receiver harmonic= 1; field modulation frequency=100000 Hz; microwave frequency [Hz]= 

9.660469 e+09;  field modulation amplitude [T]= 0.00016; receiver time constant [S] = 0.32768; 

microwave power= 0.015 W; receiver offset [%FS]= 0;  DMPO ( 5-,5-dimethyl-1-pyrroline N-

oxide) was employed as a radical trap for trapping of the superoxide radical anion.

The reaction under a standard condition phenyl acetylene (1a), MeOH (2a), CuI, 2-picolinic 

acid, 1 atm. O2 in CH3CN was irradiated with blue LEDs for 20 min in the presence of DMPO in 

an EPR chamber while recording the EPR spectra. The EPR signals shown in Figure S1 is 

corresponding to DMPO-OO(H). Next, under the standard condition copper(I) phenylacetylide 
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(1a') (1 atm. O2) was irradiated under blue LEDs for 20 min in the presence of EPR trapping 

reagent DMPO.  The EPR signals shown in Figure S3 is corresponding to DMPO-OO(H) which 

shows that superoxide anion radical was formed in the reaction solution.  No superoxide EPR 

signal was observed from the reaction solution under the standard condition in the absence of 

CuI or O2 (Figures S2 & S4). These results indicate that copper(I) phenylacetylide undergoes 

single electron transfer to O2, and generates superoxide free radical upon blue LEDs irradiation.s5

EPR spectra of the reaction mixture after blue LEDs irradiation

3440 3460 3480 3500 3520 3540

-200

-100

0

100

200

300
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a.u
.)
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Figure S2:  EPR spectra of the reaction mixture: phenyl acetylene (1a) (0.1 mmol), MeOH (2a) 

(1 mL), 5 mol% CuI and 2-picolinic acid (0.1 mmol), in 1 mL of CH3CN 1 atm. O2, 0.5 mL of 

this reaction solution was taken out into a small vial, followed by the addition of 0.01 mL of 

DMPO (5 x 10-2 M). The mixture was irradiated with blue LEDs at room temperature under an 

oxygen atmosphere (1 atm.) for 20 minutes. The reaction mixture was then analysed by EPR 

spectra. The classical 6 EPR peaks are originated from the DMPO-OO. radical species.
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EPR spectra of the reaction mixture without CuI
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Figure S3:  EPR spectra of the reaction mixture: phenyl acetylene (1a) (0.1 mmol), MeOH (2a) 
(1 mL) and 2-picolinic acid (0.1 mmol), in 1 mL of CH3CN 1 atm. O2, 0.5 mL of this reaction 
solution was taken out into a small vial, followed by the addition of 0.01 mL of DMPO (5 x 10-2 
M). The mixture was irradiated with blue LEDs at room temperature under an oxygen 
atmosphere (1 atm.) for 20 minutes (in the absence of CuI). The reaction mixtures were analysed 
by EPR spectra. No signals were detected.

EPR spectra of  copper (I) phenylacetylide (1a') with O2 under blue-LEDs
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Figure S4:  EPR spectra of the reaction mixture: 10 mg of copper (I) phenylacetylide in 7 mL of 
CH3CN under.  0.5 mL of this reaction solution was taken out into a small vial, followed by the 
addition of 0.01 mL of DMPO (5 x 10-2 M). The mixture was irradiated with blue LEDs at room 
temperature under an oxygen atmosphere for 20 minutes. The reaction mixtures were analysed 
by EPR spectra. There are 6 classical peaks, which are corresponding to the signals (DMPO-
OO(H)). There are classical 6 peaks, the signals corresponding to the DMPO-OO. radical species.

EPR spectra of the reaction mixture without O2 (under N2) at RT
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Figure S5: EPR spectra of the reaction mixture: phenylacetylene (1a) (0.11 mmol), and 5 mol% 
of CuI in CH3CN purged with N2 (without O2). 0.5 mL of this reaction solution was taken out 
into a small vial, followed by the addition of 0.01 mL of DMPO (5 x 10-2 M). The mixture was 
irradiated with blue LEDs at room temperature under nitrogen atmosphere (1 atm.) for 20 
minutes (in the absence of O2). The reaction mixture was analysed by EPR spectra. No signals 
were detected.
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Excitation and emission spectra of copper(I) phenylacetylide:

Figure S6: Excitation and emission spectra of in-situ generated copper(I) phenylacetylide in 
CH3CN solvent.

18O2 labeling experiments: We have performed an 18O2-labeling experiment under the standard 
condition (98% purity of 18O2 gas, instead of 16O2 air, was filled in the reaction system). From 
ESI mass, the final product 3f was determined to contain an 18O labeled α-keto ester 3f, 63.4% 
exclusively, indicating that the oxygen atom in the α-keto ester originated from molecular O2.  
The 18O16O-3f product is most probably formed via a partial 18O-H2

16O exchange in air/moisture 
or during the silica gel column purification.  It should be noted that the 1,2-diketo containing 
analogues are very active, and the oxygen of carbonyl can be exchanged via hemiketal with the 
oxygen of water in air.

Scheme S9.  18O2 isotope labelling experiments. 
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Methyl 2-oxo-2-phenylacetate (3a)

O
OMe

O
3a

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.99 (d, J = 6.0 Hz, 2 H), 7.63 (t, J= 6.0 Hz, 1 

H), 7.48 (t, J= 6.0 Hz, 2 H), 3.95 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 186.0, 164.0, 134.9, 

132.4, 130.0, 128.8 and 52.7; IR (KBr): 2923, 1741, 1686, 1451, 1213, 1177 cm-1; HRMS: calcd 

for C9H9O3 (M+H): 165.0552, found: 165.0546.

Ethyl 2-oxo-2-phenylacetate (3b)

O
O

O
3b

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.98 (d, J = 6.0 Hz, 2 H), 7.63 (t, J= 6.0 Hz, 1 

H), 7.48 (t, J= 6.0 Hz, 2 H), 4.42 (q, J = 6.0 Hz, 2 H), 1.39 (t, J = 6.0 Hz, 3 H); 13C NMR (150 

MHz, CDCl3): δ 186.4, 163.8, 134.9,132.4, 130.0, 128.9, 62.3 and 14.0; IR (KBr): 2957, 2927, 

1728, 1691, 1597, 1451, 1203 cm-1; HRMS: calcd for C10H11O3 (M+H): 179.0708, found: 

179.0707.

Propyl 2-oxo-2-phenylacetate (3c)

O
O

O
3c

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.97 (d, J = 6.0 Hz, 2 H), 7.62 (t, J= 12.0 Hz, 

1 H), 7.48 (t, J= 6.0 Hz, 2 H), 4.32 (t, J= 12.0 Hz, 2 H), 1.79 (q, J = 6.0 Hz, 2 H), 0.98 (t, J = 6.0 

Hz, 3 H); 13C NMR (150 MHz, CDCl3): δ 186.4, 163.9, 134.8,132.4, 129.9, 128.8, 67.6, 21.8 

and 10.2; IR (KBr): 2971, 1736, 1690, 1597, 1451, 1323, 1170, 990 cm-1; HRMS: calcd for 

C11H12O3 (M+H): 193.0865, found: 193.0857.
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Butyl 2-oxo-2-phenylacetate (3d)

O
O

O

3d

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.98 (d, J = 12.0 Hz, 2 H), 7.62 (t, J= 6.0 Hz, 

1 H), 7.48 (t, J= 6.0 Hz, 2 H), 4.36 (t, J= 12.0 Hz, 2 H), 1.76-1.71 (m, 2 H), 1.45-1.39 (m,2 H), 

0.93 (t, J = 12.0 Hz, 3 H); 13C NMR (150 MHz, CDCl3): δ 186.4, 163.9, 134.8,132.4, 129.9, 

128.8, 66.0, 30.4, 18.9 and 13.5; IR (KBr): 2962, 2875, 1738, 1691, 1597, 1200, 1176 cm-1; 

HRMS: calcd for C12H14O3 (M+H): 207.1021, found: 207.1013.

Isobutyl 2-oxo-2-phenylacetate (3e)

O
O

O
3e

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.97 (d, J = 6.0 Hz, 2 H), 7.62 (t, J= 6.0 Hz, 1 

H), 7.47 (t, J= 6.0 Hz, 2 H), 4.15 (d, J= 6.0 Hz, 2 H), 2.07-2.03 (m, 2 H), 0.97 (d, J = 6.0 Hz, 6 

H); 13C NMR (150 MHz, CDCl3): δ 186.4, 164.0, 134.8,132.4, 129.8, 128.8, 72.2, 27.6 and 18.8; 

IR (KBr): 2966, 1737, 1691, 1597, 1451, 1323, 1176, 1003 cm-1; ESI-MS: calcd for C12H14O3 

(M+Na): 229.0841, found: 229.0835.

2-Methoxyethyl 2-oxo-2-phenylacetate (3f)

O
O

O
3f

OMe

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.00 (d, J = 6.0 Hz, 2 H), 7.63 (t, J= 6.0 Hz, 1 

H), 7.49 (t, J= 6.0 Hz, 2 H), 4.51 (t, J = 6.0 Hz, 2 H), 3.69 (t, J = 6.0 Hz, 2 H), 3.38 (s, 3 H); 13C 

NMR (150 MHz, CDCl3): δ 186.1, 163.7, 134.9,132.3, 130.0, 128.8, 69.8, 64.7 and 58.7; IR 

(KBr): 2927, 1740, 1688, 1596, 1451, 1177, 1129, 1023 cm-1; ESI-MS: calcd for C11H12O4 

(M+Na): 231.0633, found: 231.0628
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Benzyl 2-oxo-2-phenylacetate (3g)

O
O

O
3g

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 12.0 Hz, 2 H), 7.62 (t, J= 6.0 Hz, 

1 H), 7.48-7.42 (m, 2 H), 7.39 (t, J = 6.0 Hz, 2 H), 7.36 (t, J = 6.0 Hz, 3 H), 5.40 (s, 2 H); 13C 

NMR (150 MHz, CDCl3): δ 186.0, 163.6, 134.9,134.5, 132.4, 129.9, 128.8, 128.7, 128.5 and 

67.7; IR (KBr): 1736, 1687, 1596, 1196, 1174 cm-1; ESI-MS: calcd for C15H12O3 (M+Na): 

263.0679, found: 263.0677.

Cyclopropylmethyl 2-oxo-2-phenylacetate (3h)

O
O

O
3h

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.99 (d, J = 6.0 Hz, 2 H), 7.64 (t, J= 6.0 Hz, 1 

H), 7.47 (t, J= 6.0 Hz, 2 H), 4.21 (d, J= 6.0 Hz, 2 H), 1.27-1.22 (m, 1 H), 0.64-0.61 (m, 1 H), 

0.38-0.35 (m, 2 H); 13C NMR (150 MHz, CDCl3): δ 186.5, 164.0, 134.8,132.4, 130.0, 128.8, 

71.1, 9.7 and 3.6; IR (KBr): 2964, 1732, 1688, 1597, 1451, 1200, 984 cm-1; HRMS: calcd for 

C12H13O3 (M+H): 205.0865, found: 208.0859. (Product 3h contains a trace amount of 

cyclopropanemethanol (2h) and phenyl glyoxal (13) as impurity which is inseparable by 

coloumn chromatography) 

(Tetrahydrofuran-2-yl)methyl 2-oxo-2-phenylacetate (3i)

O
O

O

3i

O

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.01 (d, J = 12.0 Hz, 2 H), 7.63 (t, J= 6.0 Hz, 

1 H), 7.49 (t, J= 12.0 Hz, 2 H), 4.42-4.40 (m, 2 H), 4.39-4.33 (m, 1 H), 4.23 (t, J= 6.0 Hz, 1 H), 

3.89-3.86 (m, 1 H), 3.81-3.78 (m, 1 H),  2.03-2.01 (m, 1 H), 1.93-1.90 (m, 2 H), 1.71-1.68 (m, 1 
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H); 13C NMR (150 MHz, CDCl3): δ 186.1, 163.8, 134.9,132.5, 130.1, 128.9, 76.0, 68.5, 67.5, 

28.0 and 25.7; IR (KBr): 2927, 1738, 1688, 1450, 1200, 1176, 1069 cm-1; HRMS: calcd for 

C13H14O4 (M+H):235.0970, found:235.0965.

Isopropyl 2-oxo-2-phenylacetate (3j)

O
O

O

3j

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 12.0 Hz, 2 H), 7.60 (t, J= 6.0 Hz, 

1 H), 7.47 (t, J= 6.0 Hz 2 H), 5.32-5.25 (m, 1 H), 1.37 (d, J = 6.0 Hz, 6 H); 13C NMR (150 MHz, 

CDCl3): δ 186.6, 163.5, 134.7, 132.4, 129.8, 128.7, 70.5 and 21.6; IR (KBr): 2984, 1732, 1689, 

1597, 1451, 1323, 1170 cm-1; HRMS: calcd for C11H13O3 (M+H):193.0865, found:193.0859.

Tetrahydrofuran-3-yl 2-oxo-2-phenylacetate (3k)

3k

O
O

O O

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.97 (d, J = 6.0 Hz, 2 H), 7.63 (t, J = 6.0 Hz, 1 

H), 7.50 (t, J = 6.0 Hz, 2 H), 5.58-5.55 (m, 1 H), 4.04-4.01(m, 1H), 3.98-3.87 (m, 3 H), 2.31-2.25 

(m, 1 H), 2.17-2.14 (m, 1 H); 13C NMR (150 MHz, CDCl3): δ 185.8, 163.6, 135.0, 132.3, 129.9, 

128.9, 77.0, 72.8, 66.7 and 32.7; IR (KBr): 2923, 1734, 1694, 1584, 1174 cm-1; HRMS: calcd for 

C12H13SO4 (M+H): 221.0814, found:221.0808.

Tetrahydro-2H-pyran-4-yl 2-oxo-2-phenylacetate (3l)

O
O

O O

3l

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 12.0 Hz, 2 H), 7.63 (t, J= 6.0 Hz, 

1 H), 7.48 (t, J= 6.0 Hz, 2 H), 5.26-5.22 (m, 1 H), 3.94-3.91 (m, 2 H), 3.58-3.54 (m, 2H), 2.05-
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2.02 (m, 2H), 1.85-1.82 (m, 2H); 13CNMR (150 MHz, CDCl3): δ 186.2, 163.3, 134.9, 132.2, 

129.8, 128.9, 71.6, 65.0, 31.4; IR (KBr): 2957, 1743, 1664, 1593, 1443, 1200 cm-1; ESI-MS: 

calcd for C13H14NaO4 (M+Na):257.0790, found:257.0784.

Cyclopentyl 2-oxo-2-phenylacetate (3m)

O
O

O

3m

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 6.0 Hz, 2 H), 7.61 (t, J= 6.0 Hz, 1 

H), 7.47 (t, J= 6.0 Hz 2 H), 5.45-5.44 (m, 1 H), 1.97-1.94 (m, 2 H), 1.86-1.83 (m, 2 H), 1.76-1.73 

(m, 2 H),  1.63-1.60 (m, 2 H); 13C NMR (150 MHz, CDCl3): δ 186.6, 163.9, 134.7, 132.5, 129.9, 

128.8, 79.5, 32.6 and 23.6; IR (KBr): 2965, 1731, 1689, 1597, 1450, 1204, 990 cm-1; ESI-MS: 

calcd for C13H15O3 (M+H):219.1021, found:219.1016.

Cyclohexyl 2-oxo-2-phenylacetate (3n)

O
O

O

3n

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.63 (d, J = 6.0 Hz, 2 H), 7.61 (t, J= 6.0 Hz, 1 

H), 7.46 (t, J= 6.0 Hz 2 H), 5.09-5.04 (m, 1 H), 1.98-1.73 (m, 2 H), 1.60-1.58 (m, 2 H), 1.56-1.53 

(m, 2 H), 1.43-1.39 (m, 2 H), 1.38-1.36 (m, 2 H), 1.29-1.22 (m, 2 H); 13C NMR (150 MHz, 

CDCl3): δ 186.7, 163.6, 134.7, 132.4, 129.8, 128.8, 75.3, 31.3, 25.0 and 23.5; IR (KBr): 2938, 

1731, 1690, 1451, 1203, 1176, 989 cm-1; HRMS: calcd for C14H17O3 (M+H): 233.1178, found: 

233.1172.

(1r,4r)-4-methylcyclohexyl 2-oxo-2-phenylacetate (3o)

O
O

O

3o
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Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.97 (d, J = 12.0 Hz, 2 H), 7.62 (t, J = 6.0 Hz, 

1 H), 7.48 (t, J = 6.0 Hz 2 H), 4.99-4.95 (m, 1 H), 2.10-2.09 (m, 2 H), 1.78-1.76(m, 2 H), 1.53-

1.48(m, 2 H), 1.41-1.05(m, 3H) and 0.90 (d, J = 6.0 Hz, 3 H) ; 13C NMR (150 MHz, CDCl3): δ 

186.7, 163.6, 134.7, 132.5, 129.9, 128.8, 76.1, 32.8, 31.5, 31.4, and 21.7; IR (KBr): 2949, 1731, 

1691, 1203, 1177 cm-1; ESI-MS: calcd for C15H18O3 (M+H): 247.1334, found: 247.1356. 

(Product 3o contains trace amount of trans-4-methylcyclohexanol (2o) and phenylglyoxal (13) as 

impurity which is inseparable by coloumn chromatography) 

Tert-butyl 2-oxo-2-phenylacetate (3p)

O
O

O

3p

tBu

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 12.0 Hz, 2 H), 7.62 (t, J= 6.0 Hz, 

1 H), 7.48 (t, J= 6.0 Hz 2 H), 1.61(m, 9 H); 13C NMR (150 MHz, CDCl3): δ 186.8, 163.7, 134.6, 

132.5, 129.8, 128.8, 84.7, and 28.0; IR (KBr): 2923, 2850, 1730,1691, 1597, 1214 cm-1; HRMS: 

calcd for C12H15O3 (M+H): 207.1021, found: 207.1016.

Ethyl 2-oxo-2-p-tolylacetate (4b)

O
O

O
4b

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.88 (d, J = 12.0 Hz, 2 H), 7.28 (d, J = 12.0 

Hz, 2 H), 4.42 (q, J = 6.0 Hz, 2 H), 2.40 (s, 3H) 1.38 (t, J = 6.0 Hz, 3 H); 13C NMR (150 MHz, 

CDCl3): δ 186.0, 163.9, 146.1, 130.0, 129.9, 129.5, 62.1, 21.8 and 14.0; IR (KBr): 2924, 1736, 

1691, 1597, 1451, 1323, 1176, 1003 cm-1; HRMS: calcd for C11H13O3 (M+H): 193.0865, found: 

193.0859.
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Cyclohexyl 2-oxo-2-m-tolylacetate (4c)

O
O

O

4cMe

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.76 (t, J = 6.0 Hz, 2 H), 7.43 (d, J = 6.0 Hz, 1 

H),7.36 (t, J = 6.0 Hz, 1 H), 5.09-5.04 (m, 1 H), 2.38 (s, 3H), 1.98-1.95 (m, 2 H), 1.77-1.74 (m, 2 

H), 1.58-1.53 (m, 2 H), 1.43-1.40 (m, 2 H), 1.39-1.36 (m, 2 H), 1.30-1.26 (m, 2 H); 13C NMR 

(150 MHz, CDCl3): δ 186.0, 163.7, 138.7, 135.5, 132.5, 130.1, 128.6, 127.2, 75.2, 31.3, 25.1, 

23.5 and 21.2; IR (KBr): 2936, 1732, 1688, 1232, 1158, 1035 cm-1; HRMS: calcd for C15H19O3 

(M+H):247.1134, found:247.1145.

Benzyl 2-(4-butylphenyl)-2-oxoacetate (4d)

O
O

O
nBu

4d

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.88 (d, J = 6.0 Hz, 2 H), 7.44 (d, J= 6.0 Hz, 2 

H), 7.39-7.34 (m, 3 H), 7.28 (d, J = 12.0 Hz, 2 H), 5.39 (s, 2 H), 2.67 (t, J = 6.0 Hz, 2 H), 1.64-

1.61 (m, 2 H), 1.60-1.57 (m, 2 H), 1.36 (t, J = 6.0 Hz, 3 H); 13C NMR (150 MHz, CDCl3): δ 

185.6, 171.4, 163.8, 151.1, 134.5, 130.1, 128.9, 128.7, 128.6, 128.5, 67.5, 35.8, 32.9, 22.2 and 

13.7; IR (KBr): 2929, 1735, 1686, 1605, 1288, 1170, 995 cm-1; HRMS: calcd for C19H21O3 

(M+H): 247.1491, found: 247.1484.

Methyl 2-(4-tert-butylphenyl)-2-oxoacetate (4e)

O
OMe

O
tBu

4e

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.93 (d, J = 6.0 Hz, 2 H), 7.50 (d, J= 6.0 Hz, 2 

H), 5.39 (s, 2 H), 3.94 (s, 3 H), 1.61 (s, 9 H); 13C NMR (150 MHz, CDCl3): δ 185.6, 164.1, 
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159.1, 130.0, 129.8, 125.8, 52.6, 35.3, and 30.9; IR (KBr): 2964, 1742, 1683, 1603, 1411, 1216, 

1176, 1109 cm-1; ESI-MS: calcd for C13H16NaO3 (M+Na):243.0977, found:243.0992.

Tert-butyl 2-(4-tert-butylphenyl)-2-oxoacetate (4f)

O
O

O

4f

tBu

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.89 (d, J = 6.0 Hz, 2 H), 7.50 (d, J= 6.0 Hz, 2 

H), 1.61(m, 9 H), 1.32 (m, 9 H); 13C NMR (150 MHz, CDCl3): δ 186.5, 163.9, 158.7, 130.5, 

129.9, 125.8, 84.5, 35.3, 30.9 and 28.1; IR (KBr): 2964, 1729, 1684, 1604, 1460, 1369, 1220, 

1153, 1108, 987 cm-1; HRMS: calcd for C16H23O3 (M+H):263.1647, found:263.1642.

Methyl 2-(2-chlorophenyl)-2-oxoacetate (4g)

4g

O
OMe

O

Cl

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.74 (d, J = 6.0 Hz, 1 H), 7.52 (t, J= 6.0 Hz, 1 

H), 7.43-7.37 (m, 2 H), 3.93 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 186.1, 163.4, 134.3, 133.2, 

131.5, 130.5, 127.2 and 53.2; IR (KBr): 2924, 1734, 1686, 1594, 1203 cm-1; HRMS: calcd for 

C9H7ClO3 (M+H): 199.0162, found: 199.0156.

Cyclohexyl 2-(4-chlorophenyl)-2-oxoacetate (4h)

O
O

O
Cl

4h

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.94 (d, J = 12.0 Hz, 2 H), 7.47 (d, J = 12.0 

Hz, 2 H), 5.07-5.04 (m, 1 H), 1.98-1.95 (m, 2 H), 1.79-1.74 (m, 2 H), 1.60-1.54 (m, 2 H), 1.44-

1.37 (m, 2 H), 1.31-1.25 (m, 2 H); 13C NMR (150 MHz, CDCl3): δ 185.3, 163.0, 141.4, 131.3, 
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131.0, 129.2, 75.7, 31.4, 25.1, 23.6; IR (KBr): 2921, 2850, 1727, 1688, 1645, 1588, 1469, 1201, 

991 cm-1; HRMS: calcd for C14H16ClO3 (M+H): 267.0788, found: 267.0782.

Cyclohexyl 2-(4-fluorophenyl)-2-oxoacetate (4i)

O
O

O
F

4i

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.02 (d, J = 6.0 Hz, 2 H), 7.14 (t, J = 6.0 Hz, 2 

H), 5.07-5.02 (m, 1 H), 1.97-1.95 (m, 2 H), 1.76-1.73 (m, 2 H), 1.57-1.53 (m, 2 H), 1.43-1.36 (m, 

2 H), 1.31-1.24 (m, 2 H); 13C NMR (150 MHz, CDCl3): δ 184.9, 167.5, 165.8, 163.1, 132.8, 

132.7, 129.0, 116.2, 116.0, 75.5, 31.3, 25.0, 23.5; IR (KBr): 2939, 2861, 1727, 1688, 1599, 1200, 

1155 cm-1; HRMS: calcd for C14H16FO3 (M+H):251.1083 found:251.1078.

Propyl 2-(3-iodo-2-methoxyphenyl)-2-oxoacetate (4j)

OMe
I

O

O

O

4j

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.03 (d, J = 6.0 Hz, 1 H), 7.80 (d, J= 6.0 Hz, 1 

H), 6.99 (t, J= 6.0 Hz, 1 H), 4.27 (t, J= 6.0 Hz, 2 H), 3.80 (s, 3 H),1.76-1.73 (m, 2 H), 0.96 (t, J = 

6.0 Hz, 3 H); 13C NMR (150 MHz, CDCl3): δ 186.6, 164.4, 160.9, 146.0, 130.9,128.9, 126.4, 

91.6, 67.8, 63.5, 21.7 and 10.2; IR (KBr): 2968, 1736, 1685, 1581, 1118 cm-1; ESI-MS: calcd for 

C12H13INaO4 (M+Na): 370.9756, found: 370.9751.



S29

Cyclohexyl 2-oxo-2-(2-(trifluoromethyl)phenyl)acetate (4k)

O
O

O

CF3

4k

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.72 (d, J = 6.0 Hz, 1 H), 7.63 (t, J = 6.0 Hz, 2 

H), 7.55 (d, J = 6.0 Hz, 1 H), 4.97-4.93 (m, 1 H), 1.91-1.89 (m, 2 H), 1.73-1.69 (m, 2 H), 1.55-

1.49 (m, 2 H), 1.39-1.32 (m, 2 H), 1.27-1.21 (m, 2 H); 13C NMR (150 MHz, CDCl3): δ 187.1, 

160.6, 134.5, 131.8, 129.5, 128.5, 128.3, 126.8, 126.7, 124.3, 122.4, 76.1, 31.0, 25.0, 23.5; IR 

(KBr): 2942, 2863, 1727, 1582, 1316, 1597, 1204 cm-1; HRMS: calcd for C15H16F3O3 (M+H): 

301.1052, found: 301.1046.

Methyl 2-(4-cyanophenyl)-2-oxoacetate (4l)

O
OMe

O
NC

4l

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.14 (d, J = 12.0 Hz, 2 H), 7.79 (d, J = 6.0 Hz, 

2 H), 3.97 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 183.9, 162.5, 135.4, 132.5, 130.4, 117.9, 

117.4, 53.1; IR (KBr): 2965, 2235, 1738, 1688, 1606, 1408, 1325, 1205, 1005 cm-1; ESI-MS: 

calcd for C10H8NO3 (M+H): 190.0504, found:190.0577. 

Isopropyl 2-(4-cyano-3-methylphenyl)-2-oxoacetate (4m)

O
O

O
NC

4m

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.93 (s, 1 H), 7.86 (d, J = 6.0 Hz, 1 H), 7.72 (d, 

J= 12.0 Hz, 1 H), 5.31-5.28 (m, 1 H), 2.60 (s, 3 H),1.39 (d, J = 6.0 Hz, 6 H); 13C NMR (150 

MHz, CDCl3): δ 185.1, 162.3, 142.7, 135.4, 132.8, 131.1, 127.4, 118.2, 116.8, 71.2, 21.6 and 
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20.5; IR (KBr): 2922, 2227, 1739, 1695, 1289 cm-1; HRMS: calcd for C13H14NO3 

(M+H):232.0974, found:232.0968.

Methyl 2-(3-nitrophenyl)-2-oxoacetate (4n)

O
OMe

O

O2N

4n

Pale Yellow solid; 1H NMR (600 MHz, CDCl3): δ 8.48 (s, 1 H), 8.47 (d, J = 6.0 Hz, 1 H), 8.38 

(d, J= 6.0 Hz, 1 H), 7.72 (t, J = 12.0 Hz, 1 H), 3.99 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 

183.0, 162.3, 148.4, 135.4, 133.8, 130.1, 128.8, 124.9 and 53.2; IR (KBr): 2932, 1737, 1690, 

1597, 1343, 1206 cm-1; ESI-MS: calcd for C9H7NaNO5 (M+Na): 232.0222, found: 232.0256.

Tert-butyl 2-(3-nitrophenyl)-2-oxoacetate (4o)

O
O

O

O2N

4o

Pale Yellow solid; 1H NMR (600 MHz, CDCl3): δ 8.83 (s, 1 H), 8.47 (d, J = 6.0 Hz, 1 H), 8.32 

(d, J= 6.0 Hz, 1 H), 7.71 (t, J = 6.0 Hz, 1 H), 1.63 (s, 9 H); 13C NMR (150 MHz, CDCl3): δ 

184.1, 161.9, 148.4, 135.4, 135.2, 134.0, 128.6, 124.9, 110.7, 85.8, and 28.0; IR (KBr): 2982, 

1727, 1699, 1614, 1535, 1350, 1212, 1153 cm-1; ESI-MS: calcd for C12H13NaNO5 (M+Na): 

274.0691, found:274.0686.
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Isopropyl 2-(4-acetylphenyl)-2-oxoacetate (4p)

O
O

OO

4p

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.08 (d, J = 12.0 Hz, 2 H), 8.02 (d, J= 12.0 Hz, 

2 H), 5.34-5.27 (m, 1 H), 2.63 (s, 3 H), 1.40 (d, J = 6.0 Hz, 6 H); 13C NMR (150 MHz, CDCl3): 

δ 197.2, 185.7, 162.8, 141.2, 135.6, 130.1,128.5, 71.0, 26.9 and 21.6; IR (KBr): 2927, 2856, 

1732,1683, 1259 cm-1;  ESI-MS: calcd for C13H14NaO4 (M+Na):257.0790, found:257.0784.

Methyl 2-(2-methoxy-2-oxoacetyl)benzoate (4q)

O
OMe

O
CO2Me

4q

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.99 (d, J = 12.0 Hz, 1 H), 7.64 (t, J= 12.0 Hz, 

1 H), 7.59 (t, J= 6.0 Hz, 1 H), 7.51 (d, J = 6.0 Hz, 1 H), 3.85 (s, 3 H), 3.84 (s, 3 H); 13C NMR 

(150 MHz, CDCl3): δ 187.2, 166.6, 161.2, 138.5, 133.0,131.4, 129.6, 129.5, 128.9, 52.9, 52.6; IR 

(KBr): 2924, 1756, 1602, 1467, 1209, 1089, 1013 cm-1; HRMS: calcd for C11H11O5 

(M+H):223.0606, found:223.0601.

Methyl 2-(4-(methylsulfonyl)phenyl)-2-oxoacetate (4r)

O
OMe

O

4r

S
O

O

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.21 (d, J = 6.0 Hz, 2 H), 8.05 (d, J= 6.0 Hz, 2 

H), 3.97 (s, 3 H), 3.06 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 184.1, 162.6, 145.5, 136.3, 

130.9, 127.8, 53.2, 44.1; IR (KBr): 2926, 2853, 1743, 1691, 1404, 11551 cm-1; ESI-MS: calcd 

for C10H10O5S (M+Na): 265.0147, found: 265.0156.
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Cyclopropylmethyl 2-(3-methoxyphenyl)-2-oxoacetate (4s)

O
O

O

4s

MeO

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.55 (d, J = 6.0 Hz, 1 H), 7.50 (s, 1 H), 7.38 (t, 

J= 6.0 Hz, 1 H), 7.16 (d, J = 12.0 Hz, 1 H), 4.20 (d, J = 6.0 Hz, 2 H), 3.83 (s, 3 H), 1.27-1.23 (m, 

1 H), 0.64-0.62 (m, 2 H), 0.38-0.36 (m, 2 H); 13C NMR (150 MHz, CDCl3): δ 186.3, 164.0, 

159.8, 133.6, 129.8, 123.0, 121.8, 113.1, 71.1, 55.4, 9.72, 3.60; IR (KBr): 2956, 1735, 1686, 

1597, 1250 cm-1; ESI-MS: calcd for C13H14O4 (M+Na): 257.0790, found:257.0766.

Isopropyl 2-(3-methoxyphenyl)-2-oxoacetate (4t)

O
O

O

4t

MeO

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 7.51 (d, J = 6.0 Hz, 1 H), 7.47 (d, J = 6.0 Hz, 

1 H),  7.37 (t, J= 12.0 Hz, 1 H), 7.15 (d, J= 12.0 Hz, 1 H), 5.31-5.25 (m, 1 H), 3.81 (s, 3 H),1.37 

(d, J = 6.0 Hz, 6 H); 13C NMR (150 MHz, CDCl3): δ 186.5, 163.5, 159.8, 133.6, 129.8, 122.9, 

121.6, 113.1, 70.6, 55.4 and 21.6; IR (KBr): 2984, 1732, 1689, 1598, 1487, 1254 cm-1; HRMS: 

calcd for C12H15O4 (M+H):223.0970, found:223.0965.

Dimethyl 2,2'-(1,3-phenylene)bis(2-oxoacetate) (4u)

O
MeO

O

O
OMe

O

4u

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.68 (s, 1 H), 8.30 (d, J = 6.0 Hz, 2 H),  7.66 (t, 

J = 6.0 Hz,  1 H), 3.98 (s, 6 H); 13C NMR (150 MHz, CDCl3): δ 184.2, 162.9, 135.6, 133.1, 

131.7, 129.6, 53.1; IR (KBr): 2924, 1728, 1693, 1603, 1441, 1305, 1204 cm-1; ESI-MS: calcd for 

C12H11O6 (M+H): 251.0556, found: 251.0550.
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Dimethyl 2,2'-(2-methoxy-1,3-phenylene)bis(2-oxoacetate) (4v)

O
MeO

O

O
OMe

O

4v

OMe

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.03 (d, J = 6.0 Hz, 2 H), 7.37 (t, J = 6.0 Hz, 1 

H), 3.90 (s, 6 H), 3.75 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 185.3, 164.0, 162.1, 136.8, 

128.3, 124.7, 66.0, 52.9; IR (KBr): 2923, 2845, 1749, 1686, 1592, 1221 cm-1; HRMS: calcd for 

C13H13O7 (M+H): 281.0661, found: 281.0656.

Tert-butyl 2-(3-ethynylphenyl)-2-oxoacetate (4w)
O

OtBu

O

4w

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.06 (d, J = 6.0 Hz, 1 H), 7.93 (d, J = 6.0 Hz, 

1 H), 7.72 (d, J = 6.0 Hz, 1 H), 7.47 (t, J = 6.0 Hz, 1 H) 3.13 (s, 1 H), 1.61 (s, 9 H); 13C NMR 

(150 MHz, CDCl3): δ 185.8, 163.0, 137.7, 133.4, 132.7, 129.9, 128.9, 123.1, 85.1, 82.0, 78.7, 

28.0; IR (KBr): 3271, 2923, 1726, 1678, 1221 cm-1; ESI-MS: calcd for C14H14O3 (M+Na): 

231.1021, found: 231.1016.

Methyl 2-oxo-2-(thiophen-2-yl)acetate (4x)

S

O

O
OMe

4x

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.13 (d, J = 6.0 Hz, 1 H), 7.80 (d, J= 6.0 Hz, 1 

H), 7.18 (t, J = 6.0 Hz, 1 H), 3.94 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 175.9, 162.0, 139.0, 

137.6, 137.3, 128.6, 53.1; IR (KBr): 2926, 1732, 1684, 1597, 1221 cm-1; HRMS: calcd for 

C7H7O3S (M+H): 171.0116, found: 171.0117.
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Isopropyl 2-oxo-2-(thiophen-3-yl)acetate (4y)

S 4y

O

O

O

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.48 (d, J = 6.0 Hz, 1 H), 7.66 (d, J= 6.0 Hz, 1 

H), 7.34 (d, J = 6.0 Hz, 1 H), 5.26-5.22 (m, 1 H), 1.39 (d, J = 6.0 Hz, 6 H; 13C NMR (150 MHz, 

CDCl3): δ 178.6, 162.1, 137.4, 127.8, 126.6, 70.7, 21.6; IR (KBr): 2923, 2851, 1726, 1673, 1220 

cm-1; HRMS: calcd for C9H11O3S (M+H): 199.0429, found: 199.0423.

Tert-butyl 2-oxo-2-(thiophen-3-yl)acetate (4z)

S 4z

O

O

OtBu

Colourless liquid; 1H NMR (600 MHz, CDCl3): δ 8.41 (d, J = 6.0 Hz, 1 H), 7.63 (d, J= 6.0 Hz, 1 

H), 7.33 (d, J = 6.0 Hz, 1 H), 1.59 (s, 9 H); 13C NMR (150 MHz, CDCl3): δ 179.3, 162.2, 136.9, 

127.7, 126.5, 84.4, 27.9; IR (KBr): 2949, 1707, 1606, 1285, 1187, 1115 cm-1; HRMS: calcd for 

C10H13O3S (M+H): 213.0585, found: 213.0568.

Methyl 2-oxo-2-(pyridin-3-yl)acetate (4va)

N

O

O

OMe

4va

Pale yellow solid; 1H NMR (600 MHz, CDCl3): δ 9.23 (s, 1 H), 8.83 (d, J= 6.0 Hz, 1 H), 8.34 

(m, 1 H), 7.46 (d, J= 6.0 Hz, 1 H), 3.97 (s, 3 H) ; 13C NMR (150 MHz, CDCl3): δ 184.1, 162.4, 

154.8, 151.5, 137.2, 128.4, 123.7, 53.1; IR (neat): 2961, 1736, 1687, 1596,1451, 1195 cm-1; 

HRMS: calcd for C8H9NO3 (M+H): 166.0498, found: 166.0499.
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Methyl 2-(benzo[d][1,3]dioxol-5-yl)-2-oxoacetate (4wa)

O
OMe

O

O

O

4wa

Pale yellow liquid; 1H NMR (600 MHz, CDCl3): δ 7.61 (d, J= 6.0 Hz, 1 H), 7.46 (s, J= 6.0 Hz, 1 

H), 6.87 (d, J= 6.0 Hz, 1 H), 6.06 (s, 2 H), 3.93 (s, 3 H); 13C NMR (150 MHz, CDCl3): δ 184.1, 

164.1, 153.6, 148.5, 127.9, 127.1, 108.7, 108.3, 102.2, 52.7, 29.6; IR (neat): 2924, 1737, 1677, 

1450, 1244, 1203, 1105 cm-1; HRMS: calcd for C10H8O5 (M+H): 231.0269, found: 231.0264.

Dimethyl 2,2'-(1,3-phenylene)bis(2-(hydroxyimino)acetate) (5t)

N

O

OMe
N

O

MeO

5t

HO OH

white solid; 1H NMR (600 MHz, CDCl3): δ 8.86 (bs, 1 H), 7.78 (s, 1 H), 7.56 (t, J = 6.0 Hz, 1 H), 

7.40 (t, J = 6.0 Hz, 1 H), 3.94 (s, 6 H); 13C NMR (150 MHz, CDCl3): δ 163.6, 150.6, 131.0, 

129.2, 128.3, 124.5, 52.6; IR (neat): 2971, 2833, 1748, 1691, 1158 cm-1; ESI-MS: calcd for 

C12H12N2O6 (M+Na): 303.0593, found:303.0584.

1-benzyl-3-(3-nitrophenyl)quinoxalin-2(1H)-one (6n)

N

N

O

NO2

6n

Yellow solid; 1H NMR (600 MHz, CDCl3): δ 9.32 (s, 1 H), 8.82 (m, 1H), 8.29 (m, 1 H), 7.95 (m, 

1H), 7.62 (t, J = 6.0 Hz, 1 H),7.48 (t, J = 6.0 Hz, 1 H), 7.35-7.23 (m, 6H), 5.63 (s, 2H); 13C 

NMR (150 MHz, CDCl3): δ 154.4, 150.9, 148.1, 137.3, 135.4, 134.9, 132.9, 132.8, 131.2, 130.8, 

128.9, 127.7, 126.8, 124.7, 124.6, 124.0, 114.5, 46.1; IR (neat): 2971, 1726, 1678, 1513, 1343, 

1158 cm-1; ESI-MS: calcd for C21H16N3O3 (M+H):358.1192, found: 358.1186.
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6,7-Dimethyl-2-phenylquinoxaline (8)

N

N

8

Yellow solid; 1H NMR (600 MHz, CDCl3): δ 9.20 (s, 1 H), 8.15 (d, J = 6.0 Hz, 2H), 8.89 (s, 1 

H), 7.84 (s, 1H), 7.54-7.52 (m, 2 H),7.49-7.47 (m, 1 H), 2.49 (s, 6 H); 13C NMR (150 MHz, 

CDCl3): δ 151.0, 142.4, 141.2, 140.8, 140.5, 137.1, 129.8, 129.0, 128.6, 128.1, 127.3, 20.4, 20.3; 

IR (neat): 3454, 3062, 2926, 1612, 1572, 1129 cm-1; EI-MS: calcd for C16H14N2: 234.1157, found: 

234.1155.

Phenyl glyoxal monohydrate (13)S8 

(Phenylglyoxal exists in hydrated form at room temperature.)S8

White solid; 1H NMR (600 MHz, DMSO): δ 8.06 (d, J = 6.0 Hz, 2 H), 7.63 (t, J = 6.0 Hz, 1H), 

7.50 (t, J = 6.0 Hz, 2 H), 6.73 (d, J = 6.0 Hz, 2H), 5.67 (t, J = 6.0 Hz, 1 H); 13C NMR (150 MHz, 

CDCl3): δ 196.1, 133.6, 133.2, 129.3, 128.4, 89.1. IR (neat): 3322, 1694, 1595, 1443, 1225, 1112 

cm-1 (data are consistent with those reported in literature ref. S8).

3,4-diphenylnaphthalene-1,2-dione (16) S9

Red solid; 1H NMR (600 MHz, CDCl3): δ 8.20 (d, J = 6.0 Hz, 1 H), 7.52-7.46 (m, 2 H), 7.29-

7.25 (m, 3 H), 7.13-7.08 (m, 5 H), 7.04 (d, J = 12.0 Hz, 1 H) 6.95-6.94 (m, 2 H); 13C NMR (150 

MHz, CDCl3): δ 180.6, 179.1, 152.6, 138.5, 136.8, 135.6, 135.4, 133.4, 131.1, 130.3, 130.2, 

130.1, 129.1, 128.2, 128.1, 127.5, 127.4 ; IR (KBr, cm-1): 1658, 1581, 1342, 1272. HRMS: calcd 

13

O
OH

OH

16

O
O
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for C22H14O2: 310.0994, found 310.0995. (data are consistent with those reported in literature ref. 

S9)
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Figure S7. ORTEP diagram of compound 4n (CCDC : 1584501)

Table S1.  Crystal data and structure refinement for 170731LT_0M.
Identification code 170731LT_0m

Empirical formula C9 H7 N O5

Formula weight 209.16

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P -1

Unit cell dimensions a = 7.2306(4) Å = 106.573(3)°.

b = 7.3257(4) Å = 100.859(3)°.

c = 8.8664(5) Å  = 94.501(3)°.

Volume 437.69(4) Å3

Z 2

Density (calculated) 1.587 Mg/m3

Absorption coefficient 0.132 mm-1

F(000) 216

Crystal size 0.15 x 0.10 x 0.10 mm3

Theta range for data collection 2.457 to 26.400°.

Index ranges -9<=h<=7, -9<=k<=9, -11<=l<=10

Reflections collected 6864

Independent reflections 1777 [R(int) = 0.0210]

Completeness to theta = 25.242° 99.5 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9485 and 0.8928

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1777 / 0 / 137

Goodness-of-fit on F2 1.055

O
O

O

O2N
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Final R indices [I>2sigma(I)] R1 = 0.0283, wR2 = 0.0767

R indices (all data) R1 = 0.0302, wR2 = 0.0786

Extinction coefficient n/a

Largest diff. peak and hole 0.327 and -0.233 e.Å-3
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Table S2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 
103)for 170731LT_0M.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor.
________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________  
O(1) 70(1) 3951(1) 6444(1) 18(1)

O(2) 451(1) -2545(1) 9729(1) 26(1)

O(3) 2771(1) -4211(1) 10010(1) 28(1)

O(4) 3493(1) 3076(1) 6309(1) 22(1)

O(5) -877(1) 948(1) 6437(1) 18(1)

C(1) -1905(2) 4294(2) 6192(1) 20(1)

C(2) 347(1) 2221(1) 6544(1) 14(1)

C(3) 2481(1) 2011(1) 6727(1) 15(1)

C(4) 3205(1) 443(1) 7338(1) 14(1)

C(5) 2197(1) -560(1) 8116(1) 15(1)

C(6) 3036(2) -1970(1) 8645(1) 16(1)

N(1) 2005(1) -2987(1) 9519(1) 19(1)

C(8) 5020(1) 29(1) 7136(1) 16(1)

C(9) 5806(2) -1395(2) 7678(1) 18(1)

C(7) 4815(2) -2427(1) 8438(1) 18(1)

________________________________________________________________________________ 
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 Table S3.   Bond lengths [Å] and angles [°] for  170731LT_0M.
_____________________________________________________ 

O(1)-C(2) 1.3235(12)

O(1)-C(1) 1.4563(12)

O(2)-N(1) 1.2261(13)

O(3)-N(1) 1.2291(12)

O(4)-C(3) 1.2079(13)

O(5)-C(2) 1.2045(13)

C(1)-H(1) 0.9800

C(1)-H(7) 0.9800

C(1)-H(6) 0.9800

C(2)-C(3) 1.5453(14)

C(3)-C(4) 1.4931(14)

C(4)-C(5) 1.3935(14)

C(4)-C(8) 1.4021(14)

C(5)-C(6) 1.3868(14)

C(5)-H(2) 0.9500

C(6)-C(7) 1.3861(15)

C(6)-N(1) 1.4731(13)

C(8)-C(9) 1.3850(15)

C(8)-H(5) 0.9500

C(9)-C(7) 1.3884(15)

C(9)-H(4) 0.9500

C(7)-H(3) 0.9500

C(2)-O(1)-C(1) 115.33(8)

O(1)-C(1)-H(1) 109.5

O(1)-C(1)-H(7) 109.5

H(1)-C(1)-H(7) 109.5

O(1)-C(1)-H(6) 109.5

H(1)-C(1)-H(6) 109.5

H(7)-C(1)-H(6) 109.5

O(5)-C(2)-O(1) 125.74(9)

O(5)-C(2)-C(3) 124.04(9)

O(1)-C(2)-C(3) 110.15(8)

O(4)-C(3)-C(4) 122.15(9)
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O(4)-C(3)-C(2) 118.72(9)

C(4)-C(3)-C(2) 119.06(9)

C(5)-C(4)-C(8) 119.80(9)

C(5)-C(4)-C(3) 123.46(9)

C(8)-C(4)-C(3) 116.72(9)

C(6)-C(5)-C(4) 117.91(9)

C(6)-C(5)-H(2) 121.0

C(4)-C(5)-H(2) 121.0

C(7)-C(6)-C(5) 123.36(10)

C(7)-C(6)-N(1) 118.53(9)

C(5)-C(6)-N(1) 118.08(9)

O(2)-N(1)-O(3) 124.09(9)

O(2)-N(1)-C(6) 118.13(9)

O(3)-N(1)-C(6) 117.77(9)

C(9)-C(8)-C(4) 120.54(10)

C(9)-C(8)-H(5) 119.7

C(4)-C(8)-H(5) 119.7

C(8)-C(9)-C(7) 120.50(10)

C(8)-C(9)-H(4) 119.7

C(7)-C(9)-H(4) 119.7

C(6)-C(7)-C(9) 117.87(9)

C(6)-C(7)-H(3) 121.1

C(9)-C(7)-H(3) 121.1

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms: 
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 Table S4.   Anisotropic displacement parameters  (Å2x 103) for 170731LT_0M.  The 
anisotropic
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]
______________________________________________________________________________ 

U11 U22 U33 U23 U13 U12

______________________________________________________________________________ 

O(1) 16(1) 17(1) 24(1) 9(1) 4(1) 5(1)

O(2) 28(1) 25(1) 31(1) 11(1) 14(1) 3(1)

O(3) 33(1) 26(1) 30(1) 19(1) 3(1) 4(1)

O(4) 17(1) 22(1) 31(1) 15(1) 7(1) 2(1)

O(5) 14(1) 19(1) 23(1) 8(1) 4(1) 2(1)

C(1) 17(1) 22(1) 24(1) 10(1) 5(1) 9(1)

C(2) 16(1) 16(1) 12(1) 5(1) 3(1) 4(1)

C(3) 14(1) 14(1) 14(1) 4(1) 2(1) 1(1)

C(4) 14(1) 14(1) 12(1) 3(1) 1(1) 1(1)

C(5) 14(1) 16(1) 14(1) 3(1) 3(1) 2(1)

C(6) 18(1) 14(1) 12(1) 4(1) 2(1) -1(1)

N(1) 23(1) 16(1) 16(1) 5(1) 3(1) -1(1)

C(8) 14(1) 17(1) 15(1) 4(1) 3(1) 0(1)

C(9) 14(1) 19(1) 19(1) 3(1) 3(1) 4(1)

C(7) 20(1) 14(1) 16(1) 4(1) 0(1) 3(1)

______________________________________________________________________________ 
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 Table S5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3)
for 170731LT_0M.
________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________ 

 
H(1) -2679 3236 5294 30

H(7) -1995 5507 5940 30

H(6) -2371 4371 7175 30

H(2) 974 -286 8279 18

H(5) 5715 731 6624 19

H(4) 7034 -1667 7528 21

H(3) 5338 -3414 8803 21
________________________________________________________________________________
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Figure S8. ORTEP diagram of compound 6n (CCDC no: 1584500)

Table S6.  Crystal data and structure refinement for 170916LT.
Identification code 170916LT

Empirical formula C21 H15 N3 O3

Formula weight 357.36

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P 21/c

Unit cell dimensions a = 10.2072(5) Å = 90°.

b = 22.8173(11) Å = 90.0090(10)°.

c = 7.0823(3) Å  = 90°.

Volume 1649.47(13) Å3

Z 4

Density (calculated) 1.439 Mg/m3

Absorption coefficient 0.099 mm-1

F(000) 744

Crystal size 0.20 x 0.15 x 0.05 mm3

Theta range for data collection 1.785 to 26.330°.

Index ranges -12<=h<=12, -28<=k<=28, -8<=l<=4

Reflections collected 10011

Independent reflections 3358 [R(int) = 0.0370]

Completeness to theta = 25.242° 99.8 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9485 and 0.8737

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3358 / 0 / 244

N

N

O

NO2

6n
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Goodness-of-fit on F2 1.264

Final R indices [I>2sigma(I)] R1 = 0.0591, wR2 = 0.1678

R indices (all data) R1 = 0.0691, wR2 = 0.1728

Extinction coefficient n/a

Largest diff. peak and hole 0.357 and -0.374 e.Å-3
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 Table S7.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 
103) for 170916LT.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor.
______________________________________________________________________________

__ 

x y z U(eq)

________________________________________________________________________________  
O(1) 1230(2) 7453(1) 1773(3) 28(1)

O(2) 2995(2) 7737(1) 362(3) 32(1)

O(3) 2729(2) 4435(1) 1265(3) 26(1)

N(1) 2283(2) 7350(1) 994(3) 19(1)

N(2) 683(2) 4237(1) 2301(3) 16(1)

N(3) 138(2) 5431(1) 2258(3) 17(1)

C(1) 2709(3) 6737(1) 840(4) 18(1)

C(2) 1852(2) 6297(1) 1342(3) 16(1)

C(3) 2268(2) 5715(1) 1257(3) 16(1)

C(4) 1295(2) 5250(1) 1781(3) 16(1)

C(5) 1663(3) 4620(1) 1754(3) 18(1)

C(6) 1045(3) 3603(1) 2234(4) 20(1)

C(7) 1763(3) 3408(1) 3998(4) 18(1)

C(8) 3121(3) 3425(1) 4096(4) 24(1)

C(9) 3773(3) 3241(1) 5716(5) 29(1)

C(10) 3063(3) 3038(1) 7253(4) 28(1)

C(11) -802(2) 5032(1) 2815(3) 16(1)

C(12) -2042(3) 5246(1) 3333(4) 20(1)

C(13) -3007(3) 4869(1) 3929(4) 23(1)

C(14) -2746(3) 4263(1) 3997(4) 22(1)

C(15) -1547(3) 4042(1) 3492(4) 20(1)

C(16) -548(3) 4422(1) 2877(3) 16(1)

C(17) 1712(3) 3014(1) 7159(4) 23(1)

C(18) 1062(3) 3199(1) 5552(4) 19(1)

C(19) 3562(3) 5601(1) 708(4) 21(1)

C(20) 4400(3) 6057(1) 198(4) 25(1)

C(21) 3977(3) 6631(1) 225(4) 22(1)

________________________________________________________________________________ 
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 Table S8.   Bond lengths [Å] and angles [°] for  170916LT.
_____________________________________________________ 

O(1)-N(1) 1.231(3)

O(2)-N(1) 1.229(3)

O(3)-C(5) 1.217(3)

N(1)-C(1) 1.468(3)

N(2)-C(5) 1.384(3)

N(2)-C(16) 1.388(3)

N(2)-C(6) 1.492(3)

N(3)-C(4) 1.296(3)

N(3)-C(11) 1.379(3)

C(1)-C(2) 1.378(4)

C(1)-C(21) 1.387(4)

C(2)-C(3) 1.397(4)

C(2)-H(15) 0.9500

C(3)-C(19) 1.401(4)

C(3)-C(4) 1.500(4)

C(4)-C(5) 1.486(4)

C(6)-C(7) 1.516(4)

C(6)-H(10) 0.9900

C(6)-H(9) 0.9900

C(7)-C(8) 1.388(4)

C(7)-C(18) 1.397(4)

C(8)-C(9) 1.391(4)

C(8)-H(8) 0.9500

C(9)-C(10) 1.387(4)

C(9)-H(7) 0.9500

C(10)-C(17) 1.382(4)

C(10)-H(1) 0.9500

C(11)-C(12) 1.406(4)

C(11)-C(16) 1.418(4)

C(12)-C(13) 1.375(4)

C(12)-H(11) 0.9500

C(13)-C(14) 1.407(4)

C(13)-H(2) 0.9500

C(14)-C(15) 1.372(4)
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C(14)-H(3) 0.9500

C(15)-C(16) 1.406(4)

C(15)-H(4) 0.9500

C(17)-C(18) 1.383(4)

C(17)-H(6) 0.9500

C(18)-H(5) 0.9500

C(19)-C(20) 1.394(4)

C(19)-H(12) 0.9500

C(20)-C(21) 1.379(4)

C(20)-H(14) 0.9500

C(21)-H(13) 0.9500

O(2)-N(1)-O(1) 122.8(2)

O(2)-N(1)-C(1) 118.9(2)

O(1)-N(1)-C(1) 118.4(2)

C(5)-N(2)-C(16) 123.0(2)

C(5)-N(2)-C(6) 115.1(2)

C(16)-N(2)-C(6) 121.9(2)

C(4)-N(3)-C(11) 119.9(2)

C(2)-C(1)-C(21) 123.1(2)

C(2)-C(1)-N(1) 119.1(2)

C(21)-C(1)-N(1) 117.8(2)

C(1)-C(2)-C(3) 119.2(2)

C(1)-C(2)-H(15) 120.4

C(3)-C(2)-H(15) 120.4

C(2)-C(3)-C(19) 118.3(2)

C(2)-C(3)-C(4) 117.4(2)

C(19)-C(3)-C(4) 124.2(2)

N(3)-C(4)-C(5) 122.8(2)

N(3)-C(4)-C(3) 116.3(2)

C(5)-C(4)-C(3) 120.9(2)

O(3)-C(5)-N(2) 120.4(2)

O(3)-C(5)-C(4) 124.5(2)

N(2)-C(5)-C(4) 115.1(2)

N(2)-C(6)-C(7) 112.3(2)

N(2)-C(6)-H(10) 109.1
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C(7)-C(6)-H(10) 109.1

N(2)-C(6)-H(9) 109.1

C(7)-C(6)-H(9) 109.1

H(10)-C(6)-H(9) 107.9

C(8)-C(7)-C(18) 118.8(3)

C(8)-C(7)-C(6) 121.0(2)

C(18)-C(7)-C(6) 120.2(2)

C(7)-C(8)-C(9) 120.6(3)

C(7)-C(8)-H(8) 119.7

C(9)-C(8)-H(8) 119.7

C(10)-C(9)-C(8) 119.9(3)

C(10)-C(9)-H(7) 120.1

C(8)-C(9)-H(7) 120.1

C(17)-C(10)-C(9) 119.8(3)

C(17)-C(10)-H(1) 120.1

C(9)-C(10)-H(1) 120.1

N(3)-C(11)-C(12) 118.1(2)

N(3)-C(11)-C(16) 122.0(2)

C(12)-C(11)-C(16) 119.9(2)

C(13)-C(12)-C(11) 120.5(3)

C(13)-C(12)-H(11) 119.8

C(11)-C(12)-H(11) 119.8

C(12)-C(13)-C(14) 119.4(3)

C(12)-C(13)-H(2) 120.3

C(14)-C(13)-H(2) 120.3

C(15)-C(14)-C(13) 121.4(3)

C(15)-C(14)-H(3) 119.3

C(13)-C(14)-H(3) 119.3

C(14)-C(15)-C(16) 120.1(3)

C(14)-C(15)-H(4) 119.9

C(16)-C(15)-H(4) 119.9

N(2)-C(16)-C(15) 124.1(2)

N(2)-C(16)-C(11) 117.1(2)

C(15)-C(16)-C(11) 118.8(2)

C(10)-C(17)-C(18) 120.4(3)

C(10)-C(17)-H(6) 119.8
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C(18)-C(17)-H(6) 119.8

C(17)-C(18)-C(7) 120.4(3)

C(17)-C(18)-H(5) 119.8

C(7)-C(18)-H(5) 119.8

C(20)-C(19)-C(3) 120.8(3)

C(20)-C(19)-H(12) 119.6

C(3)-C(19)-H(12) 119.6

C(21)-C(20)-C(19) 120.8(3)

C(21)-C(20)-H(14) 119.6

C(19)-C(20)-H(14) 119.6

C(20)-C(21)-C(1) 117.6(2)

C(20)-C(21)-H(13) 121.2

C(1)-C(21)-H(13) 121.2

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms: 

 



S100

 Table S9.   Anisotropic displacement parameters  (Å2x 103) for 170916LT.  The anisotropic
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]
______________________________________________________________________________ 

U11 U22 U33 U23 U13 U12

______________________________________________________________________________ 

O(1) 21(1) 19(1) 43(1) 2(1) 8(1) 5(1)

O(2) 29(1) 17(1) 50(1) 4(1) 9(1) -6(1)

O(3) 24(1) 19(1) 35(1) 4(1) 11(1) 5(1)

N(1) 17(1) 17(1) 24(1) 1(1) -1(1) -2(1)

N(2) 21(1) 12(1) 16(1) 1(1) 1(1) 0(1)

N(3) 19(1) 16(1) 16(1) -1(1) 0(1) 0(1)

C(1) 18(1) 16(1) 18(1) 1(1) -1(1) 2(1)

C(2) 14(1) 20(1) 15(1) 0(1) 0(1) 0(1)

C(3) 19(1) 18(1) 13(1) -1(1) 1(1) 0(1)

C(4) 18(1) 15(1) 14(1) 0(1) 0(1) 0(1)

C(5) 19(1) 19(1) 15(1) 2(1) 2(1) 1(1)

C(6) 27(1) 14(1) 18(1) -1(1) 2(1) 1(1)

C(7) 23(1) 10(1) 22(1) -2(1) 2(1) 2(1)

C(8) 24(1) 19(1) 30(1) 1(1) 7(1) 2(1)

C(9) 20(1) 26(2) 42(2) 6(1) -2(1) 2(1)

C(10) 29(2) 24(2) 32(2) 8(1) -9(1) -2(1)

C(11) 19(1) 18(1) 13(1) -1(1) -1(1) -2(1)

C(12) 21(1) 18(1) 20(1) -2(1) 2(1) -1(1)

C(13) 17(1) 27(2) 23(1) -2(1) 3(1) -2(1)

C(14) 22(1) 24(1) 20(1) 2(1) 0(1) -8(1)

C(15) 25(1) 18(1) 16(1) 3(1) -3(1) -3(1)

C(16) 19(1) 18(1) 11(1) 0(1) -2(1) 0(1)

C(17) 28(2) 20(1) 22(1) 3(1) -2(1) -4(1)

C(18) 21(1) 15(1) 22(1) -2(1) -1(1) -1(1)

C(19) 20(1) 17(1) 27(1) -2(1) 3(1) 2(1)

C(20) 16(1) 26(2) 33(2) -2(1) 6(1) 0(1)

C(21) 18(1) 21(1) 25(1) 1(1) 3(1) -4(1)

______________________________________________________________________________ 
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 Table S10.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3)
for 170916LT.
________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________ 

 
H(15) 987 6389 1741 20

H(10) 1609 3532 1120 24

H(9) 240 3366 2085 24

H(8) 3610 3563 3045 29

H(7) 4702 3255 5770 35

H(1) 3505 2916 8366 34

H(11) -2215 5655 3270 23

H(2) -3841 5015 4292 27

H(3) -3415 4002 4400 26

H(4) -1390 3633 3558 24

H(6) 1227 2871 8205 28

H(5) 132 3183 5505 23

H(12) 3873 5209 683 26

H(14) 5274 5971 -174 30

H(13) 4533 6942 -162 26



S102

Figure S9. ORTEP diagram of compound bis picolinate Cu(II) complex obtained as a blue 
precipitate Cu(II)L2 (CCDC : 1847226) crystallized in ethanol and water mixture.
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Table S11. Crystal data and structure refinement for mo_170824lt_0m_a.

Identification code mo_170824lt_0m_a

Empirical formula C12 H12 Cu N2 O6

Formula weight 343.78

Temperature 99(2) K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P -1

Unit cell dimensions a = 5.0866(4) Å = 76.038(2)°.

b = 7.5068(5) Å = 85.125(2)°.

c = 9.0684(6) Å  = 72.2290(10)°.

Volume 319.98(4) Å3

Z 1

Density (calculated) 1.784 Mg/m3

Absorption coefficient 1.738 mm-1

F(000) 175

Crystal size 0.15 x 0.12 x 0.03 mm3

Theta range for data collection 2.926 to 26.702°.

Index ranges -6<=h<=4, -9<=k<=9, -11<=l<=11

Reflections collected 5170

Independent reflections 1351 [R(int) = 0.0132]

Completeness to theta = 25.242° 99.4 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.95 and 0.78

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1351 / 0 / 98

Goodness-of-fit on F2 1.160

Final R indices [I>2sigma(I)] R1 = 0.0172, wR2 = 0.0442

R indices (all data) R1 = 0.0172, wR2 = 0.0442

Extinction coefficient n/a

Largest diff. peak and hole 0.394 and -0.290 e.Å-3
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Table S12. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)

for mo_170824lt_0m_a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor.

________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________  
Cu(1) 10000 0 5000 9(1)

N(1) 7819(2) 2291(2) 3591(1) 9(1)

O(1) 6691(2) 424(1) 6270(1) 11(1)

O(2) 2250(2) 2162(1) 6165(1) 13(1)

O(3) 2312(3) 579(2) 9415(1) 29(1)

C(1) 4634(3) 1798(2) 5644(2) 10(1)

C(2) 5270(3) 3005(2) 4142(2) 9(1)

C(3) 3443(3) 4700(2) 3397(2) 12(1)

C(4) 4307(3) 5698(2) 2041(2) 14(1)

C(5) 6918(3) 4945(2) 1465(2) 14(1)

C(6) 8625(3) 3221(2) 2260(2) 12(1)

________________________________________________________________________________ 
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 Table S13. Bond lengths [Å] and angles [°] for  mo_170824lt_0m_a.

_____________________________________________________ 

Cu(1)-O(1) 1.9446(9)

Cu(1)-O(1)#1 1.9446(9)

Cu(1)-N(1)#1 1.9589(11)

Cu(1)-N(1) 1.9589(11)

N(1)-C(6) 1.3400(18)

N(1)-C(2) 1.3469(17)

O(1)-C(1) 1.2809(16)

O(2)-C(1) 1.2369(16)

O(3)-H(7) 0.8383

O(3)-H(8) 0.7852

O(3)-H(8') 0.8081

C(1)-C(2) 1.5127(18)

C(2)-C(3) 1.3819(19)

C(3)-C(4) 1.390(2)

C(3)-H(3) 0.9500

C(4)-C(5) 1.387(2)

C(4)-H(4) 0.9500

C(5)-C(6) 1.385(2)

C(5)-H(5) 0.9500

C(6)-H(6) 0.9500

O(1)-Cu(1)-O(1)#1 180.0

O(1)-Cu(1)-N(1)#1 96.11(4)

O(1)#1-Cu(1)-N(1)#1 83.89(4)

O(1)-Cu(1)-N(1) 83.89(4)

O(1)#1-Cu(1)-N(1) 96.11(4)

N(1)#1-Cu(1)-N(1) 180.0

C(6)-N(1)-C(2) 119.62(12)

C(6)-N(1)-Cu(1) 128.11(9)

C(2)-N(1)-Cu(1) 112.14(9)

C(1)-O(1)-Cu(1) 114.33(8)

H(7)-O(3)-H(8) 118.5

H(7)-O(3)-H(8') 106.4

O(2)-C(1)-O(1) 125.04(12)
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O(2)-C(1)-C(2) 119.79(12)

O(1)-C(1)-C(2) 115.16(11)

N(1)-C(2)-C(3) 122.27(13)

N(1)-C(2)-C(1) 113.86(11)

C(3)-C(2)-C(1) 123.86(12)

C(2)-C(3)-C(4) 118.19(13)

C(2)-C(3)-H(3) 120.9

C(4)-C(3)-H(3) 120.9

C(5)-C(4)-C(3) 119.37(13)

C(5)-C(4)-H(4) 120.3

C(3)-C(4)-H(4) 120.3

C(6)-C(5)-C(4) 119.34(13)

C(6)-C(5)-H(5) 120.3

C(4)-C(5)-H(5) 120.3

N(1)-C(6)-C(5) 121.16(13)

N(1)-C(6)-H(6) 119.4

C(5)-C(6)-H(6) 119.4

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+2,-y,-z+1      
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 Table S14. Anisotropic displacement parameters  (Å2x 103) for mo_170824lt_0m_a.  The anisotropic

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]

______________________________________________________________________________ 

U11 U22 U33 U23 U13 U12

______________________________________________________________________________ 

Cu(1) 5(1) 9(1) 10(1) 0(1) 1(1) 0(1)

N(1) 7(1) 10(1) 11(1) -3(1) 0(1) -2(1)

O(1) 8(1) 11(1) 11(1) -1(1) 1(1) -1(1)

O(2) 7(1) 15(1) 14(1) -4(1) 3(1) -1(1)

O(3) 26(1) 43(1) 16(1) 4(1) 2(1) -15(1)

C(1) 10(1) 9(1) 12(1) -5(1) 0(1) -2(1)

C(2) 8(1) 11(1) 10(1) -5(1) 0(1) -3(1)

C(3) 9(1) 11(1) 14(1) -6(1) -2(1) -1(1)

C(4) 15(1) 10(1) 15(1) -2(1) -4(1) -1(1)

C(5) 16(1) 15(1) 11(1) 0(1) -1(1) -6(1)

C(6) 11(1) 14(1) 12(1) -3(1) 1(1) -4(1)

______________________________________________________________________________ 
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 Table S15. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3)

for mo_170824lt_0m_a.

________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________ 

 
H(3) 1646 5170 3800 14

H(4) 3120 6886 1513 16

H(5) 7530 5604 534 17

H(6) 10399 2689 1856 14

H(7) 2408 891 8464 50

H(8) 1087 190 9790 50

H(8') 3881 208 9714 50
________________________________________________________________________________
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CheckCIF file for 4n (CCDC:1584501)
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CheckCIF file for (6n) CCDC : 1584500 
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CheckCIF file for Cu(II) picolinate complex CCDC : 1847226
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