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By studying the reactions of styrene and norbornene 
with different alcohols and carbonic acids in the 
presence of heterogenic catalyst, it was found that the 
selected zeolite H-Beta is an active and selective 
catalyst for these reactions. Ethers and esters of 
norbornene have exo-configuration. It has been 
established that reaction of norbornene with diols, 
catalyzing by zeolite Beta, leads to the formation of 
esters, which have not been found before. 
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INTRODUCTION* 

Addition of alcohols and ethers to the multiple 
carbon-carbon bonds in the presence of 
homogeneous and heterogeneous catalysts finds a 
wide application in synthesis of ethers and esters.1 
The use of homogeneous (mineral acids) and 
heterogeneous (cationite) catalysts has some 
drawbacks and does not provide the required high 
yields and selectivity of products. We investigated 
these reactions in the presence of industrial 
available zeolite catalyst H-Beta, which is 
successfully used in petrochemical processes 
alkylation, isomerization and so on.2, 3 

RESULTS AND DISCUSSION 

In the present work we found (Scheme 1) that 
monohydric alcohols (2-4) of various structures 
(butyl, allylic, benzyl) are connected to styrene (1 ) 
and norbornene (1 ) selectivity with the formation of 
corresponding ethers (5 , , 6 , , 7 , ). 
                                                            
* Corresponding author: nocturne@mail.ru 

In the studied conditions (Table 1) there is a 
total conversion of olefin. Selectivity of formation 
of target ethers is more than 85%, which is weakly 
dependent on the structure of reagents.  

In the case reaction of diols (8,9) with 
norbornene the reaction proceeds by consistent 
formation of mono- (10, 12) and diethers (11, 13) 
in the presence of zeolite H-Beta (Scheme 2). 

Increasing the temperature from 500  to 800  
the conversion of norbornene 1b is changed 
slightly. However, selectivity of diethers’ 
formation increases from 4% to 32%. Moreover 
increasing the molar ratio olefin : diol from 1:3 to 
3:1 selectivity of diethers’ formation increases by 
more than twice (Table 2). 

In the studied conditions the activities of 
ethylene glycol (8) and cis-2-butene-1,4-diol (9) 
are similar. Bicyclic olefin 1b reacts quantitatively 
with monohydric acids (14-17) producing 
appropriate esters. These yields are 80-99% (a 
four-fold molar excess of acid) and depend on the 
identity of acids. 
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H-Beta

R= n-Bu (2; 5à, b);   All  (3; 6à, b);  Bn (4; 7à, b)

1b

O
R

O
R

1a + R-OH 5à - 7à

5b - 7b

2-4

 
Scheme 1 – Formation of ethers (5 , -7 , ) by reaction of alcohols and olefins 1 , . 

 
Table 1 

Reaction of olefins 1 ,b with alcohols 2-4 in presence zeolite H-Beta  
(molar ratio olefin : alcohol = 1 : 3, 20 wt% catalyst, Т=800 , 5 h) 

Olefin Alcohol Selectivity, % 

1  2 5  (92) 
1b 2 5b (93) 
1  3 6  (89) 
1b 3 6b (90) 
1  4 7  (92) 
1b 4 7b (95) 
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Scheme 2 – Formation of mono- and diethers of norbornene over zeolite H-Beta. 

 
Table 2 

Reaction of norbornene with diols 8, 9 (molar ratio 1  : diol = А: , 20% wt. catalyst H-Beta, 5 h) 

Selectivity, % 
Diol А:  T,ºC Monoether Diether 
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Table 2 (continued) 

3:1 O OH
 

12 (25) 

O O

 
13 (68) 

1:1 O OH
 

12 (46) 

O O

 
13 (41) 

HO OH
 

9 

1:3 

80 

O OH
 

12 (60) 

O O

 
13 (30) 

 

O R

O

+ R-COOH

R= -CH3 (14, 18); -n-C3H7 (15, 19); -CH2Cl (16, 20); -C3H5(17, 21) 

1 14-17 18-21
900Ñ, 4h

 
Scheme 3 – Formation of esters (18-21) by reacting monobasic carboxylic acids (14-17) with norbornene 1b. 
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Scheme 4 – Formation esters (25-27) by react monocarbonic acids (22-24) with norbornene 1b. 
 

At the same time, judging from yield of 
monoethers, monochloracetic 16 and methacrylic 17 
acids are six times less active than acetic acid 14. 

The reaction of olefin 1b and dicarbonic acids 
is going to with the formation mono- and diethers 
appropriately (Scheme 4).  

Spatial structure of diesters of norbornene (28-
30) identified by methods of homo- ( OSY, 
NOESY) and heteronuclear (HSQC, HMBC) two-
dimensional 1 , 13  NMR spectroscopy. So, in 13  
NMR spectra of target esters (28-30), signals of 
atoms -7 of bicyclic fragment are situated in the 
range of 35.6…36.2 ppm area, indicating that exo-
configuration is because of signals endo-isomers 
located in the weaker field (~40 ppm area).  

EXPERIMENTAL 

Chromatographic analysis of the products was performed 
on a Carlo Elba HRGS 5300 Mega Series chromatograph with 

a flame ionization detector using helium as the carrier gas at a 
flow rate of 30 mL/min, a SE 30 coated column of a 25 m 
length, and the column temperature programmed from 50 to 
280°C at a rate of 8°C/min. Mass chromatograms were 
recorded on Fisons (50 m fused silica capillary column DB 
560) and Focus instruments with a Finingan DSQ II mass 
spectrometric detector (ion source temperature, 200° ; on 
column injection temperature, 50–270° ; heating rate, 
10°C/min; Thermo TR 5MS column, 50 × 2.5 × 10–4 m; 
helium flow rate, 0.7 mL/min). The mass spectra of the 
compounds were obtained in the electron ionization mode. 
NMR spectra were recorded on a Bruker AVANCE-400 (1H 
400.13 MHz) spectrometer in CDCl3, using benzene d6 and 
toluene d8 as an internal standard. One and two dimensional 
NMR spectra were recorded using standard pulse sequences. 
2D homonuclear (COSY HH, NOESY) and heteronuclear 
(HSQC, HMBS) correlation experiments were carried out 
using pulsed field gradient techniques.  

In order to carry out the reactions, zeolite BEA (Beta) 
(mole ratio SiO2/Al2O3 = 18.0), synthesized in the JSC 
“Angarsk Catalysts and Organic Synthesis” in NH4-form, was 
used as catalyst. Zeolite Beta was formed to H-form by heated 
in air at 540º  for 3 h. Before experiments the catalyst sample 
was dried in air for 4 h at 350º . 
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1. Method of reaction of olefins (1a,b) with alcohols (2-4) 

A mixture of 0.255 M alcohol 2 (or 0.255 M alcohol 3, or 
0.255 M alcohols 4) and 0.085 M norbornene 1b, 20% wt. 
catalyst -Beta was carried out at 80  and mixed intensively 
for 5 h. The reaction mass was separated from the catalyst by 
filtering after the reaction termination and unreacted alcohol 
was removed at a low pressure. Ethers were isolated by 
vacuum distillation for calibration.  

1-n-butyl-1-phenylethan (5 ). b.p. 95-96  (10 mm Hg). 
1H-NMR (CDCl3,  ppm, JHz): 0.86 (t, 3H, CH3), 1.33 (m, 
2H, CH2), 1.35 (m, 2H, CH2), 1.45 (d, 3H, CH3), 3.42 (q, 2H, 
OCH2), 4.30 (q, 1H, CH), 7.3 (m, 5H, ArH). 13 -NMR 
(CDCl3,  ppm): 13.78 C6, 18.90 C5, 21.15 C2, 32.65 C4, 69.75 
C3, 72.86 C1, 124.97-127.04 Ar, 143.03 C1’. 

1-allyloxy-1-phenylethan (6a): b.p. 68  (5 mm Hg): 1H-
NMR (CDCl3,  ppm, JHz): 1.5 (d, 3 , CH3), 3.85 (dddd., 1 , 

, 2J 12.8, 3J 5.8), 3.94 (dddd., 1H, CHb, 2J 12.8, 3J 5.2), 
4.51 (dd., 1H, CH, 3J 6.4), 5.19 (dd., 1H, CHa, 2J 1.6, 3J 10.4), 
5.29 (dd., 1H, CHb, 2J 1.6, 3J 17.2), 5.95 (dddd., 1H, CH, 3J 
5.2, 3J 5.8, 3J 10.4, 3J 17.2), 7.28-7.40 (m., 5H, Ar).  

1-cyclohexyloxy-1-phenylethan (7a). b.p. 91-92  (9 mm 
Hg): 1H-NMR (CDCl3,  ppm, JHz): 1.46 (d, 3H, CH3), 1.12-
1.20 (m, 6H, CH2), 1.78-1.94 (m, 4H, CH2), 3.40 (m, 1H, CH), 
4.64 (q, 1H, ArCH), 7.23-7.33 (m, 5H, ArH).  

Exo-2-(butoxy)bicyclo[2.2.1]heptane (5 ). b.p. 77  (27 
mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.91 (m, 3H, CH3), 
0.96-1.07 (m, 3H, CH2), 1.32-1.41 (m, 3H, CH2), 1.46-1.55 
(m, 4H, CH2), 2.20 (s, 1H, CH), 2.29 (d, 1 , CH, 2J=4), 3.24-
3.40 (m, 1H, CH), 3.24-3.40 (m, 2H, CH2). MS (70eV), m/z 
(J., %): 168 [ -1]+ ( 1), 94 (100); 66 (74); 79 (65); 67 (56), 
41 (49), 95 (39), 57 (28), 83 (19), 55 (17), 68 (16), 56 (13), 
112 (12).  

2-(alliloxy)bicyclo[2.2.1]heptane (6 ). b.p. 780C (10 mm 
Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.95-1.12 (m, 3H, CH2), 
1.37-1.60 (m, 5H, CH2), 2.25 (s, 1H, CH), 2.33 (d, 1H, CH), 
3.89-4.00 (m, 2H, CH2), 5.10-5.18 (d, 1H, CHa, 2J=1.6, 
3J=10.4), 5.22-5.32 (d, 1H, CHb, 2J=1.6, 3J=17.2), 5.83-5.99 
(m, 1 , ). MS (70eV), m/z (J., %): 152 [ -1]+ (1), 67 
(100); 41 (56); 94 (51); 95 (41), 66 (34), 79 (29), 55 (27), 93 
(23), 91 (11), 81 (11), 77 (11). 

2-(benzyloxy)bicyclo[2.2.1]heptane (7 ). b.p. 70   
(20 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.92-1.05 (m, 
3H, CH2), 1.25-1.40 (m, 2H, CH2), 1.51-1.56 (m, 3H, CH2), 
2.19 (s, 1H, CH), 2.28 (s, 1 , CH), 3.64-4.51 (m, 1H, CH), 
3.64-4.51 (m, 2H, CH2), 7.00-7.05 (m, 5H, r).  

2-(bicyclo[2.2.1]heptyl-2-oxy)ethanol (10). b.p. 130  (10 
mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.95-1.10 (m, 3H, 
CH2), 1.38-1.59 (m, 5H, CH2), 2.23 (m, 1H, CH), 2.33 (m, 1H, 
CH), 2.55 (1H, OH), 3.39 (d, 1H, CH), 3.49-3.57 (m, 2H, 
CH2), 3.70-3.77 (m, 2H, CH2). 13 -NMR (CDCl3,  ppm): 
24.61 C6, 28.55 C5, 34.77 C7, 35.17 C4, 39.56 C3, 40.36 C1, 
63.71 C9, 67.66 C8, 83.0 C2. MS (70eV), m/z (J., %): 156 [ -
1]+ (2), 95 (100); 67 (49); 155 (19), 111 (18), 94 (16), 94 (15), 
66 (15), 41 (15).  

2,2’-[ethane-1,2-diylbis(oxy)]bicyclo[2.2.1]heptane (11). 
b.p. 158  (5 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.86-
1.26 (m, 8H, CH2), 1.32-1.40 (m, 8H, CH2), 1.55-1.58 (m, 2H, 
CH2), 1.63 (m, 1H, CH), 1.73 (m, 2H, CH2), 2.04 (m, 2H, CH, 
CH), 3.20 (m, 2H, CH2), 3.42 (m, 2H, CH2), 3.57 (d, 1H, CH). 
MS (70eV), m/z (J., %): 250 [ -1]+ (1), 95 (100); 94 (95); 66 
(87), 79 (77), 67 (52), 45 (47), 41 (33), 55 (19), 57 (18); 83 
(17); 44 (16); 77 (13); 65 (13); 43 (14); 53 (11).  

Exo-4-(bicyclo[2.2.1]hept-2-yloxy)but-2-en-1-ol (12). b.p. 
141  (2 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.95-1.03 

(m, 2H, C6Hb, C3Ha), 1.03-1.14 (m, 2 , C6Ha, C3Hb), 1.37-
1.48 (m, 1H, C5Hb), 1.50-1.60 (m, 1 , C5Ha), 2.17 (s, 1H, 
C1H), 2.25 (s, 1 , - ), 2.34 (d, 1H, C4H), 3.40 (d, 1H, C2H), 
3.95-4.09 (m, 1H, C8Ha), 4.19(m, 1H, C8Hb, 2J=6.4, 3J=18.8), 
4.22 (d, 2H, C11Ha, C11Hb, 2J=4.4 3J=16.8), 5.67-5.75 (m, 1H, 
C9H), 5.76-5.85 (m, 1 , C10H). 13 -NMR (CDCl3,  ppm): 
24.58 C6, 28.40 C5, 35.14 C4, 39.51 C3, 40.28 C1, 58.53 C11, 
64.03 C8, 82.67 C2, 128.82 C10, 131.82 C9. MS (70eV), m/z 
(J., %): 182 [ -1]+ (2), 164 (7), 138 (12), 109 (12), 95 (100), 
94 (22), 81(18), 79 (46), 77 (10), 71 (17), 70 (27), 67 (90), 66 
(40), 57 (10), 55 (27), 53 (18), 43 (40). 

Exo-exo-[(2Z)-but-2-en-1,4-diylbis(oxy)]bisbicyclo[2.2.1] 
heptane (13). b.p. 183°  (2 mm Hg). 1H-NMR (CDCl3,  
 ppm, JHz): 0.97-1.12 (m, 6H, C6Ha, C14Ha, C5Ha, C17Ha, 

C7Ha, C18Ha), 1.34-1.48 (m, 6H, C3Ha, C14Ha, C5Hb, C16Hb, 
C6Hb, C17Hb), 1.49-1.58 (m, 4 , C7Hb, C18Hb, C3Hb, C14Hb), 
2.23 (s, 2H, C4H, C15H), 2.30-2.34 (d, 2H, C1H, C12H), 3.35-
3.40 (dd, 2H, C2H, C13H), 3.95-4.05 (m, 2H, C8Ha, C8Hb), 
4.09 (dd, 1 , 11

a), 4.19 (dd, 1 , 11
b), 5.63-5.74 (m, 1H, 

C10H), 5.75-5.88 (m, 1H, C9H). 13 -NMR (CDCl3,  ppm): 
23.75 C6, 27.62 C5, 33.93 C7, 34.27 C4, 38.71 C3, 39.42 C1, 
57.54 C11, 63.04 C8, 81.25 C2, 129.41C10, 131.96 C9. MS 
(70eV), m/z (J., %): 276 [ -1]+ (<1), 164 (6), 96 (10), 95 
(100), 93 (6), 79 (6), 70 (10), 67 (42), 41 (13). 

2. Method of reaction of norbornene (1b)  
with monocarboxylic acids (14-17) 

A mixture of 0,34 M acetic acid 14 (or 0.34 M n-butyric 
acid 15, or 0.34 M chloracetic acid 16, or 0.34 M methacrylic 
acid 17), 0.085 M of norbornene, 20% wt. catalyst -Beta was 
carried out at 90  and mixed intensively for 4 h. For 
homogenization of initial compounds (16, 17) nonane was 
used as a solvent. The reaction mass was separated from the 
catalyst by filtering after the reaction termination and 
unreacted acid was removed at a low pressure. Esters were 
isolated by vacuum distillation for calibration. 

Exo-bicyclo[2.2.1]hept-2-yl ester of acetic acid (18). b.p. 
95  (20 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 1.08-1.18 
(m, 4 , C3Ha, C6Ha, C6Hb, C3Hb), 1.42-1.54 (m, 3 , C4Hb, 
C7Ha, C7Hb), 1.73 (m, 1H, C4Ha), 2.02 (s, 3 , C9H3), 2.30 (m, 
2H, C2H, C5H), 4.61 (d, 1H, C1H). 13 -NMR (CDCl3,  ppm): 
21.42 C9, 24.33 C3, 28.13 C4, 35.24 C5, 35.37 C7, 39.60 C6, 
41.40 2, 77.60 C1, 170.82 C8. MS (70eV), m/z (J., %): [M-
1].+ 154 (6), 43 (100), 66/67 (70/68), 94/95 (68/52), 79 (65), 
111/112 (64/51), 41 (53), 71 (52).  

Exo-bicyclo[2.2.1]hept-2-yl ester of n-butyric acid (19). b.p. 
106  (10 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 0.96 3 (t, 3 , 
C11H3), 1.17-1.20 (m, 3 , C3Ha, C7Ha, C4Ha), 1.39-1.49 (m, 2 H, 
C6Ha, C4Hb), 1.50-1.58 (m, 2 , C7Hb, C3Hb), 1.65 (m, 2H, C10H2), 
1.69-1.78 (m, 1H, C6Hb), 2.25 (t, 2 , C9Ha, C9Hb), 2.27-2.32 (m, 
2 , C5H, C2H), 4.62 (d, 1 , C1H). 13 -NMR (CDCl3,  ppm): 
13.66 C11, 18.54 C10, 24.31 C3, 28.85 C4, 35.26 C7, 35.38 C9, 
36.59 C5, 39.65 C6, 41.45 2, 77.29 C1, 173.40 C8. MS (70eV), 
m/z (J., %): [M-1]+ 182 (2), 71 (100), 95 (52), 43 (40), 139 (31), 
111 (30), 154 (15), 79 (12). 

Exo-bicyclo[2.2.1]hept-2-yl ester of chloracetic acid (20). 
b.p. 95  (6 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 1.09-
1.22 (m, 3 , C3Hb, C7Hb, C4Hb), 1.44-1.57 (m, 4 , C3Ha, 
C4Ha, C7Ha, C6Ha), 1.75-1.80 (m, 1H, C6Hb), 2.32 (m, 1 , 
C5H), 2.36 (d, 1H, C2H), 4.04 (s, 2H, C9Ha, C9Hb), 4.72 (d, 
2 , C1H). 13 -NMR (CDCl3,  ppm): 24.13 C6, 28.03 C5, 
35.23 C7, 35.35 C4, 39.38 C3, 41.20 C9, 41.39 C1, 79.71 C2, 
167.01 8. MS (70eV), m/z (J., %): [M-1]+ 188 (<1), 66/67/68 
(100/78/29), 94/95 (56/64), 77/79 (38/87), 41 (40), 49 (20), 55 
(17), 42 (13), 53 (10).  
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Exo-bicyclo[2.2.1]hept-2-yl ester of methacrylic acid (21). 
b.p. 90  (6 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 1.12-
1.20 (m, 3 , C3Ha, C4Ha, C7Ha), 1.43-1.57 (m, 4 , C3Hb, 
C4Hb, C6Ha, C7Ha), 1.74-1.79 (m, 1H, C6Hb), 1.93 (s, 3 , 
C11H3), 2.31 (m, 1H, C5H), 2.35 (m, 1H, C2H), 4.68 (m, 1H, 
C1H), 5.52 (s, 1 , C10Ha), 6.07 (s, 1 , C10Hb). 13 -NMR 
(CDCl3,  ppm): 18.26 C11, 24.24 C3, 28.17 C4, 35.33 C7, 
35.37 C5, 39.57 C6, 41.45 C2, 77.74 C1, 124.81 10, 136.90 9, 
167.09 8. MS (70eV), m/z (J., %): [M-1]+ 180 (<1), 69 (100), 
41 (84), 66 (71), 94 (56), 95 (40), 79 (19), 70 (19), 109 (11), 
97 (11), 55 (10), 124 (10), 137 (10).  

3. Method of reaction of norbornene (1b)  
with dicarboxylic acids (22-24) 

A mixture of 0.34 M oxalic acid 22 (or 0.34 M malonic 
acid 23, or 0.34 M succinic acid 24), 0.085 M of norbornene, 
20% wt. catalyst -Beta was carried out at 90  and mixed 
intensively for 4 h. For homogenization of initial compounds 
(22-24) nonane was used as a solvent. The reaction mass was 
separated from the catalyst by filtering after the reaction 
termination and unreacted acid was removed at a low pressure. 
Esters were isolated by vacuum distillation for calibration. 

The resulting physic-chemical properties, NMR-spectra and 
mass-spectra of compounds 25-27 correspond to literature data.4  

Exo-dibicyclo[2.2.1]hept-2-yl ester of oxalic acid (28). 
b.p. 122°  (7 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 1.12-
1.23 (m, 6H, C6Ha, C5Ha, 7

a, C15Ha, C14Ha, C16Ha), 1.44-
1.62 (m, 8H, C6Hb, C5Hb, C3Ha, C7Hb, C15Hb, C14Hb, C12Ha, 
C16Hb), 1.76-1.82 (dddd, 2 , C3Hb, C12Hb), 2.33 (s, 2H, C4H, 

13 ), 2.43 (d, 2H, C1H, C10H), 4.75 (d, 2H, C2H, C11H). 13 -
NMR (CDCl3,  ppm): 24.11 C3, C15, 28.03 C5, C14, 35.29 C7, 
C16, 35.37 C4, C13, 39.26 C3,C12, 41.30 C1, C10, 80.46 C2, C11, 
158.05 C8, C9. MS (70eV), m/z (J., %): [M-1]+ 278 (0.1), 
95/96 (100/8), 66/67/68 (8/24/2), 41 (9), 77/79 (3/4), 93 (4), 
53/55 (2/4), 65 (3). 

Exo-dibicyclo[2.2.1]hept-2-yl ester of malonic acid (29). 
b.p. 172°  (2 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 1.08-
1.19 (m, 6H, C5Ha, 15

a, C6Ha, C16Ha, C7Ha, C17Ha), 1.43-
1.59 (m, 8H, C3Ha, C13Ha, C7Hb, C17Hb, C5Hb, C15Hb, C6Hb, 
C16Hb), 1.72-1.77 (m, 2 , C3Hb, C13Hb), 2.30 (s, 2H, C4H, 
C14H), 2.35 (s, 2H, C1H, C11H), 3.29 (s, 2H, C9Ha, C9Hb), 4.67 
(d, 2H, C2H, C12H). 13 -NMR (CDCl3,  ppm): 24.18 C6, C16, 
28.10 C5, C15, 35.24 C7, C17, 35.34 C4, C14, 39.34 C3,C13, 
41.33 C1, C11, 42.26 C9, 78.79 C2, C12, 166.34 C8, C10. MS 
(70eV), m/z (J., %): [M-1]+ 292 (0.2), 95 (100), 67 (13), 111 
(10), 199 (8).  

Exo-dibicyclo[2.2.1]hept-2-yl ester of succinic acid (30). 
b.p. 180°  (1 mm Hg). 1H-NMR (CDCl3,  ppm, JHz): 1.12-
1.24 (m, 6H, C7Ha, 5

a, C16Ha, C6Ha, C17Ha, C18Ha), 1.42-
1.53 (m, 8H, C14Ha, C3Ha, C5Hb, C16Hb, C7Ha, C18Hb, C6Hb, 
C17Hb), 1.70-1.75 (m, 2 , C3Hb, C14Hb), 2.29 (m, 4H, C4H, 
C15H, 1 , C12H), 2.57 (m, 4H, C9Ha, C9Hb, C10Ha, C10Hb), 
4.63 (d, 2H, C2H, C13H). 13 -NMR (CDCl3,  ppm): 24.25 C6, 
C17, 28.13 C5, C16, 29.58 C9, C10, 35.25 C7, C18, 35.36 C4,C15, 
39.52 C3, C14, 41.39 C1, C12, 77.89 C2, C13, 171.93 C8, C11. MS 
(70eV), m/z (J., %): [M-1]+ 306 (0.1), 95 (100), 67 (24), 195 
(18), 55 (9), 79 (9), 111 (9), 213(9), 41 (7), 162 (7). 

CONCLUSIONS 

The obtained results indicate that the zeolite  
H-Beta is an active and selective catalyst for 
synthesis of ethers and esters from olefins with 
acids and alcohols.     

It should be noted that the offered methods are 
simply compared to methods based on the use of 
traditional acid catalysts. In this case products of 
reactions are separated from the catalyst by 
filtering and zeolite H-Beta can be recovered for 
use later.  

Besides high activity and selectivity, zeolite 
catalyst H-Beta makes it possible to obtain new 
structure compounds, which were not obtained 
using homogeneous acidic catalysts5. 
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The purpose of this paper was to establish the optimum pH and 
temperature for the biosorption of methylene blue (MB) from aqueous 
solutions on Romanian fir tree sawdust (Abies alba), RFTS. The 
maximum biosorption efficiency (99.93%) of MB occurred at 303 K 
and pH = 7. Also, standard thermodynamic parameters, G°, H° and 

S° were calculated, the results indicating that the considered 
biosorption process is endothermic and favourable. Equilibrium data 
were modelled using Langmuir and Freundlich isotherms. The 
experimental data fitted well with the Langmuir isotherm model, 
suggesting the monolayer biosorption of the MB onto RFTS. The MB 
biosorption kinetics was analysed using pseudo-first- and pseudo-
second-order models. The results indicated that decolourization of 
aqueous solutions was best described by the pseudo-second-order 
model. The obtained results indicate that RFTS can be an economic 
and attractive option for dye removal from diluted industrial effluents.  

 
 

INTRODUCTION* 

Pollution of the water sources by organic and 
inorganic contaminants is a major concern in many 
industrialized countries. The industries, for example 
textile, dyestuff, paper and plastics use dye for their 
products by consuming substantial volumes of 
water. Consequently, they generate a considerable 
amount of coloured wastewater.1 More than 100,000 
are commercially available and produced annually 
all over the world.2 It has been estimated that 10-
15% of the dye is lost in the dyeing effluent.3 The 
coloured effluents damage the aesthetic quality of 
water and reduce light penetration and 
photosynthesis, and some of them are toxic or 
mutagenic, carcinogenic and allergenic.4  
                                                      
* Corresponding author: cella@chem.ubbcluj.ro 

Dyes are broadly classified as anionic, cationic 
and non-ionic depending on the ionic charge of the 
chromophore group. Cationic dyes are more toxic 
than anionic dyes.5 Hence, decolourization of the 
coloured-bearing effluents represents an important 
environmental goal. Various techniques like 
coagulation, adsorption, chemical oxidation, froth 
flotation, etc. have been used for the removal of 
organics as well as inorganics from wastewater.6 
Amongst these, biosorption has been found as an 
attractive alternative to replace or supplement the 
present dye removal processes from wastewater.7,8 
Biosorption potential of a biomaterial is based on 
interactions between contaminants and hydroxyl, 
carboxyl, phosphoryl and other charged groups 
localized on the cell wall structure of organisms or 
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biomasses, composed of macromolecules such as 
heteropolysaccharides, proteins and lipids.9 
Adsorption, complexation, chelation and ion 
exchange can play a role in the biosorption 
mechanisms.10,11  

In the recent years, non-conventional 
adsorbents, including natural materials, such as 
waste from agro-industrial activities, have been 
successfully used as alternative low-cost 
adsorbents for the removal of several dyes from 
aqueous solutions.12-15  

Methylene blue (MB) is a dark-green powder or 
a crystalline solid cationic dye.16 MB is usually 
discharged in high quantities in industrial 
wastewater, specially textiles, paper and cosmetics 
industries. The complex structure of MB dye 
makes it very stable and difficult to degrade, 
leading to many environmental problems such as: 
preventing sunlight penetration into water, 
reducing photosyntheic activity and causing bad 
appearance of water surface.17,18 MB is a 
heterocyclic aromatic compound with chemical 
formula C16H18N3SCl, FW = 319.85 g/mol. MB is 
widely used as a redox indicator in analytical 
chemistry. Solutions of this substance are blue 
when are in an oxidizing environment, but will 
turn colourless if exposed to a reducing agent.  

The goal of this study was to realize the MB 
biosorption onto waste fir tree sawdust from 
Romanian wood industry and to offer an effective 
and economical alternative to more expensive 
adsorption processes (commercial active carbon 
and resins). Therefore, pH and temperature 
influences over the biosorption process were 
investigated in batch conditions. Thermodynamics, 
isotherm and kinetic models of the considered 
biosorption process were discussed in details.  

RESULTS AND DISCUSSION 

The obtained experimental data were processed 
using biosorption process efficiency and biosorption 
capacity. Biosorption process efficiency, expressed as 
percentage removal, was calculated with equation (1) 

 
100

0

0

C
CC(%),E e

 
(1)

 

and biosorption capacity was calculated using 
equation (2)  

 
m

VCCq e
e

0  (2) 

where: C0 is MB initial concentration (mg/L), Ce is 
MB equilibrium concentration in solution (mg/L), 
V is solution volume (L) and m is biosorbent 
quantity (g).19,20 

Biosorbent characterization 

Abies alba fir is a common tree from some 
forest areas in Transylvania (Roumania). These 
trees are the main source in the local wood 
industry and their sawdust could be a good 
candidate as a green and economic alternative for 
dyes removal from wastewater.20,21 Roumanian fir 
tree sawdust, RFTS, was evaluated without any 
chemical pre-treatment.  

Representative samples of RFTS were 
investigated using gravimetric method (humidity 
and apparent density) and wet chemical analyses.21 
The studied biomass consist mainly of dry matter 
(96.93%) and has an apparent density of 1.09 
g/cm3. Main chemical composition is crude fibre, 
cellulose (55.09%), hemicelluloses and lignin 
(33.3%).20,21 The presence of lignin in the sawdust 
structure is likely to confer to this material 
biosorptive properties. The bulk chemical analyses 
performed on sawdust samples indicate the 
presence of C (25.457%), H (3.668%), O 
(70.871%), N (0.004%). The amount of S was 
considered negligible.21,22  

Effect of pH 

The pH is one of the most important controlling 
parameter in the biosorption process of dyes from 
wastewater. Hydrogen ions affect cationic dye 
removal because they have a great affinity for 
many complexing and ion-exchange sites.23 The 
pH values affect the surface charge of the 
adsorbent, the degree of ionization and speciation 
of the adsorbate during the adsorption process.24 In 
our study, four different pH values were 
considered, ranging between 1.45 and 9.91, in 
order to establish pH influence on the biosorption 
capacity of RFTS, Fig. 1.  

As the biosorbent surface is positively charged 
at low pH, the electrostatic attraction between 
RFTS and MB molecule leads to a decrease of the 
biosorption capacity. As the initial pH increases, 
the biosorbent surface becomes less positive and 
therefore electrostatic attraction between the MB 
molecule and RFTS surface (COO- and HO- 
groups) is likely to be increased. The optimum pH 
that provides maximum MB removal (almost 
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100%) was an initial pH=7. For pH values higher 
than 7, a small decrease (0.63%) in dye percentage 
removal, was observed that could be attributed to 
the solubilisation of organic groups present on the 
biosorbent surface.12 Similar behaviour has been 
frequently reported through different studies where 
the authors investigated dye biosorption by various 
biomaterials.12,15,25 

Decolourization of wastewater containing 
cationic dyes, in generally, can be explained by 
ion-ion interactions establised between the cationic 
dye, MB in this case, and the anionic groups within 
the substrate  (COO-), which can be cellulosic or 
hemicellulosic one, from vegetal cell wall of the 
sawdust.26 Cellulose does not require extreme 
alcalinity (pH=7-10) to generate cellulosate ions, 
which are many times more reactive than cellulose 
itself.27 Furthermore, the presence of carboxylic 
groups from the hemicellulose structure may have 
enhance the affinity of wood sawdust to cationic 
dyes molecules that are electron deficient 
(positvely polarized) and thus, the adsorption 
process can be explained by electrostatic 
attractions between two counter-ions.28,29 

 
Effect of temperature 

MB biosorption onto RFTS was conducted 
using four different temperatures. It was observed 
that an increase in temperature led to an increase in 
the biosorption efficiency, suggesting that the 
 

decolourization process is endothermic. Higher 
temperatures conduct to a decrease in biosorption 
efficiency, due to the fact that after 313 K 
desorption process begin. Similar results were 
reported in literature for the biosorption of MB 
onto different vegetal fibres wastes.15,16,18,26 

For each experiment, performed at a certain 
temperature, values of biosorption capacity (qe) 
and MB concentration in solution at equilibrium 
(Ce) were determined. The equilibrium constant 
Kd, of the biosorption process, calculated as qe/Ce, 
can be used to estimate the thermodynamic 
parameters, equation (3), due to its dependence on 
temperature.30 

In order to describe the thermodynamic 
behaviour of the biosorption of MB onto RFTS 
biomass, standard thermodynamic parameters, 
including the changes in standard free energy 
( G°), enthalpy ( H°) and entropy ( S°) were 
calculated using the following equations: 31 

 dKlnRTGD  (3) 

 DDD STHG  (4) 

where, R is the universal gas constant (8.314 10-3 
kJ/K mol), T is absolute temperature (K), and Kd is 
the distribution coefficient (L/g) calculated as 
qe/Ce, where qe is biosorption capacity (mg/g) and 
Ce is MB concentration in solution at equilibrium.
  

 

 
Fig. 1 – The effect of initial pH on percentage removal values for MB biosorption onto RFTS 

(Ci = 100 mg MB/L, 3g biomass, 0.4 < d < 0.6 mm, 296 K, 200 rpm). 
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The H  and S  parameters were estimated 
from the following equation: 

 
R
S

RT
HKln d

DD

 (5) 

from the slope and intercept of the lnKd versus 1/T 
plot.32,33 

The plot of ln(Kd) as a function of 1/T (Fig. 2) 
yields a straight line (R2=0.947) from which H° 
and S° were calculated, Table 1. The values of 

G° for MB biosorption onto RTFS were found to 
be negative for the experimental range of 
temperatures (Table 1) corresponding to a 
favourable process. Furthermore, the decrease in 
the values of G° with the rise in temperature 
indicates that the biosorption is more favoured at 
higher temperatures. The positive value of H° 
(Table 1) confirms the endothermic nature of the 
overall biosorption process. This means that as the 

temperature increases, more energy is available to 
enhance the biosorption. Our results are in good 
agreement with literature data.34,35 Moreover, the 
positive value of S° (Table 1) points out the 
increased randomness at the solid/liquid interface 
during the biosorption of MB onto RFTS.36 

Adsorption isotherms 

The adsorption isotherms are very important to 
design the reaction systems. They describe how 
adsorbate (eg. dyes) interact with the adsorbent 
surface and therefore are critical in optimizing the 
use of the adsorbent material.26 In the present 
study, two parameters isotherm models, Langmuir 
and Freundlich were used to describe the 
equilibrium of MB biosoprtion onto RFTS. This 
two isotherm models are widely used to describe 
the biosorption of a solute from a liquid solution.  

 
 

 
Fig. 2 – Plot of lnKd versus 1/T for MB biosorption onto RFTS 

(Ci = 100 mg/L, 3g biomass, 0.4 < d < 0.6 mm, pH=7, 200 rpm). 
 
 

Table 1 

Thermodynamic parameters for MB biosorption onto RFTS at various temperatures  
(Ci = 50-200 mg/L, 3g biomass, 0.4 < d < 0.6 mm, pH=7, 200 rpm) 

G  (kJ/mol) Biomass S  
(kJ/mol·K) 

H  
(kJ/mol) 296 K 303 K 313 K 318K 

RFTS 0.066 16.362 -3.376 -3.912 -4.581 -4.915 
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Freundlich isotherm model assumes a 
heterogeneous adsorbent surface and active sites 
with different energy and that the molecules 
adsorbed can react with each other.37 Freundlich 
isotherm model in linear form is expressed by 
equation (6), where, Kf (mg(1 1/n)

 L1/n/g) and n are 
the Freundlich equilibrium constants, which can be 
determined from the plot of logqe versus logCe.38 

 efe Clog
n

Klogqlog 1
 (6) 

The Langmuir isotherm is based upon an 
assumption of monolayer adsorption onto the surface 
of the adsorbent containing a finite number of 
adsorption sites of uniform energies of adsorption39 and 
it can be written in linear form as follows: 40 

 
meme qCbqq
1111

 (7) 

where, qe and Ce are the solute concentration in 
liquid and solid phases at equilibrium, (mg/g) and 
(mg/L), respectively, qm is the quantity of 
adsorbate required to form monolayer on unit mass 
of adsorbent (mg/g) and b is the adsorption 

equilibrium constant that is related to the apparent 
energy of adsorption, (L/mg). 

Isotherm parameters qm and b can be obtained 
from 1/qe versus 1/Ce plot. 

The traditional way to realize parameter 
estimation is linearization and linear regression of 
the isotherm models. In this case, linearity of the 
plots expressed by linear regression coefficient, 
R2, can give some information about the fitting 
between the experimental data and the isotherm 
model, the closest to linearity could be considered 
as describing better the adsorption equilibrium in 
a certain system. 25,41 

The linear plot of the Langmuir isotherm for MB 
biosorption onto RFTS is presented in Fig. 3. 

Adsorption equilibrium constants and linear 
regression coefficients obtained from Langmuir and 
Freundich isotherm models are presented in Table 2. 
The monolayer saturation capacity of MB was 
calculated to be 9.718 mg/g, while Langmuir 
constant, which is related to the adsorption energy, 
was determined to be 0.524 L/mg. Freundlich 
isotherm constants were also calculated (Table 2). 
The obtained R2, Table 2, values suggested that the 
experimental results fitted best on Langmuir isotherm 
model. 

 

 
Fig. 3 –  Langmuir plot for MB biosorption onto RFTS 

(Ci = 50-200 mg/L, 3 g biomass, 0.4<d<0.6, 296 K, pH=7, 200 rpm). 
 

Table 2 

Langmuir and Freundlich coefficients for MB biosorption onto RFTS  
(Ci = 50-200 mg/L, 3 g biomass, 0.4<d<0.6, 296 K, pH=7, 200 rpm) 

Langmuir isotherm Freundlich isotherm 
b 

(L/mg) 
qm 

(mg/g) R2 n Kf 
(mg(1-1/n)L1/n/g) R2 

0.524 9.718 0.961 1.446 2.690 0.733 
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Fig. 4 – Plots of the pseudo-second-order kinetic model for MB biosorption onto RFTS 

(Ci = 50-200 mg MB/L, 3g biomass, 0.4 < d < 0.6 mm, 296 K, pH=7, 200 rpm). 
 

Biosorption Kinetics 

Pseudo-first-order (Lagergren)42 and pseudo-
second-order (Ho)43 models were used to study the 
biosorption kinetics of MB onto RFTS. Linear 
regression was used to determine the best fitting 
kinetic model (linear regression coefficient, R2). 
The linear form of the two models is expressed by 
equations (6) and (7), respectively: 

 tkqln)qqln( ete 1  (6) 

 
eet q
t

qkq
t

2
2

1
 (7) 

where: qe and qt are the amounts of MB dye 
biosorbed (mg/g) at equilibrium and time t, 
respectively and k1 and k2 are the pseudo-first-
order and pseudo-second-order rate constants in 
(1/min), (g/mg·min), respectively. 

Above mentioned kinetic models were used to 
test experimental data and to determine the kinetic 
constants from the slope and intercept values of the 
linear plots, ln(qe-qt) versus t, and t/qt versus t  
(Fig. 4). 

In case of pseudo-first-order, R2 values between 
0.636 and 0.781 were obtained, while qe values 
showed great differences by comparison to 
experimental data, which led to the conclusion that 
MB biosorption onto RFTS cannot be described by 
this model. When pseudo-second-order kinetic 
model was applied for the considered biosorption 
process, values of 1 for R2 were obtained for all 
considered concentrations, Table 3. In addition, the 
calculated qe values are very close to the 
experimental ones (Table 3). Therefore it was 
concluded that MB biosorption on RFTS obeyed 
the pseudo-second-order kinetic model. 

 
Table 3 

Pseudo-second-order rate constants, calculated and experimental qe values for MB biosorption onto RFTS  
(Ci = 50-200 mg MB/L, 3g biomass, 0.4 < d < 0.6 mm, 296 K, pH=7, 200 rpm) 

C 
(mg/L) 

qe(exp)  
(mg/g) 

k2  
(g/mg·min) 

qe(calc) 
(mg/g) R2 

75 2.182 1.716 2.181 1 

100 3.286 0.881 3.287 1 

150 4.162 0.501 4.152 1 

200 6.453 0.185 6.472 1 
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EXPERIMENTAL 

Biomass 

The fir tree (Abies alba) sawdust, RFTS, was obtained 
from a local sawmill in Huedin, Cluj County, Romania. Prior 
to its utilization the considered biomass was washed several 
times with distilled water in order to eliminate surface 
impurities and dried at 105°C for 24 h. Finally, the dried 
biomass was ground and sieved (0.4 < d < 0.6 mm). The 
sieved RFTS was then stored in an airtight box before its 
utilization. No further chemical treatments were considered at 
this stage. Representative RFTS samples were investigated, 
using gravimetric method (humidity and apparent density)20-22 
and elemental analysis using a Thermo Finnigan Flash EA 
1112 Series equipment. 

Preparation of MB solutions 

Dye stock solution (1000 mg/L) was obtained by 
dissolving the necessary quantity of solid substance, MB 
(analytical purity reagent) in distilled water. From this 
solution, solutions with known concentration in 50-200 mg/L 
range were further prepared. 

Biosorption experiments 

The biosorption process was conducted in batch 
conditions, under magnetic stirring at 200 rpm, through the 
contact of a certain amount of RFTS biomass with a volume of 
100 mL MB aqueous solution of various concentrations. The 
biosorption process was realized until equilibrium was reached 
(240 min established from preliminary experiments).22 MB 
concentration in solution was determined using a Jenway 6305 
UV-VIS spectrophotometer, at max = 665 nm, after a preliminary 
centrifugation (5 min at 10,000 rpm) and appropriate dilution. 
Water samples were collected at established time intervals.  

The effect of the initial solution pH on the equilibrium 
adsorption of MB was analysed in 1.45 to 9.91 pH range. The 
initial pH was adjusted using 0.1 M HCl and 0.1 M NaOH 
solutions. The experiments were carried out using 100 mL 
solution of 100 mg/L, which was contacted with 3 g fir tree 
sawdust, at 296 K, under magnetic stirring at 200 rpm. pH was 
measured using a Consort 832 pH meter.  

In order to determine the effect of temperature on the MB 
biosorption onto RFTS, four different temperatures were 
considered, 296, 303, 313 and 318 K.  The experiments were 
realized with an initial dye concentration of 100 mg/L at 
pH=7, and 3 g sawdust/100 mL solution. 

All the experiments were repeated three times, the values 
presented were calculated using averaged concentration values. 

CONCLUSIONS 

The decolourization of synthetic aqueous 
solutions containing MB dye using RFTS has been 
investigated under different experimental conditions 
(pH and temperature), in batch mode, under 
magnetic stirring. The maximum biosorption 
efficiency (99.93 %) was obtained at pH = 7 and 
303 K, when 100 mg/L solution, 3 g of biomass 
and 240 minutes contact time were used. MB 
removal process followed pseudo-second-order 

kinetic model while equilibrium adsorption data 
were best fitted on Langmuir isotherm model. The 
positive value of H°, 16.362 kJ/mol, for the 
biosorption process, confirms the endothermic 
nature, while the negative values of G° suggest 
that the process is favourable under the studied 
conditions. 

In conclusion, the study confirms that the 
Romanian fir tree Abies alba sawdust, a waste of 
local wood industry, abundant, low-cost and green 
biosorbent could be successfully used as a 
potential biosorbent for decolourization of 
synthetic solutions containing methylene blue dye 
and, probably, in the future, a material for treating 
industrial wastewater. 
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A facile sym-collidinium chlorochromate (S-COCC) catalyzed 
(2 mol%) oxidations of alcohols to aldehydes or ketones using 
1 equiv of H5IO6 as oxidant in acetonitril at room temperature 
with excellent yields is described. A mild and efficient method 
has been optimized for S-COCC catalyst by considering the 
effect of various parameters such as the reaction time, the 
amount of catalyst and the reusability of the catalyst after 
several runs without modification. Furthermore, over oxidation 
of aldehydes to carboxylic acids is not observed by this 
method. Theoretical calculations on the compounds were 
carried out at the B3LYP/6-31G level. The geometry 
optimization, atomic charges, isotropic shielding value ( iso), 
thermodynamic parameters, frontier molecular orbitals (FMOs) 
and molecular electrostatic potentials (MEPs) were discussed. 

 
 

 
INTRODUCTION* 

 Oxidation, one the most fundamental reactions 
in synthetic organic chemistry, has been the subject 
of numerous studies.1,2 Chromium-based reagents 
play a vital role in organic chemistry as oxidants 
for alcohols but such transformations are most 
frequently accomplished by using highly toxic 
Cr(V )-based reagents. Chromium-catalyzed oxida-
tions are therefore of particular interest due to 
concerns of functional group selectivity and 
environmental factors.3 
 The oxidation of alcohols to carbonyl compounds 
is a fundamentally important laboratory and 
                                                            
 

commercial procedure.4-8 Since the products are 
valuable both as intermediates and as high value 
components for the perfumery industry.9-11 
 Periodic acid is used as an oxidant in several mild 
and selective oxidation reactions. Chromium 
trioxide,12 pyridiniumchlorochromate,13 fluorochro-
mate,14 bis (trimethylsilyl) chromate,15 chromium tris 
(acetylacetonate),16 Fe( )/2-picolinic acid 17 and 
KBr 18 have been used as catalyst for the oxidation of 
alcohols with periodic acid. 
      A plethora of reagents are available for this 
interconversion, but most of these reagents, which 
are often expensive and toxic, must be used in 
stoichiometric quantities. 

 
* Corresponding author: lshiri47@yahoo.com; tel.: +98(841)2227022; fax: +98(841)2227022
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S-COCC

 
Scheme 1 – Oxidation of alcohols to aldehydes and ketones with periodic acid catalyzed by S-COCC. 

 
Some of the most applicable, efficient and on the 

other hand most hazardous reagents used in 
oxidations are chromium based chemicals. 
Consequently, from both the environmental and 
economical points of view catalytic oxidative 
transformations are thus promising and valuable and 
those employing less hazardous chromium reagent in 
catalytic amounts are particulary attractive.  
      Herein, we report a mild and efficient oxidation 
of alcohols to the corresponding aldehydes and 
ketones with periodic acid catalyzed by S-COCC 
in acetonitrile at room temperature (Scheme 1). 

RESULT AND DISCUSSION 

   To find the optimum reaction conditions, we 
have chosen the 2-methyl benzylalcohol as a model 

substrate. When we have treated OH compounds 
with reagent in different solvents, mole rations of 
substrate to catalyst and periodic acid at room 
temperature, we have found the 1: 2: 1 in stirring 
acetonitril gives the highest yield of the 
corresponding carbonyl compound (Table 1, entry 1). 

To estimate the influence of periodic acid in 
this research, we performed the reaction of 2-
methyl benzylalcohol with catalyst without 
application any periodic acid. The reaction did not 
progress after 120 min stirring (Table 1, entry 4). 

To show the applicability and generality of this 
procedure, we have examined the reaction of 
aromatic and aliphatic alcohols with S-COCC and 
periodic acid in stirring acetonitril.  
 

 
 

Table 1 

Effect of periodic acid and S-COCC on the oxidation of model alcohol 
 

 
 
 
 

Entry 1c/mmol (S-COCC)/mmol H5IO6/mmol Time(min) Yield(%)a 

1 1 2 1 10 90 

2 1 1.5 1 10 88 

3 1 1 1 10 86 

4 1 1 - 120 No reaction 

5 1 - 1 120 No reaction 

a Isolated yield 
 

Table 2 

Screening of the solvent on the model reaction 

  Entry Solvent Time(min) Yield(%)b 
1 MeCN 10 100 
2 CH3COCH3 120 94 
3 EtOAc 120 83 
4 n-hexane 120 93 
5 CH2Cl2 120 90 
6 CCl4 120 80 

a 2-methyl benzylalcohol (1 mmol), S-COCC (2% mmol), H5IO6 (1 mmol) 

 b Isolated yields 

CH2OH CHO
S-COCC

H5IO6
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Table 3 

Oxidation of alcohols to aldehydes and ketones with periodic acid catalyzed by S-COCCa,b 

Entry Substrate  Product  Time(min) Yield(%)c 
1 

CH2OH
 

CHO
 

5 85 

2 
CH2OH

 

CHO

 

10 87 

3 

Cl

CH2OH

 Cl

CHO

 

10 85 

4 
CH2OHO2N

 
O2N CHO

 

10 92 

5 

F

CH2OH

 F

CHO

 

10 80 

6 
CH2OH

F  

CHO

F  

5 85 

7 
F CH2OH

 
F CHO

 

5 90 

8 
CH2OHPh

 
Ph CHO

 

5 85 

9 

Br

CH2OH

 Br

CHO

 

5 87 

10 
Br CH2OH

 
Br CHO

 

5 85 

11 OH

 

O

 

10 87 

12 CH2CH2OH

 

CH2CHO

 

10 92 

13 

NH2

CH2OH

 NH2

CHO

 

15 85 

14 CH2OH

 

CHO

 

20 80 

a  alcohol (1 mmol), S-COCC (2% mmol), H5IO6 (1 mmol),acetonitril, stirring at r.t. 
b All the products were identified by comparing IR, NMR, and TLC with those of authentic samples. 
c Isolated yields. 

 
The results are tabulated in Table 2. As 

indicated in this table, varieties of alcohols are 
converted to the parent C=O compounds in 
excellent yield under optimum reactions condition 
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(Table 3, entries 1-14). It is considerable that, 
unlike other oxidation hydrolytic methods, the 
main burble of overoxidation of the resulting 
aldehydes is not observed under the reaction 
conditions. The oxidation efficiency for this 
catalytic system seems less dependent on the 
electronic property of substrates. It is interesting to 
find that the obtained product was carbonyl 
compound for the substrates with electron-
withdrawing groups such as alcohols with electron-
donaiting groups. Interstingly the alcohole 13 
underwent to aldehyde 13 very efficiently without, 
affecting the NH2 group and the reaction is 
chemoselective (Table 3, entry 13). 
 To show the advantage and drawbacks of this 
method, we have compared some of our results 
with those reported in the literature. As indicated 
in the Table 4, this work, compared to the other 
reagents, performs this transformation in higher 

yield, shorter reaction times and milder reaction 
condition. 

Optimized geometry 

    The optimized geometrical parameters, such as 
Dipole moment ( ; Debye), energy of structure 
formation (HF; kcal/mol) and point group, by 
B3LYP/6-31G level are listed in Table 5. 
According to Table 5, geometry of the structures 1-
14 is C1 point group symmetry.  
 Dipole moment ( ) is a good measure for the 
asymmetry of a molecule. The values of dipole 
moment ( ) listed in Table 5 show that largest 
value of dipole moment obtained for molecule 13. 

According to Table 5, energy of structure 
formation (HF) for molecules 9 and 10 is more 
negative, therefore these products are the most 
stable structure and product 1 is more unstable 
structure.

 
Table 4 

Oxidation of benzylalcohol by S-COCC in comparision with other catalysts 

Entry Catalyst Condition( C) Time(min) Yield(%)a References 
1 S-COCC r.t 5 95 This work 
2 [Ru(acac)2(CH3CN)2]PF6 r.t 60 91 [4] 
3 PCC 0-r.t 120 72 [13] 
4 PFC 0 120 67 [14] 
5 BTSC 40-50 60 96 [15] 
6  Cr(acac)3  r.t 180 93 [16] 
7  Fe(III)/PA  r.t 240 74 [17] 

a Isolated yields  
 

Table 5 

Dipole moment ( ), HF and point group  
of molecules 1-14 obtained using B3LYP/6-31G level 

Point 
group 

 
(Debye) 

HF  
(kcal/mol) 

 

C1 3.666 -216794.954 1 

C1 3.723 -241459.684 2 

C1 3.761 -505180.356 3 

C1 2.875 -345067.421 4 

C1 3.856 -279051.117 5 

C1 2.001 -279051.233 6 

C1 2.243 -279052.029 7 

C1 4.276 -361753.697 8 

C1 3.673 -1830103.131 9 

C1 2.298 -1830103.725 10 

C1 3.316 -361755.160 11 

C1 3.050 -241453.079 12 

C1 4.751 -251520.654 13 

C1 4.002 -409568.010 14 
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Table 6 

Atomic charge and isotropic shielding values of C, O and H (aldehyde group)  
of structures 1-14 obtained using B3LYP/6-31G level 

H  O  C  
 
iso 

(ppm) 

 
Atomic 
charge 

  
iso 

(ppm) 

 
Atomic 
charge 

  
iso 

(ppm) 

 
Atomic 
charge 

C
H

O

 
 

22.011 
 

0.111 
  

-359.797 
 

-0.396 
  

1.766 
 

0.156 
 
1 

21.467 0.111  -362.565 -0.399  3.572 0.156 2 
21.666 0.149  -357.903 -0.389  3.584 0.164 3 
21.928 0.126  -400.741 -0.375  1.465 0.165 4 
21.515 0.143  -371.270 -0.394  5.935 0.171 5 
22.036 0.118  -370.420 -0.388  2.475 0.163 6 
22.083 0.114  -358.597 -0.394  3.686 0.157 7 
22.016 0.109  -357.467 -0.399  2.492 0.154 8 
21.738 0.141  -373.178 -0.391  2.043 0.159 9 
22.099 0.115  -364.225 -0.391  2.853 0.160 10 

- -  -337.824 -0.421  -4.592 0.187 11 
22.116 0.120  -396.196 -0.382  -6.414 0.240 12 
21.845 0.082  -316.841 -0.409  12.646 0.151 13 
20.325 0.115  -360.177 -0.412  2.879 0.159 14 

   
In Table 6, C atom (carbonyl group) of 

structure 12 has the highest positive atomic charge 
(0.240 e), therefore this atom can be suitable places 
for nucleophilic attack. Also this atom has the 
smallest isotropic shielding value ( iso), which  
is -6.414, therefore it is more influenced by the 
magnetic field. The C atom of structure 13 has 
lowest positive atomic charge. The O atom of 
structure 4 has the lowest negative atomic charge 
which is -0.375 and smallest value isotropic 
shielding value ( iso), which is -400.741. In 
structure 3, H atom of aldehyde has highest 
positive atomic charge which is 0.149 and the 
smallest value isotropic shielding value ( iso) is 
watched for H atom of structure 14 which is 
20.325. 

Frequency calculations 

     Thermodynamic parameters such as the relative 
energy ( E), standard enthalpies ( H), entropies 
( S), Gibbs free energy ( G) and constant volume 
molar heat capacity (Cv) values of structures 1-14 
were obtained by theoretical methods using 
B3LYP/6-31G level. The results listed in Table 7 
show that relative energy, Gibbs free energy and 
standard enthalpies values of all structure are 
negative, therefore we found all structure are 
stable. As pointed in Table 7, we found that 
structures 9 and 10 have the highest negative 
value, therefore are more stable, while structure 1 
has the lowest negative value. Also the largest 

values of entropies ( S) and Cv were observed for 
structure 14. 

Frontier molecular orbital analysis 

     The EHOMO, ELUMO and HOMO-LUMO energy 
gap ( E) of molecules 1-14 were calculated using 
the B3LYP/6-31G level. The properties of 
molecular orbitals such as energy and frontier 
electron density are important and are used to 
determine the reactive position. 
    A large energy gap implies high stability for the 
molecule.19,20 Fig.1 and spectrum DOS (Fig. 2) 
show that energy gap of structure 12 is the highest 
value (5.6 eV) therefore it is the more stable 
structure and less  reactive than other structure. 
Also energy gap of structure 13 is the lowest value 
(4.16 eV), which indicates it is most unstable. 

The HOMO can act as an electron donor and 
the LUMO can act as the electron accepto.19 A 
higher HOMO energy (EHOMO) of the molecule 
indicates a higher electron-donating ability to an 
appropriate acceptor molecule with a low-energy 
empty molecular orbita.21 The LUMO energy 
(ELUMO) indicates the ability of the molecule to 
accept electrons; the lower the value of ELUMO, the 
more probable it is that the molecule will accept 
electrons. As shown in Fig. 1, structures 3, 5, 6, 7, 
9, 10 which have halogen atom, the HOMO is 
focused mainly around aromatic system and 
halogen atom, While LUMO orbital is focused 
mainly on carbonyl group and extent benzene ring.  
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Table 7 

The Calculated thermodynamic parameters of molecules 1-14 using B3LYP/ 6-31G level 

  
E(Kcal/mol)  

 
G(Kcal/mol) 

 
H(Kcal/mol) 

 
S(cal/molK) 

 
CV(cal/molK) 

 
1 

 
-216721.299 

 
-216744.284 

 
-216720.706 

 
79.078 

 
23.369 

2 -241367.384 -241392.614 -241366.792 86.609 29.283 
3 -505112.044 -505137.203 -505111.452 86.369 27.377 
4 -344991.190 -345018.476 -344990.597 93.507 32.231 
5 -278982.147 -279006.464 -278981.555 83.546 26.464 
6 -278982.415 -279006.777 -278981.823 83.697 26.532 
7 -278983.162 -279007.495 -278982.569 83.602 26.464 
8 -361625.745 -361655.872 -361625.152 103.037 42.142 
9 -1830034.796 -1830060.585 -1830034.204 88.480 27.494 

10 -1830035.504 -1830061.456 -1830034.911 89.031 27.532 
11 -361626.859 -361656.894 -361626.266 102.725 41.648 
12 -241360.868 -241387.216 -241360.275 90.360 28.490 
13 -251435.479 -251460.457 -251434.886 85.765 29.512 
14 -409431.526 -409462.777 -409430.933 106.807 46.511 

 

 
Fig. 1 – Frontier molecular orbitals of structures 1-14. ( E: Energy Gap between LUMO and HOMO). 
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Fig. 2 – Total densities of states (DOSs) for structures 12 and 14. 
 

Molecular Electrostatic Potential 

     Molecular electrostatic potential (MEP) is the 
physical property that explores the electronic 
density and the polarization. MEP parameter can 
be used to indicate the electrophilic and 
nucleophilic sites in the molecules where chemical 
reactions are expected to occur.22,23 Fig. 3 shows 
the theoretical MEP obtained from B3LYP/6-31G 
level, with the electronegative and electropositive 

regions of the structures 1-14. According to Fig. 3, 
negative center include oxygen atom of carbonyl 
group. 
     The structure 4 has the lowest electronic density 
at around oxygen of carbonyl due to the presence 
of the nitro electron-drawing group on the aromatic 
ring, while structure 13 has the highest electronic 
density at around oxygen of carbonyl that there is 
amino group (NH2) on aromatic ring. 

  
 

 

 
3 

 

 
2 

 

 
1 

 
6 

 
5 

 
4 

Fig. 3 – The Molecular electrostatic potential surface of structures 1-14. 
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14  

13 
Fig. 3 (continued) – The Molecular electrostatic potential surface of structures 1-14. 

 
 

EXPERIMENTAL 

     Materials used in this article were prepared from Fluka 
and Merck companies and reagents were used without extra 
purification, but solvents were purified with standard methods. 
All compounds were known and identified by comparison of 

their physical and spectroscopic data with those of authentic 
samples. Melting points were measured on a SMPI apparatus. 
The solvent was evaporated by Rotavapor IKA R-300. 

Common  approach  for the Synthesis  
of Sym-Collidinium Chlorochromate (S-COCC)24 

  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2 – Schematic representation of preparation process for S-COCC. 

CrO3
N

HCl

N
H+

CrO O

Cl

S-COCC

-O
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Typical procedure for the oxidation alcohols to aldehydes 
and ketones using periodic acid catalyzed by S-COCC 

   A solution of acetonitril (10 mL, 1mmol) and periodic acid 
was placed in flask and stir for the 15 min. Then, a mixture of 
alcohols (1mmol) and S-COCC (1%mmol) was added and the 
resulting mixture was stirred at room temperature for a suitable 
period (Table 3) and completion of the reaction investigated by 
TLC (n-hexane/EtOAc; 2:1) analysis. Then, EtOAc (20ml) was 
subjoined to the reaction mixture and after being washed with 
water/sodium solfite(1:1), the mixture was filtered off. The 
solvent was vaporized and produced pure products. 

METHODS OF COMPUTATION 

    Theoretical calculations were employed by DFT 
method using B3LYP level and 6-31G basis set by 
the Gaussian 03 program.25 The properties such as 
Hartree-Fock energy (HF), dipole moment ( ), Point 
group, atomic charges, isotropic shielding value 
( iso), thermodynamic parameters. The HOMO and 
LUMO orbitals energy levels (EHOMO, ELUMO), 
energy gap ( E) between LUMO and HOMO and 
spectrum densities of state (DOS) obtained. We were 
visualized HOMO and LUMO surfaces using 
GaussView 03 program.26 Also the thermodynamic 
calculations were performed and obtained the energy 
( E), enthalpies ( H), Gibbs free energy ( G), 
entropies (S) and constant volume molar heat 
capacity (Cv) of compound.27 

CONCLUSIONS 

     All in all, we have reported a novel and 
effective system for the regeneration of carbonyl 
compounds from alcohols. The durability and 
facile preparation of S-COCC, easy workup way, 
high yields of the products and low reaction time, 
make this method a novel and useful one relative 
to the reported method for regeneration of 
Aldehydes and ketones from their derivatives. 
These features make S-COCC a mild and efficient 
catalyst for oxidation of alcohols to aldehydes and 
ketones. Then, we performed theoretical calculations 
using B3LYP/6-31G level. The molecular properties 
such as atomic charges, isotropic shielding value, 
Dipole moment ( ), energy of structure formation 
(HF) and point group were calculated, thermody-
namic parameters, frontier molecular orbitals 
(HOMO and LUMO), electronic density (MEP) 
were obtained. The thermodynamic parameters we 
found that all molecules are stable. According to 
Frontier Molecular Orbital (FMO) analysis energy 
gap of structure 12 is the highest value (5.6 eV) 

therefore it is the most stable structure and energy 
gap of structure 14 is the lowest value (4.16 eV), 
which indicates it is the most unstable. The MEP 
parameter showed that negative center includes 
oxygen atom of carbonyl group. The structure 4 
has the lowest electronic density at around oxygen 
of carbonyl due to the presence of the nitro (NO2) 
and structure 13 has highest electronic density at 
around oxygen of carbonyl due to the presence of 
amino group (NH2). 
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Levodopa (L-dopa), the biological precursor of 
catecholamines, is the most widely prescribed drug in the 
treatment of Parkinson’s disease. The present work presents 
an application of a carbon nanotubes paste electrode 
(CNTPE) modified with metallo-phthalocyanines as an 
electrochemical sensor for L-dopa detection. Using the 
electrooxidation of L-dopa at +0.2 V in phosphate buffer 
solution of pH 7.0 at the FePc modified CNTPE a linear 
calibration curve was obtained from 10·10 6 to 80·10 6 M 
and a detection limit of 5.04·10-7 M. The method was 
successfully applied for the determination of L-dopa in 
commercial dosage forms without any pre-treatment. 

 
 
 
 
 

 
 

 
 

 

 
 

INTRODUCTION* 

Levodopa [(–)-3-(3,4-dihydroxylphenyl)-L-
alanine], an unusual amino acid, is an important 
neurotransmitter, and has been used for the 
treatment of neural disorders such as Parkinson’s 
disease (PD).1 PD is believed to be related to low 
levels of dopamine (DA) in certain parts of the 
brain. Levodopa (L-dopa) is considered the most 
effective treatment available for PD. When L-dopa 
is taken orally, it crosses through the “blood–brain 
barrier”; once it crosses, it is converted to DA. The 
resulting increase of DA concentration in brain is 
                                                            
* Corresponding author: pc_mihailciuc@yahoo.com 

believed to improve nerve conduction and assist 
the movement disorders in PD. Therefore the 
success of DA replacement therapy by its 
precursor, L-dopa, is a major landmark in the field 
of neurology.2 L-dopa can alleviate the symptoms 
of Parkinson’s disease and can also decrease 
muscular rigidity and tremors.3,4 So the research 
about levodopa has an important practical 
significance. 

Nevertheless, elevated levels of DA also cause 
adverse reactions such as psychosis nausea, 
emesis, hypotension and dyskinesia, vomiting and 
cardiac arrhythmias.5-7 Therefore, in order to 
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achieve a better curative effect and a lower 
toxicity, it is very important to rapidly control the 
content of L-dopa and its inhibitors and impurities 
in biological fluids and pharmaceutical 
formulations. In vitro, L-dopa is a lethal toxin to 
the culture of neurons and a few animal studies 
have shown that chronic L-dopa may be toxic in 
vivo, too.8-11 Chronic L-dopa treatment in PD 
patients is frequently associated with some side 
effects such as nausea and vomiting results from 
the increases of plasma L-dopa level. Clearly the 
process of L-dopa detection and its concentration 
determination is an important feature in 
pharmaceutical and clinical procedures.12,13 

Several techniques have been reported in the 
literature for the determination of L-dopa in 
pharmaceutical formulations and biological fluids 
such as spectrophotometry,14-20 spectrofluorimetry,21 
ion-selective electrode,9 NMR spectroscopy,22 flow 
injection analysis (FIA),10,14,23,24 high performance 
liquid chromatography (HPLC)25-31 and capillary 
electrophoresis.32-34 Nevertheless, each technique 
has often suffered from diverse disadvantages with 
regard to cost and selectivity, the use of organic 
solvents, complex sample preparation procedures 
or long analysis time. 

Electrochemical methods are powerful techniques 
to follow the oxidation of catecholamines.35 The two 
hydroxyl groups present in L-dopa can be 
electrochemically oxidized at a glassy carbon 
electrode and this is the basis for its determination.9 
Although the electrochemical behavior of L-dopa on 
glassy carbon electrodes is complex, its 
determination by voltammetric and amperometric 
methods is reported in the literature.9,31, 36-44 Beside 
the fact that the methods based on electrochemical 
sensors have many advantages over the other 
methods, there are few papers on the determination of 
L-dopa in pharmaceutical formulations using the 
modified electrodes.45-48 

Carbon nanotubes can be used to promote 
electron transfer reactions when used as electrode 
material in electrochemical devices, electrocatalysis 
and electroanalysis processes due to their significant 
mechanical strength, high electrical conductivity, 
high surface area, good chemical stability, as well as 
relative chemical inertness in most electrolyte 
solutions and a wide operation potential window.49 

The electronics properties of these nanomaterials 
have been exploited as means of promoting the 
electron transfer reaction for a wide range of 
molecules and biological species including: insulin,50 

carbohydrates,51 hydrogen peroxide,52 glucose,53 
norepinephrine,54 aminophenol,55 morin,56 cyto-

chrome C,57 promethazine,58 thiols,59 methyldopa,60 
epinephrine61 and nicotinamide adenine dinucleo-
tide.62 

The incorporation of electroactive materials into a 
carbon nanotubes paste electrode is advantageous and 
has been widely applied in the electroanalytical 
community.63,64 Recently, immobilization of 
phthalocyanines and metallophthalocyanines at the 
surface of carbon nanotubes has been achieved.65 The 
resulting phthalocyanine-nanotube complexes 
(nanocomposites) possess the catalytic properties of 
phthalocyanine without any destruction of the 
electrical properties and structures of the nanotubes 
and thus noncovalent functionalization of carbon 
nanotubes is important for developing new 
nanomaterials. 

To the best of our knowledge, the electrochemical 
determination of L-dopa using a carbon nanotubes 
paste electrode modified with iron(II) 
phthalocyanine (FePc) has not been reported. Thus, 
in continuation of our studies concerning the 
preparation of chemically modified electrodes,66,67 
in this paper, we described the preparation and 
suitability of a FePc modified carbon nanotube 
paste electrode (FePcCNTPE) for the determination 
of L-dopa in an aqueous buffer solution. The 
analytical performance of the modified electrode 
has been evaluated for the determination of L-dopa 
in commercial dosage forms (Madopar) without 
any pre-treatment with satisfactory results. 

EXPERIMENTAL 

1. Reagents and solutions: Levodopa, Co(II) phthalocyanine 
and Fe(II) phthalocyanine were analytical grade all purchased 
from Sigma-Aldrich, Germany. L-dopa working solutions 
were prepared just before use by diluting the stock solutions in 
phosphate buffer solution of pH 7.0 with double distilled 
water. Potassium hexacyanoferrate(III) (Merck, Germany) was 
used to prepare a redox probe solution of 1.0·10-3 mol L-1 
K3[Fe(CN)6] in 1.0 mM phosphate buffer solution (PBS) of 
pH=7.0. The buffer solution was prepared from phosphate 
salts: Na2HPO4 and NaH2PO4 (Merck) in double distilled 
water. All solutions were freshly prepared using twice distilled 
water. Carbon powder and paraffin oil (d4

20 = 0.88 g·cm-3) 
were obtained from Fluka. Short multi-wall carbon nanotubes 
powder (main range of diameter 40–60 nm; length 1–2 µm; 
purity p > P95.0%; ash < 0.2 wt.%; special surface area 40–
300 m2 g-1; amorphous carbon <3%), was purchased from China, 
Shenzhen Nanotech Part Co., Ltd. Tablets of Madopar® Roche 
were used as pharmaceutical samples. 

2. Instrumentation: All electrochemical experiments were 
performed using a potentiostat/galvanostat system Autolab 
PGStat 12 controlled by General Purpose Electrochemical 
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System (GPES) electrochemical interface for Windows 
(version 4.9.007). A conventional three electrodes in one-
compartment cell (10 mL) was used with the electrodes 
system consisted of an unmodified or a FePc chemically 
modified carbon nanotubes paste electrode as working, 
Ag|AgCl|KCl 3M as reference and a platinum wire as 
auxiliary electrode. A pH-multimeter was also used for pH 
measurements. 

3. Preparation of the electrodes: Firstly an unmodified 
carbon paste electrode (CPE) was prepared by introducing a 
carbon paste into a plastic tube (1.0 mL polyethylene 
disposable syringe). The carbon paste consists in 70:30 (w/w) 
mixture of carbon powder with paraffin oil blended by hand 
for 15 minutes until it became homogenous (an uniformly 
wetted paste). Electrical contact was made by inserting a 
copper wire into the plastic tube filled with carbon paste. This 
electrode was used in as conducting substrate for preparing the 
following modified electrodes CP/CNTs, CP/ FePcCNTP and 
CP/CoPcCNTP also. 

Multi-wall CNTPEs were prepared by thoroughly hand 
mixing the CNTs powder with paraffin oil (70:30 w/w) in a 
mortar and pestle. Chemically modified CNTPEs were 
prepared in a similar fashion except that the CNTs powder 
was first mixed with the desired weight of modifier (CoPc or 
FePc). The content of the metallo-phthalocyanine (MePc) in 
the CME is described on a percent basis as the weight of the 
MePc added to the 1 g of CNTs powder. Both pastes deposited 
onto the top of the already prepared carbon paste and packed 
into 1.0 mL polyethylene disposable syringes with a copper 
wire being used for electrical contact. The MePc content of the 
modified electrodes was varied from 0.25% to 2%, the best 
activity was obtained at 2% for MePc and this content was 
used for all the reported experiments. The initial CMEs 
activity could always be immediately restored by simply 
removing the outer layer of paste by briefly smoothing the 
newly exposed portion. Mixed CNTPEs renewed in this 
manner exhibited stable and reproducible electrochemical 
behavior over weeks. 

4 Analytical procedure: The unmodified and modified 
CNTPEs were pretreated by performing 10 cyclic 
voltammetric scans from -0.5 V to +1.5 V at a scan rate of  
50 mV·s-1, in phospahate buffer solution pH = 7.0, this step 
assuring the electrode activation and stabilization. A 10 mL 
solution containing appropriate amounts of L-dopa in PBS 
(pH 7.0) was transferred into the voltammetric cell. 
Voltammograms were recorded by scanning from -0.2 to +1.4 V. 
The modified electrode was regenerated by successive 
washing with 0.1 M PBS (pH 7.0) and running several CV 
scans between -0.5 to +1.5 V in the buffer solution. Finally the 
electrode washed with double distilled water to remove all 
adsorbates from the surface and to provide a fresh surface 
before running the next experiments. All electrochemical 
experiments were carried out at room temperature.  

5. Pharmaceutical sample solution preparation: 10 Madopar 
tablets (Roche South Korea) containing 50 mg of benserazide 
(as hydrochloride) and 200 mg of L-dopa were finely 
powdered in a mortar with pestle. Calculated amounts of the 
tablets required for 5.0·10-3M L-dopa were separately 
transferred into 25 mL volumetric flask and were dissolved in 
PBS of pH 7.0. The content of the flask were sonicated for  
5 min to obtain complete dissolution of the analytes. The 
sample solution was filtered and suitable aliquot of the clear 
filtrate was collected, diluted in order to obtain the 
concentration of 5.0 10-5 M L-dopa and stored in the 
refrigerator for further use. 

RESULTS AND DISCUSSION 

1. Electrochemical activation process 

Initially the electrochemical pretreatment of 
unmodified and modified CPEs was examined. 
Fig. 1 shows the CVs obtained for K3[Fe(CN)6] at 
both untreated and pretreated modified CPEs. 
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Fig. 1 – Cyclic voltammograms of 1.0 x 10-3 mol L-1 K3[Fe(CN)6] in PBS pH=7.0 obtained at CPE: (black) before and (red) after 
electrochemical pretreatment; scan rate 50 mV s-1. Pretreatment parameters: 10 CV scans, potential range -0.5 V to +1.50 V, scan 
                                                                                            rate 50 mV s-1. 
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Scheme 1 – Redox mechanism of L-dopa. 
 

It can be observed that the activation of CPE 
improves the shape of the cyclic voltammogram as 
it is expected for a reversible behavior, increases 
the peak currents recorded and reduces the peak-
to-peak separation to the theoretical value for 
reversible redox couple. 

It is known that the surface of a CPE is 
practically hydrophobic because of a layer created 
by the paraffin oil from the composition of the 
carbon paste. Activating the surface by multiscan- 
10 or 20 cycles (by CV) or by polarization at a 
certain potential value (e.g. chronoamperometry), 
the hydrophobic layer of the paraffin oil is 
interrupted by functional groups that contain 
carbon and oxygen. These groups can be hydrated 
thus the hydrophobic character of the surface of the 
electrode is changed. These is important specially 
when organic compounds are analyzed, the effect 
being the modification of the kinetics of the 
reaction that occurs at the electrode surface, the 
elimination of the undesired products from the 
surface of the electrode (for instance secondary 
products that block the active surface of the 
electrode), but also the increase of the sensibility 68,69 
of the electrode. 

As concerns the L-Dopa study using the CPE, a 
passivation process was recorded (as well for the 
case of classic bare electrodes of GC or Au). There 
was recorded a decrease of peak currents cycle by 
cycle that can be explained by the adsorption of the 
oxidation products of L-Dopa at the surface of the 
electrode. Thus a cleaning process is needed before 
any experiment: classical cleaning for GC or Gold-
bare electrode or activation for the CPE. 

L-Dopa suffers an irreversible oxidation 
process at the surface of electrodes (CPE, GC, Au) 
that involves 2 electrons and 2 protons as shown in 
Scheme 1. 

In previous studies, it was shown that the 
anodic peak currents corresponding to the 
oxidation of L-Dopa increase with increasing pH 
until 6.5 - 7 but at higher values of pH the peak 

current tends to decrease.7 Thus, a solution pH=7 
was chosen for all the experiments, this value 
being also close to physiological pH. 

2. Electrode surface influence 

Preliminary experiments were carried out to 
realize the electrochemical behavior of L-dopa at 
different electrode surfaces including the 
MePcMWCNTs modified electrodes and 
unmodified electrode. We compared the 
voltammograms obtained with the CPE with the 
voltammograms recorded using GC and gold bare 
electrodes. From Figure 2, it can be observed that 
the results obtained in case of GC or Au are 
comparable (approximately same intensity of peak 
currents and closed peak potentials) meanwhile the 
oxidation peak for L-Dopa at CPE seems to appear 
at lower peak current and the corresponding peak 
potential is shifted towards left. 

The behavior of the new electrode obtained, 
CP/CNTPE, was examined in K3Fe(CN)6 
following the same protocol used in case of CPE. 
As we expected, by activating the surface using the 
same method of multiscan, the same result 
obtained in case of CPE was recorded (not shown 
here). The peak currents increase and the Ep 
decrease obtaining voltammograms that show the 
reversible character of the reaction of K3Fe(CN)6 at 
the electrode surface. 

3. Electrochemical behavior of L-dopa  
at the MWCNTs modified electrode 

As far as concerns the behavior of L-Dopa at 
the surface of the new electrode, we compared it 
firstly with the behavior at the surface of CPE as 
shown in Fig. 3. A major improvement can be 
observed speaking about the peak current (an 
increase of peak currents was obtained). The 
influence of CNTs introduced was the increase of 
sensibility of the electrode. 
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Fig. 2 – Cyclic voltammograms obtained for the oxidation of a solution of 1.0·10-3 mol·L-1 L-dopa in 0.1 mol·L-1 PBS, pH 7.0 on a 

CPE (1), conventional gold electrode (2) and a CP electrode (3). Scan rate ( ) = 50 mV·s 1, potential range -0.2 to +1.2 V. 
 

 
 

 

 

 

 

 

 

 

 

 
 

 
Fig. 3 – Cyclic voltammograms of L-Dopa 1.0·10-3 mol·L-1 in 0.1 mol·L-1 PBS, pH 7.0 ,CE: Pt, RE: Ag/AgCl/KCl 3M WE: CPE (scan 1 - 

curve 1 and scan 2 – curve 2), CP/CNTE (scan 1 – curve 3 and scan 2 – curve 4); scan rate 50 mV·s 1, potential range -0.2 to +1.2 V. 
 
We also compared the voltammograms 

recorded for L-Dopa using CP/CNTPE with the 
voltammograms recorded using classic electrodes. 
In Fig. 4 it can be observed that the intensity of 
oxidation peak current at CP/CNTPE is now 
comparable with the intensity of peak currents 
obtained with GC (the voltammogram at gold is 
not shown here because as it was observed in Fig. 
2 it is similar to the one recorded using GC). This 
means that the modification of CPE with CNTs led 

at the amplification of the redox signal of L-Dopa 
but in the figure it can be emphasized that the 
effect was also the displacement of the peak 
potential towards more positive values and this is 
undesirable. It is well known that not only the 
increase of the intensity of the signal increases the 
sensibility of the determination but also the 
decrease of potential values applied (the effect 
being the decrease of the noise signal). 
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Fig. 4 – Cyclic voltammograms of L-Dopa 1.0·10-3 mol L-1 in 0.1 mol·L-1 PBS, pH 7.0  CE: Pt, RE: Ag/AgCl/KCl 3M, WE: CPE 
(scan 1 - curve 1 and scan 2 – curve 2), CP/CNTE (scan 1 - curve 3 and scan 2 – curve 4) and GC (scan 1 - curve 5 and scan  
                                                2 - curve 6); scan rate 50 mV·s 1, potential range -0.2 to +1.2 V. 

 
 

 

 

 

 

 

 

 
 
 
 
 
Fig. 5 – Cyclic voltammograms (scan 1) of L-Dopa 1.0·10-3 mol·L-1 in 0.1 mol·L-1 PBS, pH 7.0; CE: Pt, RE: Ag/AgCl/KCl 3M, WE: 
GC (curve 1), CPE (curve 2), CP/CNTE (curve 3), CP/CNT-CoPcE (curve 4), and CP/CNT-FePcE (curve 5); scan rate 50 mV·s 1, 
                                                                                  potential range -0.2 to +1.2 V. 

 
This result also led to the idea of trying to 

improve the sensibility of the electrode thus we 
constructed the electrode based on carbon paste 
and carbon nanotubes with the addition of a 
chemical mediator. We chose the Fe-phtalocyanine 
and the Co-phtalocyanine as mediators and we 
constructed two different electrodes. We followed 
again the same protocol used for the other two 
electrodes constructed, the CPE and the CP/CNTE, 
described above. The main result is represented in 
Fig. 5 where we compared the oxidation signal of 
L-Dopa recorded using the electrodes: GCE, CPE, 
CP/CNTPE, CP/CNTPE-CoPc, CP/CNTPE-FePc. 

As we expected we obtained an increased 
response of L-Dopa at the chemically modified 
electrodes comparing with the classic electrodes or 
with the unmodified carbon paste electrodes. As 
shown in Fig. 5 the signal on CPE remains the 
smallest one, followed by the signal on GCE, on 
CP/CNTE, the biggest ones being on CP/ FePc 
CNT and CP/ CoPc CNT. Considering this result 
we used the chemically modified electrodes to 
determine de content of L-Dopa in pharmaceutical 
samples. 

The amplification of the signal is due to an 
electrocatalytic process represented in Scheme 2. 
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Scheme 2 – Oxidation mechanism of L-Dopa (denoted as Ared)  

by metallo-phthalocyanines (denoted as Mred) at the surface of the modified electrode. 

 
4. Calibration plot and limit of detection 

DPV technique was employed to determine the 
concentration of L-dopa. There were used both 
modified electrodes described above. Here there 
are represented only the results obtained using the 
electrode modified with Fe(II) phthalocyanine. In 
order to obtain the regression curve Ip vs. c L-dopa 
(Figure 6 right) we recorded the differential pulse 
voltammograms (represented in Fig. 6 left) using 
the CP/FePc CNTPE for the following 
concentrations of L-Dopa: 0 (only 0.1 mol·L-1  

PBS pH=7.0), 2, 10, 20, 40, 80, 100, 250, 500, 
1000 µM. 

It can be observed that the plot Ip vs. c L-Dopa is 
constitued of two liniar segments corresponding to 
two different ranges of substrate concentration (0-
200 µM for first linear segment and 200-1000 µM 
for second one). This comportment may be due to 
kinetic limitation. 

We considered a narrower segment of the lower 
range of concentrations as regression curve, 
 

between 10 and 80 µM. The plot is represented in 
Fig. 7 and the characteristic of the plot are:  
R= 0.9982, SD = 1.68·10-7, equation Ip = 2.35·10-7 + 
7.45·10-8 cL-dopa. The detection limit (3 ) is  
5.04·10-7 M, comparable with the values reported 
in literature7, 9, 47, 48 and the sensitivity (slope) 
7.454·10-8 A/µM. 

5. Analysis/determination of L-dopa in 
pharmaceutical formulations 

The voltammetric proposed method based on 
CP/FePcCNTP electrode was applied to the 
determination of L-dopa in one pharmaceutical 
formulation commercialized as Madopar®. 
Recording the DPVs, reading the current of the 
peaks and interpolating by using the equation of 
the linear range chosen above we obtained the 
recovery of the L-Dopa in the sample being 93% 
(n=3). Table 1 gives the results obtained using the 
amperometric method, as well as the label values 
of the samples analyzed. 

 
 

 

 

 

 

 
 
 
 
 
 
Fig. 6 – A: DP-Voltammograms for different concentrations of L-Dopa (0-1000 µM), PBS pH=7, CE: Pt, RE: Ag/AgCl/KCl  
3M, WE: CP/CNT-FePcE. DPV parameters: MA=50 mV, SP=10 mV. B: Plot of intensity of peak currents recorded with DPV 
                                                     technique vs. cL-dopa (0, 10, 20, 40, 80, 100, 250, 500 nad 1000 M). 
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Fig. 7 – Calibration plot Ip vs. cL-dopa, concentration domain10-80 µM L-dopa in 0.1 mol·L-1 PBS, pH 7.0. 
 

Table 1 

Determination of L-dopa content in pharmaceutical samples using CP/FePcCNTP electrode 

Sample Expected (µM) Found (µM) Recovery (%) RSD (%) 

Madopar® 50 46,4 93 2,76 

 
CONCLUSIONS 

A carbon nanotubes paste electrode modified 
with iron-phthalocyanine was used for the sensitive 
voltammetric determination of L-dopa. The 
measurements were carried out using cyclic 
voltammetry (CV) and differential pulse 
voltammetry (DPV). The results showed an 
efficient catalytic activity of the electrode for the 
electrooxidation of L-dopa, which leads to 
lowering its potential by more than 200 mV. Under 
the optimum conditions the electrode provides a 
linear response versus L-dopa concentrations in the 
range of 10 M and 80 M using DPV. The 
modified electrode was used for determination of 
L-dopa in commercial dosage forms (Madopar) 
without any pre-treatment with satisfactory results. 
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(Un)substituted benzoate ester protected δ-lactone alcohols 
are alcoholized in acid catalysis in almost quantitative yield 
to hydroxyl-halogenoesters. For alkylesters the yield drops to 
~70%. After changing the protection between primary and 
secondary alcohols, the intermediate halogenoesters are 
transformed into the known γ-lactone alcohols protected as 
ether, silyl-ether or trityl at the secondary alcohol group. 
Unprotected δ-lactone alcohol 1 is also quantitatively 
transformed in chloroester 20. After selective protection of 
the primary alcohol with bulky ether groups, this is finally 
transformed into the known Corey γ-lactone alcohol, 
protected as ester at the secondary alcohol. 

 
 

INTRODUCTION* 

 In the Corey total stereocontrolled synthesis of 
prostaglandins,1 it is necessary to transform a  
δ-lactone alcohol 1, or an intermediate with an  

-side chain 2 with the same δ-lactone structure, 
into a γ-lactone alcohol 3 or into the corresponding 
intermediate with an already built-in -side chain 
4 (Scheme 1). (Scheme 1 exemplifies the process 
only for prostaglandin F2  analogues, however all 
series of prostaglandins were obtained by this 
route).  

This δ- to γ-lactone transformation must be 
done in good yield because the sequence behind  
δ-lactone-alcohol 1, for racemic or optically active 
compounds, contains many steps (Scheme 2). In 
this sequence, the racemic carboxylic compound is 
separated in enantiomers at the level of compounds 
62 or 83 by reaction with an optically active base: 
(S)-phenylethylamine2 or ephedrine [this procedure 
                                                            
* Corresponding author: cvtanase@gmail.com 

was applied by us at a multimolar scale and the 
whole sequence at the level of hundreds of grams 
of final prostaglandin analogues], by separation of 
diastereoisomer salts by crystallization and finally 
by isolation of optically active acid of both 
enantiomers.  

A few synthetic sequences were developed for 
the δ- to γ-lactone transformation. The first is 
Corey et al. procedure4 [Scheme 3, route a): 
1 11 12 13 3], in which compound 1 was 
first protected as tetrahydropyranyl ether (4-
methoxy-pyranyl and trimethylsilyl were also used 
as protecting groups) and the δ-lactone group was 
opened with LiOH in the presence of a great 
excess of 30% H2O2 (>10:1) (THF as solvent).  
The lithium salt of the intermediate acid closes the 
γ-lactone ring in an intramolecular SN2 reaction, 
resulting compound 12. The following two steps 
are in the direction of PG synthesis and change the 
protection between the primary alcohol group to 
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the secondary alcohol group with an ester  
(p-phenylbenzoate). Difficulties arise especially 
from the neutralization of excess peroxide and 
isolation of the compound. 

In the second procedure5 [Scheme 3, route b): 
1 14 15 16 3], the alcohol is protected as 
alkyl ester (R1 = C1-C3) instead of ether. δ-Lactone 
14 is similarly opened with LiOH (or NaOH) as 
base, also in the presence of great excess of 
hydrogen peroxide. The resulting γ-lactonic 
compound 15 is then protected at the secondary 

alcohol as benzoate or p-substituted benzoate with 
methyl, nitro or phenyl groups. Then the alkyl-
ester group is removed selectively in acid catalysis 
in methanol or ethanol. The difficulties 
encountered in the Corey procedure with excess 
peroxide neutralization remain and probably some 
difficulties also arise in the final step. It is to be 
mentioned that the last two steps are also in the 
direction of the prostaglandin synthesis of 
compound 3, protected as benzoate or substituted 
benzoate.

 
 

 
 

Scheme 1 – Corey synthesis of F2 - prostaglandins. 
 
 

 
Scheme 2 – Corey procedure synthesis of intermediate 1 from norbornadiene4 (Separation of enantiomers is realized on intermediates 

6; in our procedure the separation of enantiomers is performed on intermediate 8, starting from norbornadiene to intermediate 1). 
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Scheme 3 – Strategies for transforming δ-lactone 1 to γ-lactone 3: a) Corey et al. procedure for transforming δ- to γ-lactone,  
b) Veselly et al. procedure for transforming δ-lactone 1 to γ-lactone 3, c) Funfschilling et al. procedure for transforming δ-lactone 17 
                                                                                                       to γ-lactone 19. 

 

 
Scheme 4 – Steps from γ-lactone intermediate a to selectively reduced compound d.  

 
The third procedure6 is different from those 

mentioned above [Scheme 3, route c): 
1 17 18 19]. δ-Lactone alcohol 1 is protected 
as benzoate, then the lactone group is opened to the 
hydroxyacid 18 in acid catalysis (10% HCl, 
acetone-water, reflux, 14h). In the last step, the γ-
lactone ring is closed by treating the acid with 
sodium hydroxide [i). 10% NaOH, r.t., 2h, ii). 
HCl]. The sodium salt of 18 substitutes the 
chlorine in an intramolecular SN2 reaction like in 
the previous two reactions. Some difficulties are 
also encountered in this sequence, especially at the 
second step where the benzoate group could also 
be deprotected. 

 The protection of γ-lactone-alcohol a is also 
very important, because the stereoselective 
reduction of intermediates c to d (Scheme 4) needs 
the alcohol group of c to be free in many reduction 
procedures: aluminium diisoborniloxyisopropoxide,7 
Yammamoto reagent,8 etc. Basic deprotection of 
the ester group of compound b diminishes the yield 
of enone c and makes its separation difficult 
(sometimes the yield can be extremely low and a 
supplementary column chromatography purification 
is needed). 
 That is why a Corey intermediate protected at 
the secondary alcohol as ether instead of ester is 
desirable. 
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 From the methods presented above, only the 
Funfschilling et al. procedure6 results in the  
γ-lactone intermediate 19, which can then be 
transformed in a Corey γ-lactone-alcohol substituted 
at the secondary alcohol with an ether protecting 
group, as needed for the following steps in 
prostaglandin synthesis, according to Scheme 4. 

RESULTS AND DISCUSSION 

 We have realized a new procedure for 
transforming δ-lactone intermediate 1 into the 
Corey γ-lactone intermediate 21 (Scheme 5),9a 
which consists of a two-reaction sequence: i). a 
clean ring opening of the δ-lactone ring of 
compound 1 to  hydroxyester 20 in an acid 
catalyzed methanolysis, ii). Hydrolysis of the ester 
group followed by an intramolecular SN2 reaction 
of halide (chloride, bromide,9b etc) by sodium 
carboxylate with closing of the γ-lactone ring. 

The whole sequence is realized in almost 
quantitative yield and the oily γ-lactone diol 21 can 
be further used without any purification. Using 

ethanol instead of methanol, the reaction time is 
longer, but the corresponding ethyl-ester 20 is 
obtained in quantitative yield (HPLC). This acid 
alcoholysis was also realized on δ-lactone 
compounds substituted with bromine instead of 
chlorine atom.9 
 However, compound 21 has both hydroxyl 
groups free and the next step requires 
discriminating between these two, for example by 
selective protection of one group. So for the first 
reaction we take into account the possibility of 
using the benzoate protected compound 17 used by 
Funfschilling et al. in their procedure for 
transforming δ- to γ-lactone (Scheme 5). We 
observed that compound 22 is also predominantly 
formed and the yield of the reaction is diminished 
by the formation of the by-product (unprotected) 
compound 20 by deprotection (7-10%) of the 
benzoate group (Scheme 6). Both compounds are 
oils and in order to obtain pure 22 it is necessary to 
separate it from the crude product by column 
chromatography purification. 

 

 
Scheme 5 – Transformation of δ-lactone alcohol 1 in γ-lactone alcohol 21 in a two-step procedure through the haloester intermediate 
20: i).a) R = CH3: MeOH, Amberlit IRC-50Wx2 (or TsOH), reflux, overnight, quantitative; b) R = C2H5: EtOH, reflux 48h, 83% 
                                       purified by column chromatography; ii). NaOH, MeOH-H2O, 4:1, 3h, >95%. 
 

 
Scheme 6 – Acid catalyzed opening of δ-lactonealcohol benzoate in methanol. 
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We have then used an inert co-solvent (CH2Cl2) 

in acid catalyzed methanolysis and observed that 
the yield of hydroxyester 22 is quantitative without 
formation of by-product 20. Other inert solvents 
(THF, CHCl3, toluene, etc.) could be efficiently 
used in the reaction. Ethanol could also be used 
instead of methanol in the reaction presented in 
Scheme 6. Other substituted benzoate esters 17 
could be used in the reaction, for example p-nitro-
benzoate (94.5%), p-phenylbenzoate, etc. 

 We also tried an alkyl ester protected 
compound 17 (acetate instead of benzoate) in the 
reaction, but observed that the deprotection of the 
acetate group takes place at a level of ~ 30% and 
the corresponding acetylated chloroester 22 is 
obtained pure after column chromatography 
purification in 68.6% yield. 
  We studied next the second reaction, i.e. the 
closing of the γ-lactone ring starting from  
chloroester 22 (Scheme 7): 

 

 
Scheme 7 – Transformation of δ-lactone-esters 17 to chloroester 22, protection of secondary alcohol as ether and hydrolysis to γ-

lactone-alcohol 24 protected at the secondary alcohol as ether:  
22a). 17a, MeOH-CH2Cl2, 1:1, TsOH, 2 days, quantitative; 22b). 17b, MeOH-CH2Cl2, 1:1, TsOH, 2 days, 94.5%,  
[ ]D= +21.15° (c=1% in THF); 22c). (±)-17c, MeOH-CH2Cl2, 1:1, TsOH, 2 days, 68.6%; 23a-TBDMS). 22a, TBDMSCl, imidazole, 
CH2Cl2, quantitative, [ ]D = +30.49° (c=1% in THF); 23a-THP). 23a, DHP, TsOH, CH2Cl2, quantitative; 23b-THP). 23b, DHP, 
TsOH, CH2Cl2, quantitative, [ ]D= +18.10° (c=1% in THF); 24-TBDMS). 23a-TBDMS, 2.5 equiv. NaOH, MeOH-H2O, then H+, 
92.9%*, mp 68.6-70.4°C, [ ]D= +56.12° (c= 1% in THF); 24-THP). 23a-THP, the same conditions, 93.4%, [ ]D= 36.20° (c=1% în 
                                      THF); 24-THP). 23b-THP, the same conditions, 83.5%; * Purified product. 

 
Taking into account the fact that we ultimately 

want to obtain Corey alcohol 24 protected at the 
secondary alcohol with an ether protecting group, 
we consider that it is most convenient at this stage 
to protect the secondary alcohol with an ether-, 
silyl-ether, trityl- or substituted trityl-ether group 
(it is worth mentioning that in this case almost all 

kinds of ether protecting groups could be used). 
Afterwards, basic hydrolysis of the methyl-ester 
group simultaneous with that of the benzoate group 
can be safely realized. These two reactions are 
realized as part of the reaction sequence 
for prostaglandin synthesis from intermediate 24 
(Scheme 8): 

 

 
Scheme 8 – Reaction sequence in prostaglandin synthesis from γ-lactone-alcohol 24 to the desired diol intermediate d. 
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Scheme 9 – Selective transformation of γ-lactone-diol 21 to Corey γ-lactone intermediate 3. 

25a). 21, 1.1 equiv. TBDMS-Cl, imidazole, CH2Cl2, r.t. TLC monitoring, 94.5% 25a; 25b). 21, 1.1 equiv.  trityl chloride, Py- CH2Cl2, 
overnight, 93% 25b; 26( R=C6H5, R1=TBDMS)). 25-TBDMS, C6H5COCl, DMAP, Py-toluene, 92%*, mp 74.2-74.8°C, [ ]D = +80.95° 
(c=1% în THF); 3(R = C6H5)). 26(R=C6H5, R1=TBDMS), CuCl2.2H2O12a in acetone-water, 55°C, overnight, 92.4%*,  
                                     116.6-118.8°C, [ ]D = +107.30�°c=1% in THF); * Purified product. 

 
Compounds 24 have the protection required for 

the following steps in the prostaglandin synthesis: -
side-chain building, easy deprotection of the ether 
group in the presence of a keto-group and 
stereoselective reduction of the enone group 
(compound c) to the 15- -OH group of compound d. 
 It is also very important that the intermediate 
chloro-esters 23 have the functional groups protected 
so that it is easy to realize a different reaction on each 
of the four functional groups of the molecule; the 
same is applicable to chloro-ester 22. Therefore, 
these intermediates are valuable building block in 
fine organic synthesis, not only in prostaglandin 
synthesis, but also in other directions, like 
carbocyclic nucleoside or natural product synthesis.  
 An almost quantitative transformation of  
δ-lactone-alcohol 1 to γ-lactone-diol 21 was 
presented in Scheme 5. Due to this fact, it is 
desirable to use γ-lactone-diol 21 for obtaining the 
same ester protected γ-lactone-alcohol 3 (Scheme 
9) as the one obtained by Corey4 and Veselly.5 

Three steps are required to achieve this goal, all 
“in the direction of” the sequence used in the 
prostaglandin synthesis. The first step is the most 
important because it needs a selective protection of 
the primary alcohol group with a bulky silyl-ether 
protecting group9a,10 or a trityl group.9a  
 We realized for example, selective protection of 
the primary alcohol group with TBDMS Cl in 
94.5% yield9a and with trityl chloride in 93% yield, 
similar to that reported in the literature.10  

The next two steps, 25 26 3, are cleanly 
performed by the procedure mentioned in the 
literature: a) ester protection of the secondary 
hydroxyl group11 and b) deprotection of the silyl-
ether12 or ether group.13 
 It is worth mentioning that the same steps are 
also used in the Corey or Vessely procedures for 
obtaining γ-lactone alcohol 3, but ether- or alkyl-

ester protection of the primary alcohol was realized 
on the δ-lactone alcohol 1; the last two steps, in 
which the protection is changed from the primary 
alcohol to the secondary alcohol, are the same for 
the Corey procedure and they are similar in the 
Veselly procedure (in the latter procedure the 
alkylester protected primary alcohol is changed for 
an aromatic acid secondary ester protecting group) 
(Scheme 9). 

As in the case of  γ-lactone 21, it is challenging 
to deal with chloroester 20, because it is necessary 
to discriminate between the primary and secondary 
hydroxyl groups; the problem was resolved in the 
same way: protection of the primary hydroxyl 
group with a bulky silyl-ether protecting group,9a,10 
(very good results were obtained with the cheapest 
TBDMS group)  or a trityl group.9a (Scheme 10). 

By silylation with TBDMS chloride, the bis-
hydroxy-chloroester 20 was selectively silylated to 
the primary hydroxyl group, the mono-silylated 
27a being obtained in 94% yield after column 
chromatography purification. Compound 29a, with 
greater mobility on the elution, was also isolated in 
~ 5% yield; this was formed by later silylation of 
the secondary hydroxyl group of compound 27a. 
The same mono-protection of the primary hydroxyl 
group of 20 was realized with trityl chloride: 85% 
isolated yield of mono-trityl-compound 27b and 
6.5% isolated yield of bis-triyl protected derivative 
29b. Mono-protected silyl- or trityl derivatives 29 
could easily be afterwards protected with an ester 
group, as in 28 (for ex. with benzoate) or with an 
ether [like THP, 30c (R1 = TBDMS, R2 = THP)], 
trityl [like 30d (R1 = TBDMS, R2 = Tr)] or with a 
silyl-ether protecting group, the same or different 
from that existing in 29, to compounds 30. Of 
course, the protection of both hydroxyl group with 
the same protecting group could be easy realized in 
the same step with excess reagent. 
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Scheme 10 – Selective functionalization of of primary and seconday hydroxyl groups. 

27a and 29a). 20, 1.1 equiv. TBDMS-Cl, imidazole, CH2Cl2, r.t. TLC monitoring, 94% 27a, [ ]D = +22.26° (c=1% in THF),  ~5% 29a; 27b 
and 29b). 20, 1.1 equiv.  trityl chloride, Py- CH2Cl2, overnight, 85% 27b, [ ]D = +14.63° (c=1% in THF), 6.5% 29b [ ]D = +21.67° (c=1% 
in THF); 29c (R1 = TBDMS, R2 = THP)). 27a, DHP, TsOH.Py, CH2Cl2, overnight, 82%*, [ ]D= + 27.79° (c=1% in THF); 29d  
                 (R1 = TBDMS, R2 = trityl)). 27a, trityl chloride, Py-CH2Cl2, overnight, 96%*, [ ]D= +20.96° (c=1% in THF). 
 

Bis-ether-, silyl-ether or trityl protected 
compounds 29 are easily transformed in the 
corresponding Corey γ-lactone alcohol 30. 
 Through the procedures presented in this article 
we have obtained a series of chlorooesters, 22, 23, 
27 and 28, as racemic and also as enantiomeric 
pure compounds, with specific and different 
functionalization of the four groups attached to the 
cyclopentane skeleton. The chlorooesters are 
useful as synthons in natural product synthesis, 
carbocyclic nucleosides synthesis and in fine 
organic synthesis. 

EXPERIMENTAL 

 IR spectra were recorded on a FT-IR-100 Perkin Elmer 
spectrometer, in solid phase by ATR and frequencies are 
expressed in cm-1, with the following abbreviations: w = weak, 
m = medium, s = strong, v = very, br = broad. 1H-NMR and 13C-
NMR spectra are recorded on Varian Gemini 300 BB 
spectrometers (300 MHz for 1H and 75 MHz for 13C), chemical 
shifts are given in ppm relative to TMS as internal standard. 
Complementary spectra: 2D-NMR and decoupling were done 
for correct assignment of NMR signals. The numbering of the 
atoms in compounds is presented in Schemes 7 and 12. Progress 
of the reaction was monitored by TLC on Merck silica gel 60 or 
60F254 plates (Merck) eluted with the solvent system presented 
for each compound. Spots were developed with sulfuric acid 
(15% in ethanol). The numbering of atoms is given in Schemes. 
In Schemes, the structure is given for natural (or racemic) 
compounds, though the examples presented below were chosen 
for the enantiomer serie. A few examples for synthesis of the 
compounds are given below.9a 

Methyl (5-Chloro-3-hydroxy-2-hydroxymethyl-cyclopentyl)-
acetate, (20). 
 106.75 g (0.56 M) enantiomer-1 were dissolved in 450 mL 
methanol, 7.5 g Amberlit IRC-50Wx2 (H form) cation 
exchange resin added and refluxed until the disappearance of 
the starting compound on TLC (ethyl acetate-hexane-acetic 
acid, 5:1:0.1, Rf in = 0.52, Rf fin = 0.42). The resin was filtered 
off, washed with 2x50 mL methanol, 2 mL pyridine were 
added to the filtrate and methanol was distilled under vacuum. 
The residue was taken in 500 mL CH2Cl2, the solution was 
washed with 100 mL sat. sol. NaHCO3, dried and 
concentrated, resulting 125.7 g product (in quantitative yield). 
1g Product was purified by pressure chromatography on silica 
gel, resulting 0.96 g pure product ent-20 (X = Cl) as oil, [ ]D = 
+45.50º(c=1% in THF), [ ]D = +44.63º(c=1% in MeOH), 1H-
NMR (CDCl3,  ppm, J Hz): 4.29 (dt, 1H, H-3, 5.0, 6.6); 4.13 
(q, 1H, H-5, 8.0); 3.77 (dd, 1H, H-2’, 4.9, 11.0); 3.71 (s, 3H, 
CH3); 3.63 (dd, 1H, H-2’, 6.6, 11.0); 2.76 (dd, 1H, H-1’, 4.4, 
16.5); 2.49 (dd, 1H, H-1’, 8.0, 16.5); 2.27 (dd, 1H, H-4, 5.0, 
13.7); 2.21 (m, 1H, H-1); 2.17 (ddd, 1H, H-4, 6.6, 8.0, 13.7); 
1.76 (m, 1H, H-2, 6.6), 13C-NMR (CDCl3,  ppm): 173.59 
(COO), 73.34 (C-3); 63.24 (C-2’); 60.82 (C-5); 52.01 (C-2); 
52.14 (CH3); 46.48 (C-1); 43.95 (C-4); 36.20 (C-1’).  
 
3-Cloro-5-hydroxy-2-methoxycarbonylmethyl-cyclopentylmethyl 
benzoate, (22). 
 136.45 g (0.46295 M) enantiomer-17 (X = Cl) were 
dissolved in 580 mL CH2Cl2 and 580 mL methanol, 2.8g 
TsOH were added and the solution was stirred for 2 days at r.t. 
monitoring the reaction by TLC (ethyl acetate-hexane-acetic 
acid, 5:4:0.1; Rf in = 0.72, Rf fin = 0.62; twice eluted: Rf in= 0.80,  
Rf fin= 0.72). The acid was neutralized with 4 g solid NaHCO3, 
the reactiom mixture was concentrated under vacuum, the 
concentrate was taken in 600 mL CH2Cl2, the solution was 
washed with sat. sol. NaHCO3 (2x200mL), brine (100mL), 
dried (Na2SO4 anh.), filtered and concentrated. (Aqueous 
phases were extracted with 2x200 mL CH2Cl2). 151.5 g Crude 
oily product was obtained, ent-22 (X = Cl) (in almost 
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quantitative yield); 1 g of crude product was purified by 
pressure chromatography on silica gel (eluent: hexane-ethyl 
acetate, 5:2), resulting 0.994 g pure product, ent-22 (X = Cl), 
as oil, [ ]D = +24.16º(c=1% in THF), IR: 3464brm, 2953m, 
1716vs, 1473m, 1442m, 1439m, 1379w, 1315w, 1269vs, 
1197m, 1176m, 1113s, 1069m, 1026m, 710s, 1H-NMR-
300MHz(CDCl3,  ppm, J Hz): 8.04(dd, 2H, H-o, 1.4, 7.4); 
7.59(tt, 1H, H-p, 1.4, 7.4); 7.46(t, 2H, H-m, 7.4); 4.49(dd, 1H, 
H-2’, 5.2, 11.3); 4.33(dd, 1H, H-2’, 6.0, 11.3); 4.31-4.24(m, 
2H, H-3,5); 3.69(s, 3H, CH3); 2.72(dd, 1H, H-1’, 5.8, 16.2); 
2.65(dd, 1H, H-1’, 6.3, 16.2); 2.39-2.10(m, 4H, 2H-4, H-1, H-
2), 13C-NMR-75MHz(CDCl3,  ppm): 172.52(COO), 
166.71(PhCO); 133.39(C-p); 129.90(C-q); 129.75(C-o); 
128.65(C-m); 73.32(C-3); 65.03(C-2’); 60.37(C-5); 52.01(C-
2); 51.90(CH3); 47.44(C-1); 44.38(C-4); 35.87(C-1’).  
5-hydroxy-4-hydroxymethyl-hexahydro-cyclopenta[b]furan-2-
one, (21). 

50 mmoles enantiomer Chloroester 20 dissolved in  
135 mL methanol were treated with a solution of 2.5 
equivalents (5.0 g, 125 mmoles) NaOH in 32 mL water,  
monitoring the reaction by TLC (ethyl acetate-hexane-acetic 
acid, 5:4:0.1; Rf in = 0.62, Rf fin = 0.00). After all starting 
compound 20 reacted, methanol was removed at reduced 
pressure, the aqueous solution was acidulated with conc. HCl 
to pH ~4, stirred for 2 hours, concentrated to remove water, 
co-evaporated with ethanol and the product was extracted with 
hot ethanol. Crude product (9.2 g) was crystallized from 
ethanol and had physical characteristics identical with those 
published:3,14 m.p. 118-121 C (acetone), [ ]D = +43.5º(c=1% 
in MeOH), [lit.3: m.p.115-117.5°C, [ ]D = +43.6º(c=1% in 
MeOH)],  [ ]D = +51.6º(c=1% in THF), IR: 3356vs, 2938m, 
2888w, 1733s, 1408w, 1371m, 1354w, 1325w, 1300w, 
1202ms, 1095w, 1071w, 1055w, 1033m, 1016w, 993w, 966m, 
1H-RMN (DMSO-d6  ppm, J Hz): 4.86 (dt, 1H, H-5a, 2.2, 
6.9); 3.90 (q, 1H, H-5, 5.5); from HETCOR, 3.38 (dd, 1H,  
H-4’, 5.8, 11.0); 3.27 (dd, 1H, H-4’, 6.6, 11.0); 2.78 (dd, 1H, 
H-3, 10.4, 17.9); 2.62 (dddd, 1H, H-3a, 2.7, 4.1, 6.6, 10.4); 
2.37 (dd, 1H, H-3, 2.7, 17.9); 2.15 (ddd, 1H, H-6, 6.6, 12.6, 
14.6); 1.80-1.70 (m, 2H, H-4, H-6); 13C-RMN (DMSO-d6  
ppm): 177.38 (C-2); 83.88 (C-6a); 72.81 (C-5); 61.18 (C-4’); 
56.11 (C-4); 40.24 (C-3a); 39.36 (C-6); 35.48 (C-3).  
Methyl [2-(tert-Butyl-dimethyl-silanyloxymethyl)-5-chloro-3-
(tetrahydro-pyran-2-yloxy)-cyclopentyl]-acetate, (29c).  
 To a solution of 3.51 g (10 mM) ent-27a in 40 mL 
CH2Cl2, 100 mg TsOH.Py were added and then 1.06 mL 
dihydropyran were added dropwise. The solution was stirred 
overnight, monitoring the reaction by TLC (ethyl acetate-
hexane-acetic acid, 5:4:0.1, Rf in - 0.65, Rf fin= 0.82). 40 mL 
Sat. soln. NaHCO3 were added, phases were separated, 
organic phase was washed with water (50 mL), dried, 
concentrated and crude product (4.44 g) was purified by 
pressure chromatography (eluent: hexane-ethyl acetate, 5:1). 
3.57 g (82.07%) Pure product 29c resulted as oil, [ ]D= + 
27.79° (c=1% in THF), IR: 2950vs, 2900m, 2857s, 
1739vs,1469w, 1438m, 1386w, 1351w, 1254s, 1200m, 1179m, 
1154m, 1116s, 1077vs, 1034s, 1029s, 970m, 868w, 833vs, 
813m, 776s, 1H-RMN-400MHz (CDCl3,  ppm, J Hz): 4.60 
(m, 1H, H-1"); 4.18-4.06 (m, 2H, H-3, H-5); 3.84 (m, 1H, H-
5"); 3.75 (dd, 0.5H, H-2', 4.5, 10.2); 3.69 (dd, 0.5H, H-2', 4.5, 
10.2); 3.68 (s, 3H, CH3); 3.60 (dd, 0.5H, H-2', 4.7, 10.2); 3.52 
(dd, 0.5H, H-2', 6.2, 10.2); 3.48 (m, 1H, H-5"); 2.64 (dd, 0.5H, 
H-1', 5.9, 15.0); 2.63 (dd, 0.5H, H-1', 6.0, 14.8); 2.53 (dd, 
0.5H, H-1', 6.8, 14.8); 2.48 (dd, 0.5H, H-1', 7.4, 15.0); 2.40-
1.83 (m, 4H, 2H-4, H-1, H-2); 1.82-1.64 (2m, 2H, H-2"-4"); 
1.63-1.45 (m, 4H, 2H-3", H-2", 4"); 0.90 (s, 9H, CH3C);  0.06; 

0.05(2s, 6H, CH3Si); 13C-RMN-100MHz (CDCl3,   ppm): 
172.56; 172.50 (COO); 98.38, 96.77 (C-1’’); 78.14, 76.21 (C-
3); 63.45, 63.04 (C-5’’); 62.92, 62.25 (C-2’); 61.67, 61.53 (C-
5); 53.14, 52.85 (C-2); 51.58; 51.54 (CH3); 46.48, 46.34 (C-1); 
43.06, 41.49 (C-4); 37.10, 36.72 (C-1'); 31.14, 30.92 (C-4"); 
25.89 (CH3C); 25.45, 25.43 (C-3"); 20.00, 19.41 (C-2"); 18.26 
(CCH3); -5.50, -5.53 (2CH3Si). 
Methyl [2-(tert-Butyl-dimethyl-silanyloxymethyl)-5-chloro-3-
trityloxy-cyclopentyl]-acetate, (29d).  

To a solution of 3.581 g (10.86 mM) ent-27a and 117 mg 
DMAP in 80 mL CH2Cl2 and 10 mL pyridine, 5.35 g 95% 
trityl chloride were added in portions. The solution was stirred 
overnight, monitoring the reaction by TLC (hexane-ethyl 
acetate-acetic acid, 5:2:0.1, Rf in - 0.27, Rf fin= 0.69). The 
reaction mixture was poured on 50 mL sat. soln. NaHCO3 and 
ice, stirred 1 h, phases were separated, organic phase was 
dried, concentrated, co-evaporated with toluene and the crude 
product (9.16 g) was taken in hot heptane and cooled on ice-
water bath. Trityl alcohol was filtered, filtrate was 
concentrated, resulting 6.43 g oily product which was 
similarly purified by pressure chromatography (eluent: 
hexane-ethyl acetate, 5:1). 6.04 g (96%) Pure product 29d 
resulted as oil, [ ]D= + 20.96° (c=1% in THF), IR: 3087w, 
3060w, 3026w, 2952s, 2930s, 2886m, 2856s, 1738vs, 1491 w, 
1469w, 1446m, 1360w, 1252s, 1179m, 1152m, 1117m, 1080s, 
1025s, 984w, 910w, 833s, 811w, 774s, 762s, 746m, 700vs, 
631m, 1H-RMN-300MHz (CDCl3,  ppm, J Hz): 7.49-7.26 
(m, 15H, H-Tr); 4.19 (dt, 1H, H-3, 6.7, 9.8); 4.01 (m, 1H,  
H-5); 3.72 (s, 3H, CH3); 3.46 (dd, 1H, H-2', 3.6, 9.9); 3.41 (dd, 
1H, H-2', 4.7, 9.9); 2.73 (dd, 1H, H-1', 5.8, 14.8); 2.60 (dd, 
1H, H-1', 7.4, 14.8); 2.26 (m, 1H, H-4,); 2.04 (m 1H, H-1); 
1.44 (dd, 1H, H-4, 4.9, 10.4); 0.96 (m, 1H, H-2); 0.85 (s, 9H, 
CH3C); -0.11; -0.07 (2s, 6H, CH3Si), 13C-RMN-75MHz 
(CDCl3,  ppm): 172.74 (COO); 144.82 (C-q); 129.04 (C-m); 
127.95 (C-o); 127.26 (C-p); 87.48 (C-tritil); 75.75 (C-3); 
63.22 (C-2'); 62.12 (C-5); 54.05 (C-2); 51.64 (CH3); 46.48 (C-
1); 43.60 (C-4); 37.28 (C-1'); 25.93 (CH3C); 18.27 (CCH3);  
-5.49; -5.56 (2CH3Si). 

CONCLUSIONS 

We have realized an efficient two-step 
procedure for transforming the protected 
(especially as benzoate or substituted benzoate 
group) δ-lactone alcohol 17 in γ-lactonalcohol 
Corey 24, substituted as ether at the secondary 
alcohol group. An efficient procedure for 
transforming protected (especially as benzoate or 
substituted benzoate group) δ-lactone alcohol 17 in 
γ-lactonalcohol Corey 24, substituted as ether at 
the secondary alcohol group was realized in two 
steps. By the same procedure, δ-lactone alcohol 1 
was transformed in γ-lactonalcohol Corey 21.  

Unprotected chloroester 20, like γ-lactonalcohol 
Corey 21 was selectively protected with bulky 
silylether or trityl group at the primary alcohol 
group and transformed into the known Corey  
γ-lactone alcohol 3, protected with an aromatic 
ester group at the secondary alcohol.  
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 Chloroester intermediates 22, 23, 27, 28 and 29 
have different substitutions on the functional 
groups, so individual reactions can be carried out 
efficiently on every one of the four groups.  
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Interaction of cinnamaldehyde ethylene acetal with methyl 
diazoacetate, catalyzed by Rh2(OAc)4 and Cu(OTf)2, in the 
presence of the [bmim]+Cl¯, [bmim]+BF4¯, [bmim]+PF6¯ has 
been studied. It was shown that addition of the imidazolium 
salts effects on regioselectivity of the reaction and enables to 
obtain methyl ester of 2-(1,3-dioxolane-2-yl)-3-phenyl-
cyclopropanecarboxylic acid with moderate yield. 

 

 
 

INTRODUCTION* 

In recent years, much attention has been 
focused on developing new regio- and 
stereoselective methods for the preparation of 1,4-
diheterocycloalkanes. First of all, this is due to 
high various physiological activities of these 
heterocyclic compounds. For example, a 
morpholine fragment - one of the most common 
elements of the structure of pharmaceutical 
products 1 and tagetitoksin containing of 1,4- 
oxathiane fragment is an inhibitor of RNA 
polymerase.2 Intramolecular rearrangement of 
oxonium, ammonium and sulfonium ylides, formed 
by the catalytic interaction of diazo compounds 
with 1,3-diheterocycloalkanes, is one of 
convenient methods for the synthesis of 1,4-
dioxane, morpholine and 1,4-oxathiane derivatives. 
Earlier we studied the interaction of mono-, di- and 
three substituted 1,3-dioxolane with methyl 
diazoacetate in the presence of BF3·OEt2, Cu(OTf)2, 

                                                            
* Corresponding author:  rimmams@yandex.ru 

CuCl2, CuSO4, Rh2(CF3CO2)4, Rh(PPh3)3Cl, 
Rh2(OAc)4, Ru2(OAc)4Cl, including use of 
imidazolium salts ([bmim]+Cl¯, [bmim]+BF4¯, 
[bmim]+PF6¯).8-13 This kind of conversion goes on 
the through intermediate formation of ylides that 
seems easy. If the molecule contains the other 
reaction centers, the reaction of C-X insertion 
competes with reactions X-H (X = C, O, S, N) 
insertion, cyclopropanation and other catalytic 
processes.14 

In this connection, research of ethylene 
ketals/acetals , -unsaturated carbonyl compounds 
with diazocarbonyl compounds in catalytic 
reactions is interesting. 

RESULTS AND DISCUSSION 

Previously we found that 1,4-dioxa- and 1,4-
oxathiolanes are formed when methyl diazoacetate 
reacts with 2-(alke-1-nyl)-1,3-dioxa- and 1,3-
oxathiolanes in presence Rh2(OAc)4, moreover 
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2,3,5,6-tetrahydro-1,4-dioxa- and 2,3,5,6-tetrahydro-
1,4-oxytocines are formed as a result of [2,3]-
sigmatropic rearrangement of intermediately formed 
oxonium and sulfonium ylides. The products 
formation by cycloaddition of methoxycarbonyl 
carbene to the C=C bond is not observed.15 

In this study we investigated the catalytic 
interaction of methyl diazoacetate with 2[(E)-2-
phenylvinyl]-1,3-dioxolane 1 in the presence of 
Rh2( Ac)4 or Cu(OTf)2 and imidazolium salts – 
[bmim]+Cl¯, [bmim]+BF4¯, [bmim]+PF6¯. The 
experiments have been conducted by adding 
methyl diazoacetate to a solution of 1 compounds 
in CH2Cl2 or ClC 2 2Cl (the molar ratio olefin  
- N2CHCO2Me - catalyst 1:1:0.01). 

Experiments showed (Table 1) that the products 
of [2+1] addition – methyl ester of 2-(1,3-
dioxolane-1-yl)-3-phenylcyclopropanecarboxylic acid 
2 as a mixture of two isomers and the product of 
methoxycarbonylcarbene insertion at the C-O bond 
– methyl ester of 3[(E)-2-phenylvinyl]-1,4-
dioxane-2-carboxylic acid 3 as a mixture of two 
isomers are formed in the reaction of 2-[(E)-2-
phenylvinyl]-1,3-dioxolane 1 with methyl 
diazoacetate in the presence of Rh2(OAc)4, and 
imidazolium salts, in contrast to the interaction of 
N2CHCO2Me with dioxolane 1 in the presence of 
Rh2(OAc)4,15 with the total yield to 81% 
respectively (Table 1). 
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Scheme 1 – Interaction of 1,3-dioxa- and 1,3-oxatiolanes with N2CHCO2Me  

in the presence of Rh2(OAc)4. 
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Scheme 2 – Catalytic interaction 2-[(E)-2-phenylvinyl]-1,3-dioxolane with N2CHCO2Me 

 
Table 1 

  The influence of the catalyst type and imidazolium salts on the interaction  
of 2-[(E)-2-phenylvinyl]-1,3-dioxolane 2 with N2CHCO2Me 

Yield, % 
(isomer ratio)  

 

Catalyst Temperature, ºC 2 
(1r,2t,3c)-/ (1r,2c,3t)- 

3 
(trans-: cis-) 

1 Rh2(OAc)4 40 - 47 
2 Rh2(OAc)4-[bmim]+PF6¯ 40 18 (2:1) 58 (4:1) 
3 Rh2(OAc)4-[bmim]+BF4¯ 40 15 (4:1) 60 (4:1) 
4 Rh2(OAc)4-[bmim]+Cl¯ 40 14 (2:1) 50 (4:1) 
5 Cu(OTf)2 40 - - 
6 Cu(OTf)2-[bmim]+PF6¯ 40 23 (1:1) 58 (2:1) 
7 Cu(OTf)2-[bmim]+BF4¯ 40 15 (2:1) 42 (3:1) 
8 Cu(OTf)2-[bmim]+Cl¯ 40 10 (2:1) 35 (3:1) 
9 Cu(OTf)2-[bmim]+PF6¯ 75 10(3:1) 26 (2:1) 

10 Cu(OTf)2-[bmim]+BF4¯ 75 15 (2:1) 24 (2:1) 
11 Cu(OTf)2-[bmim]+Cl¯ 75 8 (1:1) 15 (2:1) 
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It should be noted that the use of Cu(OTf)2 in this 

reaction was not effective. As in the case of 
cyclopropropanation of dioxolane 1 with diazome-
thane,16 Cu(OTf)2 catalyzes the acetal deprotection 
giving rise to the starting cinnamaldehyde. 

Addition of 1 mol. % imidazolium salts 
[bmim]+X¯ as cocatalyst leads to changing of 
pathway of the reaction. Such change of 
regioselectivity, most probably, is explained by the 
formation a new complex Rh(II) or Cu(II), which 
catalyses of cyclopropanation of the double bond 
C=C.17 We have shown that use of the catalytic 
system Rh2(OAc)4-[bmim]+X¯ or Cu(OTf)2-

[bmim]+X¯ is effective for cyclopropanation of 
double bond C=C 5-allyloxy substitutes of 1,3-
dioxanes and allyl-, trans- and cis-chloropropenyl 
butyl ethers by methyl diazoacetate.18,19  

Methyl 2-(1,3-dioxolan-1-yl)-3-phenylcy-
clopropanecarboxylate 2 as a mixture of two isomers 
and products of methoxycarbonylcarbene insertion at 
the C-O bond - methyl of 3[(E)-2-phenylvinyl]-1,4-
dioxane-2-carboxylate 3 were isolated by column 
chromatography from the reaction mixture. Structure 
of the obtained compounds was characterized by 1H, 
13C NMR spectroscopy and c GC-mass spectrometry. 
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H
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(1r,2t,3c)-2                               (1r,2c,3t)-2 

 
 
Protons at C (1) and C (3) of the cyclopropane 

ring are characteristic in the 1H NMR spectra for 
1,2,3-trisubstituted cyclopropanes 2. Protons at C 
(1) and C (3) atoms (1r,2t,3c)- isomer 2 resonate as 
a doublet of doublets in the region of δ  2.2 ppm 
(3J1-3 = 9.6 and 3J1-2 = 5.2 Hz) and 2.71 ppm (3J2-3 = 
7.1 and 3J1-3 = 9.6 Hz), which corresponds to the 
cis-arrangement of methoxycarbonyl and phenyl 
groups. Similarly, for the (1r,2c,3t)- isomer 2 these 
protons are as a doublet of doublets in the regions 
of δ  2.15 ppm (3J1-2 = 9.0 and 3J1-3 = 6.0 Hz) and 
triplet in the region of δ  2.80 ppm (3J = 6.0 Hz), 
which are typical for the trans-arrangement of the 
substituents (CO2M  and Ph) in the cyclopropane 
ring. The SSCC values of protons, at the (1) and 

(3) atoms of both isomers, point to trans-location 
of phenyl group and dioxolane fragment, which 
confirms the reaction cyclopropanation with the 
retention of the original double bond configuration 

= . These results are consistent with known data 
of reaction mechanism5. It should also be noticed 
that the signals of carbon atoms of cyclopropanes 
ring at (2) of (1r,2c,3t)-isomer 2 and at (1)  

(3) atoms of (1r,2t,3c) isomers resonate in the 
strong region of 13  NMR spectra, that is 

characteristic for the cis-substituted cyclopropanes20. 
Isomer ratio of (1r,2t,3c)- / (1r,2c,3t)- was 
determined by the integral intensity of protons at 

(3) of cyclopropanes ring δ  2.71 and 2.8 ppm 
respectively. 

Correlation of trans-/cis-izomers of 2,3-
disubstituted 1,4-dioxanes was followed on the 
basis of the chemical shifts of the proton signals in 
the 1H NMR spectrum for the carbon atoms C (2) 
and C (3), associated with methoxycarbonyl and 
phenylethynyl groups. For trans-1,4-dioxane 3 
doublet signals are in δ  area 4.04 and 4.24 ppm 
(3J (2)H(3) = 8.8 Hz), and in the case of the cis-
isomer 3 - at δ  3.95 and 4.10 ppm (3J (2)H(3) = 5.5 
Hz), respectively. In the 13C NMR spectrum there 
are characteristic signals of carbon atoms C (5) and 
C (6), which is in the -position to the oxygen 
atoms of 1,4-dioxane moiety appear in δ  63.7 – 
66.1 ppm. 

Mass-spectrum (EI) of the 1,3-dioxolane 2 
contains molecular ion peak less than 1% and 
fragment ion peak with m/z 73 (100%) that are 
typically for cyclic acetals (Scheme 3). The 
sequence of 1,3-dioxolane dissociation 2, 
confirmed by unstable ions, is registered: 
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Scheme 3 – Scheme of dissociation of methyl 2-(1,3-dioxolan-2-yl)-3-phenyl-cyclopropanecarboxylate.  
 

The fundamental distinction of mass-spectra 
(EI) 1,4-dioxane 3 from mass-spectra 1,3-
dioxolane 2 is molecular ion peak (m/z 248) and 
series of fragment ion peaks, the most intensive 
peaks among them are due to removal 2 5 , 

methoxycarbonyl, ethyl and phenylvinyl groups 
(Scheme 4). The next sequence of dissociation of 
dioxane 6, confirmed by metastable ion peaks, is 
registered: 
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Scheme 4 – Scheme of dissociation of methyl 3-[(E)-2-phenylvinyl]-1,4-dioxane-2-carboxylate. 

 
Of special merit is the fact that obtaining 

cyclopropanation of double bond C=C is possible 
in the presence of the catalytic system Cu(OTf)2-
[bmim]+X¯, while using copper (II) triflate in the 
reaction 2-(alke-1-nyl)-1,3-dioxa- and 1,3-
oxathiolane with methyl diazoacetate is not 
effective. The results confirmed the provided data 
in the literature that the use of ionic liquid, most 
likely, is due to ligand exchange and the formed 

new complex that is effective catalyst of 
cyclopropanation of bond C=C.17 

EXPERIMENTAL 

General 

The 1H and 13C NMR spectra were recorded on a Bruker 
A -300 spectrometer (300.13 and 75.47 MHz respectively) 
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solvent CDCl3, internal standard Me4Si. An Chrom-5 
chromatograph was used for the qualitative and quantitative 
analysis of starting material and reaction products. The 
chromatograph was equipped with a flame ionization detector 
(column is 1200-5 mm with 5% SE-30 on an Inerton N-AW 
DMCS (0.125–0.160 mm), a carrier gas – helium. TLC 
analysis was carried out on chromatographic layers Silufol of 
Merck company, preparatory separation carried out by the 
column chromatography, using silica gel Sigma-Aldrich 
(0.040–0.063 mm). Mass-spectra were recorded on a Thermo 
Finnigan MAT 95 XP (EI, 70 eV, ionization cell temperature 
250° , injector temperature 50–250° , with a velocity of the 
temperature rise 10°C/min) and -1300 with insertion via a 
temperature balloon at 100°  with ionization energy of 12 and 
70eV.  

Commercially available 1-methylimidazole, 1-butyl 
chloride, Rh2(OAc)4, Cu(OTf)2 – manufactured by “Aldrich”; 
cinnamaldehyde (“Acros” purity > 98%) were used in the 
work. Ionic liquids are prepared according to known 
methods.21,22 Used solvents in the work (methylene chloride, 
1,2-dichloroethane, petroleum ether (b.p. 40-70ºC.), ethyl 
acetate) were purified according to standard procedures.23 

General procedure for the interaction of 2-((E)-2-
phenylvinyl)-1,3-dioxolane with methyl diazoacetate in the 
presence of ionic liquid. 

A solution of 0.1 g (1 mM) methyl diazoacetate in 5 mL 
solvent was added dropwise to the solution of 0.05 g (1 mM) 
unsaturated compound 1, 0.01 mM ionic liquid and 0.01 mM 
catalyst comprising Cu or Rh in 5 mL methylene chloride at 
40°  or 1,2-dichloroethane at 75°  and this is stirring for 3h 
with heating. After the completion of the reaction the solvent 
was evaporated under reduced pressure, petroleum ether was 
added to the residue (bp 40–70° ) and isolated the catalytic 
system as brown-black color oil. The solvent in petroleum 
ether was evaporated over low pressure, and the residue was 
analyzed chromatographically.  

Methyl 2-(1,3-dioxolane-1-yl)-3-phenylcyclopropan-
ecarboxylate (2): the product was obtained as a mixture of 
isomers (1r,2t,3c)-/(1R*,2R*,3R*)- by column chromatography, 
Rf 0.36 (eluent – petroleum ether (b.p. 40-70º ) – AcOEt, 7 : 
3). MS (70eV), m/z (I, %): 248.1 + (<0.1), 189 (5), 175 (60), 
115 (30), 73 (100).  248.1048.  

(1r,2t,3c)-Isomer 2. 1 -NMR ( DCl3, δ ppm, JHz): 1.85 
(ddd, 1 , (2), 3J 9.6, 3J 7.1,3J 3.7), 2.2 (dd, 1 , (1), 3J 
9.6, 3J 5.2), 2.71 (dd, 1 , (3), 3J 9.6, 3J 7.1), 3.45 (s, 3 , 

3), 4.22-4.35 (m, 4 , 2 2- ), 5.01 (d, 1 , (2’), 3J 
6.6), 7.27–7.35 (m, 5 , Ar). 13 -NMR (δ ppm): 24.37 ( (1)), 
27.11 ( (3)), 28.89 ( (2)), 52.02 (OMe), 64.89 and 65.76 
( (4’) and C(5’)), 102.71 ( (2’)), 127.8-128.9 (5 CH, Ar), 
136.16 ( , Ar), 170.19 (CO2). 

(1r,2c,3t)-Isomer 2. 1 -NMR ( DCl3, δ ppm, JHz): 2.15 
(dd, 1 , (1), 3J 9.0, 3J 6.0), 2.4 (ddd, 1 , (2), 3J 9.0, 3J 
6.0,3J 7.4), 2.80 (t, 1 , (3), 3J 6.0), 3.47 (s, 3 , 3), 
4.22-4.35 (m, 4 , 2 2- ), 5.12 (d, 1 , (2’), 3J 9.0), 
7.27–7.35 (m, 5 , Ar). 13 -NMR (δ ppm): 26.51 ( (1)), 27.99 
( (3)), 31.78 ( (2)), 52.16 (OMe), 64.98 and 65.84 ( (4’) and 
C(5’)), 102.82 ( (2’)), 127.8-128.9 (5 CH, Ar), 136.04 ( , 
Ar), 170.43 (CO2). 

Methyl 3-(trans-2-phenyl-ethenyl)-1,4-dioxane-2-carboxylate 
(3): the product is separated by means of column 
chromatography, Rf 0.88 (eluent – petroleum-ether (b.p. 40-
70º )-AcOEt, 7 : 3). MS (70eV), m/z (I, %): 248 + (10), 203 
(10),189 (35), 188 (45), 145 (10), 131 (100), 103 (20), 77 (10). 

 248.1048. The compound 3 is mixture of trans/cis-isomers, 
slightly varying by location of NMR signals.  

trans-Isomer 3. 1 -NMR ( DCl3, δ ppm, JHz): 3.80 (s, 
3 , OMe), 3.73-3.85 (m, 4 , 2 (5) and 2 (6)), 4.04 (d, 
1 , (2), 3J 8.8), 4.25 (dd, 1 , (3), 3J 7.1, 3J 8.8), 6.15 
(dd, 1 , H (1`), 3J 16.0, 3J 6.9), 6.72 (d, 1 , (2`), 3J 16.0), 
7.27–7.35 (m, 5 , Ar). 13 -NMR (δ ppm): 52.4 ( ), 65.3, 
65.4 (C(5) and C(6)), 77.2 (C(2)), 79.1 (C(3)), 123.5 ( (1`)), 
133.5 ( (2`)), 127.8-128.9 (5 CH, Ar), 136.3 ( , Ar), 168.3 
(COO). 

cis-Isomer 3. 1 -NMR ( DCl3, δ ppm, JHz): 3.79 (s, 3 , 
OMe), 3.73-3.85 (m, 4 , 2 (5) and 2 (6)), 3.95 (d, 1 , 

(2), 3 J 5.5), 4.10 (dd, 1 , (3), 3J 7.1, 3J 5.5), 6.15 (dd, 
1 , H (1`), 3J 16.0, 3J 6.9), 6.72 (d, 1 , (2`), 3J 16.0), 
7.27–7.35 (m, 5 , Ar). 13 -NMR (δ ppm): 51.7 ( ); 64.7, 
64.8 (C(5) and C(6)), 74.3 (C(2)), 75.8 (C(3)), 122.2 ( (1`)), 
134.1 ( (2`)), 127.8-128.9 (5 CH, Ar), 136.3 ( , Ar), 168.5 
(CO2). 

CONCLUSIONS 

Thus, the path way of the reaction of ethylene 
acetal 1 with methyl diazoacetate significantly 
depends on the nature of the used catalyst. 
Reaction proceeds with the formation of products 
of methoxycarbonylcarbene introduction on the C-
O bond with the formation of six-and eight-
membered heterocycles in case the use of 
Rh2(OAc)4. Application of imidazolium salts as 
cocatalysts allows to the cyclopropanation of the 
C=C bond and to obtain 1,2,3-trisubstituted 
cyclopropanecarboxylate. The obtained compounds 
could be of interest as multifunctional synthons for 
different chemical processes. 
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The solubility of some derivatives of pyrimidines in methanol 
was measured by gravimetrical method at different temperatures 
(293.15 to 313.15 K) under atmospheric pressure. The solubility 
data were correlated with temperature by Apelblat equation. 
Further, some thermodynamic parameters such as dissolution 
enthalpy, Gibbs’ free energy of dissolution and entropy were 
evaluated from solubility data.   

 
 

INTRODUCTION*   

Nitrogen containing heterocyclic ring such as 
pyrimidine is a promising structural moiety for drug 
design. Pyrimidine and its derivatives are potential 
bioactive molecules which exhibit wide spectrum of 
biological activities such as antibacterial,1,2 antitu-
mor,3 antihistaminic,4 analgesic,5 anti-inflammatory,6 
anticancer,7 anticonvulsant,8 anti HIV,9 antitubercu-
lar,10 antiprotozoal,11 antiparkinsonian,12 antifungal13 
etc. Further, these heterocycles are integral part of 
DNA and RNA 14 and are present in many natural 
products.15,16 Pyrimidine derivatives are also compo-
nent in various drugs.17-20 

Owing to their pharmacological properties, the 
study of solubility of some pyrimidine derivatives 
would be useful because solubility data play a 
prominent role for the discovery and development 
of drugs.21 In our previous work, solubility 
behavior of some particular active pharmaceutical 
ingredients in different protic and aprotic solvents 
has been studied.22-24 The study is further extended 
in the present paper to study the effect of 
functional groups on solubility of pyrimidine 
                                                 
* Corresponding author: shipra_baluja@rediffmail.com 

derivatives in methanol at different temperatures 
(293.15 to 313.15 K) at atmospheric pressure. 

EXPERIMENTAL 

Materials. Ten different derivatives of pyrimidines (MDT 
1-MDT 10) have been synthesized in the laboratory and all the 
synthesized compounds are recrystallized from ethanol. The 
purity of these synthesized compounds was checked by 
elemental analysis, IR, NMR and mass spectral data. The 
melting temperature of synthesized compounds was 
determined by DSC method. Fig. 1 shows the general structure 
of these synthesized compounds. The IUPAC names of ten 
synthesized compounds are: 
1. MDT 1: 4-amino-6-(4-hydroxy-3-methoxyphenyl)-2-

sulfanyl-1,4,5,6-tetrahydro pyrimidine-5- carbonitrile. 
2. MDT 2: 4-amino-6-(4-methoxyphenyl)-2-sulfanyl-

1,4,5,6-tetrahydro pyrimidine-5-carbonitrile. 
3. MDT 3: 4-amino-6-(4-hydroxyphenyl)-2-sulfanyl-1,4,5,6-

tetrahydro pyrimidine-5-carbonitrile. 
4. MDT 4: 4-amino-6-(4-chlorophenyl)-2-sulfanyl-1,4,5,6-

tetrahydro pyrimidine-5-carbonitrile. 
5. MDT 5: 4-amino-6-(3-chlorophenyl)-2-sulfanyl-1,4,5,6-

tetrahydro pyrimidine-5-carbonitrile. 
6. MDT 6: 4-amino-6-(4-fluorophenyl)-2-sulfanyl-1,4,5,6-

tetrahydro pyrimidine-5-carbonitrile. 
7. MDT 7: 4-amino-6-(3-nitrophenyl)-2-sulfanyl-1,4,5,6-

tetrahydro pyrimidine-5-carbonitrile. 
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8. MDT 8: 4-amino-6-phenyl-2-sulfanyl-1,4,5,6-tetrahydro 
pyrimidine-5-carbonitrile. 

9. MDT 9: 4-amino-6-(furan-2-yl)-2-sulfanyl-1,4,5,6-tetrahydro 
pyrimidine-5-carbonitrile. 

10. MDT 10: 4-amino-6-[(Z)-2-phenylethenyl]-2-sulfanyl-
1,4,5,6-tetrahydro pyrimidine-5-carbonitrile. 
Methanol was purified by fractional distillation and its 

purity was checked by SHIMADZU GC-MS (Model No QP-
2010) and was found to be greater than 99.70 %.  

 

NH

N

R

SHNH2

C
N

 
Figure 1 – General Structure of pyrimidine derivatives  

(MDT 1- MDT 10). 
Where  R = MDT 1: -4- OH, 3-OCH3 C6H4, MDT 2: - 4- OCH3 
C6H4, MDT 3: - 4- OH C6H4, MDT 4: - 4- Cl C6H4, MDT 5: - 3- Cl 
C6H4, MDT 6: - 4- F C6H4, MDT 7: - 3- NO2 C6H4, MDT 8:  
        - C6H5, MDT 9: - C4H3O, MDT 10: - CH=CH, C6H5. 

 
Solubility measurement: The solubility of these compounds 
is observed in methanol at different temperatures (293.15 to 
313.15 K). For each measurement, an excess mass of 
compound was added to a known mass of solvent. Then, the 

equilibrium cell was heated to a constant temperature with 
continuous stirring. After, at least 3 h (the temperature of the 
water bath approached constant value, then the actual value of 
the temperature was recorded), the stirring was stopped and 
the solution was kept still for 2 h. A portion of this solution 
was filtered and by a preheated injector, 5 ml of this clear 
solution was taken in another weighed measuring vial (m0). 
The vial was quickly and tightly closed and weighed (m1) to 
determine the mass of the sample (m1- m0). Then, the vial was 
covered with a piece of filter paper to prevent dust 
contamination. After the methanol in the vial had completely 
evaporated at room temperature, the vial was dried and 
reweighed (m2) to determine the mass of the constant solid 
residue (m2- m0). All the masses were measured using an 
electronic balance (Mettler Toledo AB204-S, Switzerland) 
with an uncertainty of  0.0001 g. Thus, the concentration of 
the solid sample in the solution, mole fraction, x, could be 
determined from eq 1.  

                  

2 0 1

2 0 1 1 2 2

( ) /
( ) / ( ) /

m m Mx
m m M m m M

   (1) 

where M1 is the molar mass of compound and M2 is the molar 
mass of the methanol.  

At each temperature, the measurement was repeated three 
times and an average value is given in Table 1. 

 
Table 1 

Observed Mass fraction Solubilities (x) and Calculated Mass fraction Solubilities (xci) of pyrimidine derivatives in methanol 

 Temp. 
K x. 103 xci.103 100 RD x. 103 xci.103 100 RD 

 MDT 1 MDT 6 

293.15 5.0027 5.0309 0.0001 2.9765 2.6330 -0.0159 

298.15 5.0167 5.0460 0.0002 3.3969 2.9391 -0.0168 

303.15 5.0337 5.0612 0.0001 3.8218 3.2808 -0.0177 

308.15 5.0474 5.0764 0.0002 4.2439 3.6622 -0.0185 

313.15 5.0611 5.0916 0.0001 4.6704 4.0880 -0.0193 

 MDT 2 MDT 7 

293.15 2.1561 1.6945 -0.0075 2.5740 2.5814 -0.0059 

298.15 2.2855 1.7814 -0.0083 2.5826 2.5918 -0.0081 

303.15 2.4118 1.8727 -0.0089 2.5945 2.6022 -0.0097 

308.15 2.5478 1.9687 -0.0097 2.6032 2.6126 -0.0106 

313.15 2.6774 2.0696 -0.0103 2.6152 2.6231 -0.0109 

 MDT 3 MDT 8 

293.15 4.4797 3.6202 0.0005 2.7468 2.8062 0.0010 

298.15 4.6153 3.7118 0.0006 3.0801 3.1012 0.0004 

303.15 4.7537 3.8057 0.0005 3.4193 3.4273 0.0001 

308.15 4.8889 3.9021 0.0005 3.7579 3.7877 0.0005 

313.15 5.0237 4.0008 0.0006 4.0991 4.1860 0.0016 
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Table 1 (continued)

 MDT 4 MDT 9 

293.15 1.3729 1.0733 -0.0045 12.722 12.567 -0.0111 

298.15 1.4164 1.1005 -0.0048 12.777 12.617 -0.0113 

303.15 1.4449 1.1283 -0.0048 12.829 12.668 -0.0115 
308.15 1.5000 1.1569 -0.0053 12.884 12.719 -0.0124 
313.15 1.5439 1.1862 -0.0055 12.941 12.770 -0.0120 

 MDT 5 MDT 10 

293.15 3.3490 2.7182 -0.0036 5.5568 4.6902 -0.0167 

298.15 3.3750 2.7318 -0.0037 5.7198 4.8089 -0.0176 

303.15 3.4008 2.7455 -0.0037 5.7340 4.9306 -0.0156 

308.15 3.4614 2.7593 -0.0038 6.0485 5.0554 -0.0194 

313.15 3.4520 2.7731 -0.0039 6.2107 5.1834 -0.0202 

 
RESULTS AND DISCUSSION 

The mass fraction solubilities x of pyrimidines 
derivatives (MDT 1-MDT 10) in methanol at 
different temperatures (293.15 to 313.15 K) are 
summarized in Table 1. The variation of these 
mole fraction solubilities for all the compounds 
with temperature are also shown in Fig. 2. It is 
observed that solubility increases linearly with 
increase in temperature. 

By the modified Apelblat equation,25,26 mole 
fraction solubilities are related to temperature. 

 ln xci = A + B/T  (2) 

where xci is the mass fraction solubility of 
pyrimidines and T is the absolute temperature. A 
and B are the parameters. The values of these 
parameters are given in Table 2. Using these 
parameters, solubilities xci are calculated and are 
given in Table 1.  

Further, relative average deviations (ARD) and 
root-mean-square deviations (RMSD), calculated 
by equations (3) and (4) are listed in Table 2. 

 

1 i ci
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i i

x xARD
N x

 (3) 
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1
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1

N
ci i

i

x xRMSD
N

 (4) 

where N is the number of experimental points and 
xci is the solubility calculated by equation 2. 

The relative deviations (RD) between the 
experimental and calculated values of solubilities 
are also calculated by equation 5 and are given in 
Table 1.  

 Relative Deviation  cix x
x

 (5) 

It is observed from Table 1 that solubility is 
minimum for MDT 4 and maximum for MDT 9. 
The order of solubility is MDT 9 > MDT 10 > 
MDT 1 > MDT 3 > MDT 5 > MDT 6 > MDT 8 > 
MDT 2 > MDT 7 > MDT 4. All the compounds 
have the same central moiety but different side 
chains. Thus, solubility is affected by the side 
chain. MDT 9 contains furan as side chain. Thus, 
higher solubility in MDT 9 among the studied 
compound is due to furan whereas MDT 4 
containing p-chloro alkyl group exhibited 
minimum solubility. The position of functional 
group in side chain also affects the solubility. 
MDT 5 also contains chloro alkyl group but in this 
compound, chloro group is at meta position which 
causes an increase in solubility. There may be 
hydrogen bond formation between methanol 
molecules and oxygen of furan ring. MDT 1 and 
MDT 3 also exhibit comparatively good solubility 
which may also be due to hydrogen bonding of -
OH group with methanol molecules. Solubility of 
MDT 1 is higher than MDT-3. From this 
observation, it can be assumed that the solubility of 
compound with vanillin is higher than compound 
with –OH group which may be due to positive 
effect of –OCH3 group. However, MDT 2 which 
possesses only –OCH3 group, exhibited less 
solubility.  
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Fig. 2 – Variation of mole fraction solubility of pyrimidine compounds in methanol with temperature. 

 
 

Table 2 

Constants A and B of eq (2), Relative Average Deviations (ARD),  
and Root Mean Square Deviation (RMSD) of pyrimidine derivatives in methanol 

Compounds Code A B(K) 108 RMSD 100 ARD 
MDT 1 -5.469 0.0006 0.0209 0.0006 
MDT 2 -9.313 0.01 7.3130 -0.0089 
MDT 3 -7.088 0.005 22.369 -0.0177 
MDT 4 -8.304 0.005 2.6778 -0.0050 
MDT 5 -6.202 0.001 10.975 -0.0117 
MDT 6 -12.39 0.022 6.4896 -0.0090 
MDT 7 -6.195 0.0008 0.0017 0.0001 
MDT 8 -11.74 0.02 0.0623 0.0007 
MDT 9 -4.612 0.0008 0.6629 -0.0037 
MDT 10 -6.829 0.005 21.339 -0.0179 
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Table 3 

Thermodynamic parameters of dissolution of pyrimidine derivatives in methanol 

Compounds 
code 

Hsol 
kcal.mol-1

 

Gsol 
kcal.mol-1 

Ssol 
cal.mol-1.K-1 

MDT 1 0.4470 14.8302 -47.4715 

MDT 2 8.2716 11.2998 -9.9946 

MDT 3 4.3782 14.9547 -34.9077 

MDT 4 4.4605 15.1652 -35.3311 

MDT 5 1.1565 11.7306 -34.8997 

MDT 6 17.1684 11.6039 18.3658 

MDT 7 0.6058 12.4475 -39.0835 

MDT 8 15.2645 12.5825 8.8520 

MDT 9 0.6463 12.8354 -40.2299 

MDT 10 4.2493 12.4669 -27.1221 

 
Further, from the solubility data, some 

thermodynamic parameters such as solution 
enthalpy ( Hsol), Gibbs’ free energy change ( Gsol) 
and entropy of solution ( Ssol) have also been 
evaluated. 

The solution enthalpy ( Hsol) was calculated by 
modified Van’t Hoff equation27 

 

ln
1 1

Sol

hm P

Hx
R

T T

 (6) 

where T is the experimental temperature and R is 
gas constant. Thm is the mean harmonic temperature 
which is given as 

 
1

hm n

i

nT

T

 (7) 

where n is the number of experimental 
temperatures. In the present case, the Thm value 
obtained is only 302.99 K. The slope of the plot of 
ln x versus (1/T-1/Thm) gives the value of Hsol.  

The Gibbs’ energy change ( Gsol) for the 
solution process was then evaluated from intercept 
of the above plot using following relation:28 

 Gsol = -RT. intercept (8) 

Using these evaluated Hsol and Gsol values, 
the entropies of solutions Ssol were obtained from 
equation 

 sol
sol

sol

hm

H - GS =
T

 (9) 

All these thermodynamic parameters are given 
in Table 3. 
 It is evident from Table 3 that for all the 
compounds Hsol and Gsol are positive. However, 

Ssol values are negative for most of the 
compounds except MDT 6 and MDT 8 where it is 
positive. When stronger bonds are broken and 
weaker bonds are formed, energy is consumed. So, 

Hsol becomes positive29
 indicating thereby 

endothermic dissolution of compounds. The 
positive value of Gsol indicates spontaneous 
dissolution of studied compounds in methanol.30 
The positive entropy Ssol indicates more 
randomness in solution as observed for most of the 
compounds whereas negative Ssol suggests more 
order in solutions. 

CONCLUSIONS 

 The solubility of synthesized pyrimidine 
derivatives in methanol increases with the rise of 
temperature. The modified Apelblat equation is 
used to correlate the solubility data with 
temperature. The solubility calculated by Apelblat 
equation is in good agreement with experimental 
solubility. Further, solubility in the studied 
compounds is affected by the function groups 
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present in the compounds and compound 
containing furan exhibited maximum solubility in 
methanol. The positive enthalpy and Gibbs free 
energy values indicate the dissolution process to be 
endothermic and spontaneous. For most of the 
studied compounds, dissolution results in more 
ordered structure as indicated by negative entropy 
values whereas positive entropy suggests less 
ordered structure for some compounds. The more 
ordered structure may be due to hydrogen bonding 
between compound and methanol molecules. 
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We report herein a feasible study concerning synthesis, characterization 
and potential biomedical applications of silver nanoparticles with 
glutathione skeleton. The synthesis of nanoparticles is facile and 
efficient, using silver nitrate as the starting material, sodium 
borohydride as reducing agent and glutathione. The characterization of 
glutathione-stabilized Ag-NPs (GS-Ag-NPs) as well as the Ag-NPs 
used for comparison was performed by FT-IR, UV-VIS, AFM and 
SEM techniques. Ag-NPs were biologically active at concentrations 
less than 10-4 M, whereas GS-Ag-NPs were ineffective at the same 
concentrations. Moreover, depending on the particles size, 10-6 M 
concentrations of Ag-NPs stimulated microorganism growth, whereas 
the more concentrated suspensions (10-4 M) inhibited Escherichia coli 
(E. coli) growth. The biological implications of our data are discussed 
in the frame of current literature. 

 

 
 

INTRODUCTION1 

 The metal nanoparticles are used in 
bioapplications as therapeutics, transfection 
vectors, and fluorescent labels.1-4 Properties of 
metal nanoparticles are different from those of 
bulk materials made of the same atoms.5 Stable 
nanosize silver particles were spontaneously 
formed by reduction of aqueous metal salt 
solutions in the presence of sugar-persubstituted 
poly(amidoamine) dendrimers.6 However, most 
authors report on the reaction of silver nitrate with 
sodium citrate.7 Besides, a simple, green method 
was developed for the synthesis of gold and silver 
nanoparticles by using polysaccharides as 
reducing/stabilizing agents.8 Noble metal 
nanoparticles can also be obtained by evaporation 
of atoms on a metal surface using high energy 

                                                 
* Corresponding authors: gabidr@uaic.ro and ionelm@uaic.ro 

laser, followed by cooling them with nanoparticle 
formation9,10 or microwaves in the presence of poly 
(N-vinyl-2-pyrrolidone).11 In principle, the 
chemical agents commonly used to reduce silver 
ions are: aldehydes,12 sugars,8 hydrazine, H3PO2, 
NaBH4 and sodium citrate. Thus, silver 
nanoparticles can be synthesized by several 
methods such as chemical reduction using a 
reducing agent,13-20 or photochemical reduction.21,22 
A biological synthesis of quasi-spherical silver 
nanoparticles by using active pharmaceutical 
ingredients as the reducing and stabilizing agent 
was also reported.23 Controlling the size, shape, 
and structure of silver nanoparticles is 
technologically important because of the strong 
correlation between these parameters and optical, 
electrical, and their catalytic properties.24  
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In addition to their medical uses, Ag-NPs are 
also used in clothing, the food industry, paints, 
electronics and other fields.25-28 Despite their 
widespread use, there is a serious lack of 
information concerning the toxicity of Ag-NPs to 
humans and their underlying cellular actions. 
Nevertheless, some studies have shown that Ag-
NPs accumulation in the liver could induce 
cytotoxicity via oxidative cell damage.29-31 
However, silver nanoparticles exhibit cytoprotection 
towards HIV-1 infected cells,32,33 and also have the 
ability to modulate the cytokines involved in 
wound healing. A specific and protective role for 
silver ions in brain pathologies was related to their 
high affinity toward physiologically and 
pharmacologically active peptides, and their 
conformation change to large -helices during 
silver binding.34  
 Glutathione (GSH) is a tripeptide (γ-Glu-Cys-
Gly) which contains a –SH group. This peptide can 
be easily adsorbed onto the surface of metal 
nanoparticles. GSH can bind heavy metals, 
solvents, and pesticides to be excreted in urine or 
bile.35 Several studies have recently been 
performed to understand the reactivity of 
glutathione in the presence of nanoparticles.36 
Glutathione proved to diminish the radiotoxic 
effect of radioactive mercury, whereas cystine had 
also a powerful protective effect.37-38 

 In spite of all these investigations, it is not yet 
clear how bacteria can interact with noble metal 
nanoparticles, and the relationship which is 
between the nanomaterial production and its 
antibacterial activity as well as the effect of 
glutathione and the reducing agents on the 
biological activity of the resulted nanomaterials. 

 Our study reports on the synthesis and the 
effect of silver nanoparticles on cellular growth of 
Escherichia coli (E. coli). In addition, we outline 
the impact of glutathione functionalization of these 
nanoparticles on living microorganisms in view of 
further biological applications. 

RESULTS AND DISCUSSION 

 Characterization of nanoparticles. The newly 
synthesized silver nanoparticles were characterized 
by SEM and AFM techniques, as well as FT-IR 
and UV-visible spectroscopy. The size of the 
obtained nanoparticles was found to be dependent 
on the procedure used to produce nanoparticles. On 
increasing temperature and decreasing the reaction 
time, smaller nanoparticles were obtained, whereas 
their absorption maximum shifts to shorter 
wavelengths. In addition, the nanoparticles partly 
aggregated to form larger aggregates (over 100 
nm), which were removed by centrifugation. Most 
Ag-NPs were 5-10 nm in size as SEM image 
revealed (Fig. 1). 
 However, we produced 10-14 nm-sized 
nanoparticles from silver having an absorption 
maximum of 388 nm (Fig. 2).  Glutathione 
binding to Ag-NPs induced a decrease in the 
absorption maximum from 0.645 to 0.393; the 
maximum was shifted to longer wavelengths by 5 
nm. Copper ion reaction with the glutathione 
bound on the particle surface produced an 
additional shift to 410 nm, indicating an increase in 
the particle size.  

  
 

 
Fig. 1 – SEM images of a) silver nanoparticles (Ag-NPs) and b) glutathione-stabilized silver nanoparticles (GS-Ag-NPs). 
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Fig. 2 – UV-Vis absorption spectra of silver nanoparticles  
as well as the glutathione-stabilized ones (C = 250 M). 

  

 
Fig. 3 – Stability of GS-Ag-NPs: blue – immediately after synthesis,  

red – 48 hours later, green – 96 hours later. 
  

We found only the reduced form of glutathione 
(4% of initial GSH, the rest was probably bound to 
Ag-NPs). No oxidized glutathione was found. 
Therefore, the microorganisms used in the 
biological experiments are expected to interact 
with nanoparticle surface or with the glutathione 
bound to the nanoparticles. Once obtained, the 
resulted nanoparticles were centrifuged for 10 min 
at 6000 rpm, yet no pellet was observed. The 
obtained nanoparticles were also stable for a long 
time in solution, at room temperature. The 
suspensions of newly synthesized GS-Ag-NPs 
were stable up to several weeks (Fig. 3). 

Within another experiment, we noticed that 
glutathione does not change the absorbance of the 
colloidal solution of gold nanoparticles. However, the 
intense absorption at 210-220 nm revealed the 
presence of unbound glutathione. On the contrary, 
silver nanoparticles showed a characteristic 

absorption maximum at 388 nm and an additional 
absorption band at 524 nm, specific to larger 
nanoparticles (Fig. 4). Besides, this band was also 
observed but at lower concentrations (0.25 mM) and 
not at 1 mM, suggesting a process of nanoparticle 
aggregation. Following glutathione binding, the 
absorption band at 524 nm disappeared. 

FT-IR Spectroscopy. On comparing the 
spectrum of pure GSH with that of GS-Ag-NPs, a 
significant change was observed. The characteristic 
signal at 2524 cm-1 of SH group in the molecule of 
glutathione disappeared, denoting the formation of a 
S-Ag bond (Fig. 5) or a S-S one. Since oxidized 
glutathione was not detected in the presence of the 
GS-Ag-NPs, GSH was probably modified onto the 
surface of silver nanoparticles via the reaction of thiol 
group in the cysteine moiety of GSH with silver ion. 
Our results are in agreement with those previously 
reported in the literature.40, 41 
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Fig. 4 – UV-Vis spectra of silver nanoparticles before and after the treatment with glutathione (C = 1 mM). 

 

 
Fig. 5 – FT-IR spectra of glutathione-stabilized silver nanoparticle, free glutathione and sodium borohydride (in KBr solid). 

 
In brief, FT-IR spectrum of GS-Ag-NPs 

showed several intense and characteristic signals 
such as those at 1699 cm-1, 1421 cm-1, 2968 cm-1, 
and 3311 cm-1. Silver nitrate alone had a very 
intense peak at 1383 cm-1, characteristic to the 
nitrate ion, and some other important signals at 825 
cm-1, 1763 cm-1, 2393 cm-1, and 2731 cm-1, 
respectively. The most intense signal (1383 cm-1) 
of AgNO3 did not influence the GS-Ag-NPs 
spectrum, since it was not found in this spectrum. 
This suggests that nitrate ion was removed during 
the GS-Ag-NPs formation. The signal at 1421 cm-1 
may be generated by the borohydride anion (1423 
cm-1), which remained partly bound to the 
nanoparticle surfaces, and, obviously, by the bound 
glutathione (1394 cm-1). The peak at around 1629 
cm-1 may be related to peptide backbone of 
glutathione, whereas glutathione fingerprint was 

seen at 1078 cm-1 and 1332 cm-1. The vibration of 
C-H bond has generated two intense peaks at 2918 
cm-1 and 2939 cm-1, probably due to glutathione 
adhesion to the nanoparticles. 

The most important signal in the GS-Ag-NPs 
spectrum was found at 1699 cm-1 and was assigned 
to COOH group, which vibrates at 1712 cm-1 in the 
free glutathione molecule. 
 Atomic Force Microscopy. The size of silver 
nanoparticles, their morphology and the size 
distribution were determined by AFM. For this 
purpose, the Ag-NPs were placed on the special 
glass plate surface previously examined by AFM, 
covered by silver nanoparticles suspension, dried 
and imaged by AFM. Most nanoparticles sized 
below 20 nm; however they made 50 nm diameter 
aggregates (Fig. 6). 
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Fig. 6 – AFM images: a) glutathione; b) silver nanoparticles. 

 
Table 1 

The effect of Ag-NPs and GS-Ag-NPs on E. coli growth expressed as optical density of bacterial suspensions.  
Optical cell density was measured at 580 nm in triplicate 

Treatment/ 
Concentration GSH Ag-Nps GS-Ag-NPs D (Tukey test) Control, H2O 

10 6 M 0.678 0.043 0.763 0.054* 0.714 0.047 0.055 0.675 0.021 
10 5 M 0.648 0.051 0.690 0.052 0.707 0.039 0.049 0.675 0.021 
10 4 M 0.589 0.041 0.583 0.050* 0.611 0.048 0.065 0.675 0.021 
* Statistically significant differences 
 
 Morphological analysis of surfaces confirmed 
the formation of nanoparticles, which crowded 
when allowed to stay for 48 hours in aqueous 
suspensions, forming relatively large aggregates 
(20-150 nm) with different shapes.  
 Effect of silver nanoparticles on bacterial 
growth. Biological properties of GS-Ag-NPs were 
followed at concentrations below 10-4 M (Table 1). A 
volume of 100 ml of the pre-culture has been treated 
with 5 ml glutathione, and 5 ml colloidal silver 
nanoparticles stabilized with glutathione. In this 
respect, three different nanoparticles concentration, 
10-6 M, 10-5 M, and 10-4 M were used for treatment. 
Optical density of pre-culture at 580 nm was only 
0.032, whereas that of control was 0.675.  
 Contrary to the literature data, the free 
nanoparticles, kept in suspension for 48 hours at 
concentrations of 10-5 M or lower, showed no toxic 
effect on bacteria studied. Moreover, silver 
nanoparticles at a concentration of 10-6 M had even 
a stimulatory action on the growth of microorgan-
isms. Generally, Ag-NPs release silver ions, which 
make an additional contribution to the bactericidal 
effect.42, 43 Indeed, Ag-NPs (where silver is present 
in the Ag0 form) also contain small concentrations 
of Ag+, and both Ag+ and Ag0 contribute to the 
antibacterial activity. The antibacterial effect of 
Ag-NPs at higher concentrations was found to be 
similar to that described in the earlier reports.44 
However, only Ag-NPs caused a severe decrease in 
bacterial density, probably due to aggregation and 

formation of precipitates on the nanoparticles 
surface. Therefore, we explained such results by 
the aggregation effect of silver nanoparticles and 
not by Ag+ ions released from them.  
 The effect of 0.5 mM of colloidal solutions of 
nanoparticles on E. coli sedimentation was followed 
spectrophotometrically (Table 2). The values 
corresponding to the optical density of nanoparticles 
mixed with the suspensions of 21 h-old E. coli were 
subtracted from those of the samples. 

Removing the E. coli cells was almost complete 
by centrifugation at 2500-3000 rpm. Since a few 
cells may be present in the suspensions treated 
with nanoparticles after the centrifugation at 3000 
rpm, over 67% of the Ag-NPs was removed 
together with E. coli cells at this centrifugation 
rate. Following the same hypothesis, over 53 
percent of Ag-NPs was removed by the cells at 
2500 rpm.  To calculate the percentage of Ag-NPs 
bound to the removing E. coli cells, we took into 
consideration the difference between the optical 
density of Ag-NPs treated suspensions and that of 
the control. Upon adding silver nanoparticles, the 
optical density of the suspension has decreased by 
only 6.9%. The centrifugation at 1000 rpm resulted 
in a decrease in the optical density by 33.1%, 
which means that the percent of Ag-NPs could be 
between 0 and 33.1%. On the contrary, GS-Ag-
NPs were not significantly released from the 
suspension by centrifugation at any rate. 
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Table 2 

The effect of 0.5 mM of colloidal solutions of Ag-NPs and GS-Ag-NPs on E. coli sedimentation by centrifugation. Optical density of 
E. coli samples mixed with equivalent volumes of 1 mM nanoparticles was measured at 580 nm 

Centrifugation rate (rpm) 
Sample 

0 1000 1500 2000 3000 

Control 
Ag-NPs 

GS-Ag-NPs 

1.32 
1.23 
1.30 

1.18 
0.79 
1.11 

0.52 
0.18 
0.49 

0.10 
-0.23 
0.09 

0.04 
-0.29 
0.00 

  
Important biological applications have been or 

are being developed from silver nanoparticles. 
However, their cytotoxicity remains a major 
concern, while different classes of bacteria exhibit 
different susceptibilities to nanoparticles.42 Our 
experiments revealed a behavioral pattern of 
cytotoxicity as a function of the size, type, and the 
preparation protocol of nanoparticles. However, 
the living microorganisms being extremely critical 
requires the fundamental understanding on the 
influence of inorganic nanoparticles on cellular 
growth and functions. During the absorption 
process, the nanostructures may interact with many 
biological components.45 Therefore, the 
development of predictive models of nanostructure 
toxicity is needed. We showed here the 
aggregation process of E. coli in the presence of 
NPs, which depends on the NPs type. Some 
authors demonstrated that the metal nanoparticles 
show high tendency for incorporation within 
bacterial cells with the least possibility of 
cytotoxicity.42 The involvement of the 
nanoparticles on the bacterial physiology might be 
related to a DNA nanoparticle interaction.  
  Excessive production of ROS in the cell is known 
to induce apoptosis.46, 47 ROS generation has been 
shown to play an important role in apoptosis induced 
by treatment with Ag-NPs.48-50 It is also known that 
upon association with the nanoparticles, proteins 
undergo conformational changes, whereas the 
thickness of the adsorbed protein layer progressively 
increases with NP size.48 

MATERIALS AND METHODS 

 Materials. All chemicals used were of 
analytical grade or of the highest purity available. 
All solutions were prepared with milliQ grade 
water. Silver nitrate and copper sulfate were 
purchased from Merck, whereas sodium 
borohydride from Aldrich (Milwaukee, WIS, 
USA), and glutathione from Fluka (Steinheim, 
Germany), Escherichia coli - DH5  from a T7 
Express Sampler, New England, and BioLabs.  

 Instruments. UV–Vis absorption spectra were 
acquired on a LIBRA S35 PC UV/VIS 
spectrophotometer in 1-cm quarz cuvettes. 
Typically, we measured the optical absorbance in 
the range from 200 to 700 nm, and recorded the 
wavelength of the absorbance peak, λmax. Scanning 
Electron Microscopy was performed using a 
Quanta 200 microscope equipped with elemental 
analysis system EDAX. FT-IR spectra were 
recorded with a Shimadzu Model 8400S FTIR 
spectrophotometer. Atomic Force Microscopy 
images were taken with a SPM Solver PRO-M 
AFM (NT-MTD Co. Zelenograd, Moscow), using 
the tapping mode.  
 Methods. Synthesis of silver nanoparticles was 
carried out as follows: A volume of 20 mL of 3 
mM sodium borohydride (NaBH4) was poured into 
an Erlenmeyer flask and cooled in an ice bath on a 
stir plate. Then, 20 mL of 1 mM silver nitrate was 
dropped into the stirring NaBH4 solution at 
approximately 1 drop per second. Separately, a 
similar suspension of Ag-NPs was prepared, in 
which 20 mL of 1 mM glutathione was dropwise 
added. The obtained mixtures were subjected to 
over constant stirring for two hours. 
 FT-IR spectroscopy. Both Ag-NPs and the 
stabilized ones, as well as the precursors were 
studied using infrared spectroscopy. Spectra were 
acquired from 1-2 mg sample mixed with KBr and 
formed into a disk-shaped pellet. All spectra were 
recorded in the frequency region 500 – 4000 cm-1, 
under a resolution of 2 cm-1, with a scanning speed 
of 2 mm sec-1, and 20 scans per sample.  
 Atomic Force Microscopy. Microscope plates 
were degreased with alcohol and acetone and dried 
in an oven at 70 °C for 2 hours. Approximately 50 

l of sample solution was deposited on glass 
microscope plate, dried at room temperature, in a 
small covered Petri dish to avoid sample 
contamination. Samples were then left to dry 
overnight, and images were taken at room 
temperature, using “tapping” mode.  
 Scanning Electron Microscopy. To create an 
SEM image, the incident electron beam was 
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scanned in a raster pattern across the sample 
surface. The emitted electrons were detected for 
each position in the scanned area by an electron 
detector. The intensity of the emitted electron 
signal was displayed as brightness on a cathode ray 
tube (CRT). By synchronizing the CRT scan to 
that of the scan of the incident electron beam, the 
CRT display represents the morphology of the 
sample surface area scanned by the beam. 
Magnification of the CRT image is the ratio of the 
image display size to the sample area scanned by 
the electron beam. 
 Testing the biological activity. Test cells of 
Escherichia coli (E. coli) were separately grown in 
50 mL sterilized Luria Bertani broth medium (LB:  
10 g Bacto Tryptone, 5 g Yeast Extract, 5 g NaCl in 1 
L; pH adjusted to 7.0) and kept in shaker incubator at 
37 °C for 13 hour (overnight incubation). On the 
subsequent day, the cultures of test organisms were 
transferred at the rate of 1% in 20 mL LB broth kept 
in 100 mL Erlenmeyer flasks. Volumes of 2 mL of  
1 mM silver nanoparticles as well as the 
corresponding glutathione stabilized Ag-NPs were 
carefully placed into each flask, leaving one as a 
control to track the normal growth of the microbial 
cells without nanoparticles. Experiments were 
performed using a colloidal solution of nanoparticles 
as control (flask containing nanoparticles plus 
media). The flasks were incubated at 100 rpm and  
37 °C in a shaker incubator. The optical density 
measurements from each flask have been performed 
every each hour for monitoring the bacterial growth.  
 In another experiment, pre-cultured E. coli was 
inoculated at 37 °C in the liquid medium (0.33 mL 
LB 2X, 0.33 mL DH5  and 0.33 mL H2O) and 
incubated for 12 hours. The cell density was 
determined by reading the absorbance at 580 nm 
with a spectrophotometer.  
 The effect of silver nanoparticles on E. coli has 
been studied under the same conditions.  
 Statistics. The data collected were statistically 
analyzed using Tukey’s test.39   

CONCLUSIONS 

 The investigation on the formation of silver 
nanoparticles fits into a more general study of the 
reactions of biological compounds or microorgan-
isms with metallic ions. Ag-NPs can be utilized for 
beneficial biological application but significantly 
they also possess potential to produce ecotoxicity, 
challenging the ecofriendly nature of nanoparticles. 

Glutatione functionalization of noble metal Ag-
NPs may improve their biological activity. 
 GSH-Ag NPs described in this work are 
prepared by reduction of silver nitrate in the 
presence of GSH. The Ag-NPs thus prepared tend 
to aggregate together upon addition of Ag+ due to 
the strong coordination bond between Ag+ and – 
NH2, –COOH of glutathione modifier. The 
aggregation leads to significant shifting in the 
absorption spectrum with concomitant visible color 
changes from yellow to deep orange and provides a 
simple and inexpensive means for the 
determination of Ag+ ions.  
 The tests made with silver nanoparticles on E. coli 
revealed an aggregation process which could be 
important to understand their biological properties. 
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The aim of this article is the study of the fragmentation reactions 
of tetraethoxysiloxane (TEOS) as a precursor in the sol-gel 
process initiated by electronic impact in the ionization chamber 
of a mass spectrometer. Mass spectrum of an organic substance, 
as well as a silicon alkoxide such as TEOS is the result of a 
series of unimoleculare consecutive and competitive chemical 
reactions, which constitutes a pattern of fragmentation. The 
molecular ion of TEOS at mass 208 is a radical cation with 
positive delocalizated charge on the alkoxi bond Si-O-C. The 
primary fragmentation ions at masses 207, 193, 179 and 163 
were obtained experimentally by B/E linked scan. The radical 
induced fragmentation reactions of the primary ions obtaining 
are presented and their existence is supplementary argued by 
measuring the ion masses at high resolution, the quantum 
calculations of  the net atomic charges and the calculation of  the 
double bond equivalent. 

 

 

 
 

INTRODUCTION  

The first objective of the author1 was the 
separation and identification of molecular species 
obtained in sol-gel process by gas chromatography 
coupled with mass spectrometry (GC-MS). 

The basic factors that influence sol-gel process 
have been studied systematically by GC-MS: type 
of precursor alkoxide, the nature of the solvent, 
quantity of water used in hydrolysis, the reactant 
mixing order and the catalyst type. The results 
were published between 1994 and 2007.2-8 
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The second objective of the author1 was the 
development of a procedure for the mass spectra 
interpretation of some silicon alkoxides and their 
transesters and oligomers obtained by the sol-gel 
process.  

The relationship between the chemical structure 
of the molecules and their mass spectra has been 
highlighted by Lafferty9 by applying qualitative 
physical-organic method; according to this theory 
the relative intensity of fragmentation ions is 
determined by (1) the stability of the reaction 
products and of the bond strength. A 
complementary theory has been developed by 
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Djerassi10 within a physical-organic method: (2) 
the charge and radical localization after ionization 
contributes to establish the initiation centers of the 
fragmentation reactions. 

In this paper the author applies a procedure, 
presented below, to the TEOS mass spectrum 
interpretation for molecular and primary 
fragmentation ions and plans to publish in the next 
upcoming works the complete mass spectra 
interpretation for TEOS and other molecular 
species identified in the sol-gel process.  

PROCEDURE FOR THE MASS SPECTRA 
INTERPRETATION  

OF THE SILICON ALKOXIDES 

1. Getting the structural information  
about silicon alkoxides (Table 1) 

In accordance with the requirements for the 
interpretation of mass spectra,1 in Table 1 are 
presented selected data from literature11-23 about 
the atoms and chemical bonds of silicon alkoxides 
and oligomers, required for setting preconditions 
for this interpretation.  

2. Singularizing for silicon alkoxides the 
influence factors and favorable paths of 
fragmentation presented in1, 10, 23-24 and whereas 
some of their structural data from Table 1, it 
appears the following general premises (P1 to P10) 
to be considered for the founding of a mass spectra 
interpretation procedure of the silicon alkoxides: 

(P1) The positive charge and radical 
localization occurs on the oxygen atom according 
to Equation (1): 

 Si O R RSi O
+.

+ e- + e-2  (1)       

(P2) The relative stabilization of the molecular 
ion resulted in equation (1) by the delocalisation of 
the positive charge on the Si-O-C bond axis. 

 (P3) The direct fragmentation reactions occur 
according to the data in Table 1.b, the easiest for 
C-Si, C-C  bonds and the hardest for H-C, O-H, 
O-Si bonds; O-Si bond has 46% ionic character. 

(P4) According to premise (P3) the resulted 
fragmentation ions are in decreasing order of the 
stability: siliconiu ions, carbocations and 
oxycations. 

(P5) The inductive effect electron affinity of the 
oxygen atom (effect -I) correlated with the 
electropositive character of the silicon atom 
relative to the other atoms of a silicon alkoxide  
(O, C, H), leads to the elimination of an alkoxy 
radical and obtaining a stable siliconiu ion, 
according to the Equation (2):   

 (R)CH2O.+Si+O
+.

Si CH2(R)  (2) 

 (P6) The radical centre is located on the 
oxygen atom (Equation 1); this unpaired electron 
with an electron of C-C  bond in position to 
the radical center forms a new bond, 
simultaneously with the C-C bond cleavage in  
position, according to Equation (3): 

 . C H 3+ C H 2 S i 
+ 
O C H 3 O 

+ . 
S i C H 2 (3) 

(P7) The resonance effects lead to relative 
stabilization of some ions obtained by 
fragmentation reactions according to the premise 
(P3); for example the oxycation obtained in the 
Equation (3) is stabilized according to Equation 
(4): 

 +OSi CH2 Si CH2O +  (4) 
 

Table 1 

     Information about the atoms and chemical bonds of silicon alkoxides and oligomers 11-23 
a. Atoms 

Type of atom H C O Si 
Valence configuration 1s1 2s22p2 2s22p4 3s23p2 
The first ionization potential (eV) 13.6 11.3 13.6 8.1 
Electronegativity 2.2 2.5 3.5 1.9 
Isotopic distribution (%) 1H  99.99 12C  98,90 16O  99.76 28Si  92.23 
 2H  0.01 13C  1.10 17O  0.04 29Si  4.67 
   18O  0.20 30Si  3.10 

b. Chemical bonds 

Type of bonds H-C C-C C-O O-Si C-Si O-H 

Bond energy (eV) 4.3 3.6 3.6 4.5 3.0 4.8 
The ionic nature of bond % 2.5 0 22 47 9 35 
Siloxane bond Si O SiSiOSi
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(P8) The elimination of small molecules, with 
small molecular weights, from fragmentation ions 
resulted according to the premises (P3) and (P4) 
are irreversible reactions due to the stabilities of 
these elimination products. 

(P9) The siloxane bond Si-O-Si (Table 1.b) is 
very hard cleaved due to partial double bond 
character of this product, by the occupation of non-
bonding electrons from oxygen atom of 3d free 
orbitals of the silicon atom. The alkoxi bond Si-O-
C is easier cleaved due to the lack of free orbitals 
in the carbon atom for the non-bonding electrons 
of the oxygen atom. 

(P10) The M + 1, M + 2 isotopic effects are 
marked for the alkoxy silanes due to the isotopic 
distribution of the silicon atom (Table 1.a). 

3. The establishment of the molecular ion 
whenever is possible by comparing with the 
molecular mass of the analyzed species. His 
confirmation through the arguments mentioned in 
the seven step of this procedure. 

4. The establishment of the reactions initiation 
center. According to premises (1)-(2) charge and 
radical localisation occurs on the oxygen atom 
from the alkoxi bond Si-O-C. An argument in this 
respect is the measurements of the net atomic 
charges. Thus, it is possible to confirm the 
molecular ion as a cation radical ion in mass 
spectrum. 

5. The establishment of the primary events from 
the experimental data obtained by B/E linked scan, 
where B is the magnetic field and E is electric field 
in double focusing mass spectrometer. Thus, we 
obtain the daughter ions of the molecular ion. On 
this basis, the primary fragmentation reactions are 
written thus obtaining the primary fragmentation 
ions in a mass spectrum. 

6. The experimental determination of the small 
molecules, which are eliminated from the primary 
fragmentation ions by B/E (1-E) 1/2 linked scan, in 
order to obtain the fragmentation ions for all 
reaction pathways. 

7. The confirmation of the molecular ion and 
the fragmentation ions obtained in the 3, 5 and 6 
steps through experimental mass-spectrometry 
determinations of their accurate mass, by 
measuring the M + 1, M +2 isotopic effects, the 
calculation of the double bond equivalent and the 
quantum calculations of net atomic charges.  

8. Getting the complete model of the silicon 
alkoxide fragmentation on the basis of the results 
obtained in the 1-7 steps. 

EXPERIMENTAL 

Experimental data for this paper were obtained on a  
GC-MS tandem produced by VG-Analytical, England. Speed 
scans for GC-MS applications have been performed on a  
70-SE double-focusing mass spectrometer.  

Hewlett Packard 5890 Gas Chromatograph with a fused 
silica capillary column was effective for the separations of 
complex mixtures such as those obtained in the sol-gel 
process.  GC-MS interface was direct one and it was done 
inert by glass plating. Complete control of all scan functions 
of the instrument was provided by a VG Digital Scan 
Controller interface. 

Working conditions 

For the HP 5890 gas chromatograph: A fused silica high 
performance capillary column of 25 m x 0, 25 mm, with 
70,000 theoretical plates; stationary phase: silicone oil OV-1, 
with a thickness of 0.1µm; the temperature inside the oven: 
40°C, for 3 minutes; temperature programming up to 220 °C 
with a temperature gradient of 15 °C/min; injector 
temperature: 250 °C; carrier gas (helium) flow-rate:  
1 mL/min;  splitting injection 1: 70; the volume of injected 
sample: 0.1-0.3µL. 

For 70-SE, VG Analytical double focusing mass 
spectrometer: Excitation source with electronic impact at  
70 eV; response time: 0.03 ms; accelerating voltage: 8 kV; 
temperature in the ion source: 180 oC; electronic amplifier: 
250. 

For the interpretation of mass spectrum TEOS, the linked 
scans were used to study the metastable ions obtained in the 
first region without field (FFR1):  

The B/E  linked  scan:  This method of scanning allows 
obtaining daughter ions m2

+ from a preset precursor ion m1
+. 

The condition for obtaining the daughter ion is B/E = constant, 
where B is the magnetic field, and E is the electric field 
applied in the magnetic and electric sectors of the mass 
spectrometer. 

The (B/E)(1-E)1/2 linked scan: It is used to obtain the ions 
which lose small molecules with a preset mass (e.g. ethylene, 
acetaldehyde, etc.). 

RESULTS AND DISCUSSION 

Contributions to the interpretation of mass 
spectrum of tetraethoxysilane (TEOS) 

Mass spectrum of TEOS in NBS spectra library 
as described in1 contains the molecular ion at m/e 
208 together with M + 1 and M + 2 isotopic effects 
at m/e 209 and 210 and 46 fragmentation ions. 

For this work has been achieved a library of the 
mass spectra obtained for TEOS in the different 
sol-gel reaction mixtures1, analyzed by GC-MS at 
a resolution of R=1000 and presented in Fig. 1 
shows the TEOS mass spectrum obtained by 
averaging the 12 TEOS mass spectra and contains 
the molecular ion at m/e 208 with adjacent isotopic 
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 M+    m/e 208  I =15.2%

ions at m/e 209 and 210 together with 84 
fragmentation ions. Increased numbers of TEOS 
fragmentation ions at high resolution (R=5000 and 
R=6600) will be presented in the upcoming works. 

Code name (TEOS), molecular formula, 
structural formula and molecular weight are shown 
in the text box on a white background. Net 
distribution of charges in the TEOS molecule was 
calculated by the MOPAC 7 (PM3) program and is 
presented in Fig. 2. 

The molecular ion of TEOS 

 Data about the molecular ion M+.at mass 
208 and intensity I = 15.2% in the mass spectrum 
are specified in the text box on a white 
background. This ion is obtained according to the 

Equation (5) with the underlined structural 
formula. 

The net atomic charges for the molecular ion 
are given in Fig. 3. Comparing Fig. 2 and 3 with 
net atomic charges of the TEOS molecule and the 
molecular ion obtained by the reaction (6) shows 
the following: 

(i) The charge center is located on the oxygen 
atom; decrease in net negative charge varies from 
-0.442 to -0.283. 

(ii) Along the alkoxi bond Si-O-C a 
delocalization of positive charge occurs by 
increasing the net positive charge for the silicon 
from + 1.185 to +1.335, and for the carbon atom 
from + 0.127 to + 0.160; this delocalization of the 
positive charge stabilizes the molecular ion and 
explains its appearance in a the mass spectrum.

 
 

  
 

        
 

Fig. 1 – Mass spectrum of tetraethoxysilane (TEOS) as an average of 12 mass spectra at resolution 1000. 
  

 
 
 
 

 
  
 
 
 
 

   
 
 

  

   TEOS      C8H20O4Si          (C2H5O)4Si

C8 H20 O4 Si +.      MELE=208.1130     MOBS=208.1140     M= 1mmu   

Fig. 2 – TEOS: The net atomic charges. Fig. 3 – The molecular ion of TEOS:  
The net atomic charges. 
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 A.1.  M  H + m/e 207 I=7.3%

In the text box on the grey background are 
given the molecular ion formula with the accurate 
mass measured at high resolution (R = 5000), 
denoted with MOBS, compared to the theoretical 
calculated mass (MELE). Small difference of 1mmu 
(milimass units) is an argument for the existence of 
the underlined molecular ion obtained from 
Equation (5). 

As a general rule for the following 
presentations, informative input data about an ion 
in the mass spectrum are presented in a text box on 
a white background and the results, which are the 
arguments for the existence of an ion obtained in 
fragmentation reactions, are presented in a text box 
on a grey background.  

Primary Events: cleavages of bonds. 
Fragmentation reactions induced by radical 

The fragmentation ions obtained directly from 
the molecular ion by cleavages of bonds can be 
emphasized by means of the experimental B/E 
linked scan which gives daughter ions of the 
radical cation at mass 208. Thus, in Fig. 4, is 

visualized that from the molecular ion of TEOS, 
the fragmentation ions are obtained at masses 207, 
193, 179 and 163 that correspond at mass 
differences of 1 amu, 15 amu, 29 amu and 45 amu 
respectively, which in this case corresponds at the 
radical eliminations: H , CH3 , C2H5  and OC2H5 . 
Thus, we can write primary fragmentation 
reactions according to Equations (6) to (9). 

Previously specified rules will be followed 
further. Additionally, the double bond equivalent 
(DBE) (also known as a degree of unsaturation) 
was calculated. The presented arguments confirm 
the structural formulas of the obtained 
fragmentation ions, the location of positive charge 
on these ions and the stabilizations through 
resonance.  

A.1. The first primary event for removing 
hydrogen radical   (M H +) may occur on the path 
of the Equation (6.a) by the cleavage of a hydrogen 
atom, the stabilization of the obtained ion by 
resonance and on the path of the Equation (6.b) 
with removal of a methylic hydrogen atom by 
cyclization reaction. 

  

 
Fig. 4 – Primary fragmentation ions obtained by B/E linked scan as daughter ions of the TEOS molecular ion at mass 208. 

 
 

 

Fig. 5 – The ion of mass 207: 
The net atomic charges . 



880 Virgil Badescu 

A.2. M  CH3
+     m/e 193     I=100 % 

C7 H17 O4 Si +     MELE=193.0896    MOBS=193.0888    M=-0.8 mmu 

  
 

 
 

In favor of the first path reaction in which is 
obtained underlined carbocation at mass 207 are 
the following arguments: 

(i) The positive charge is localized on the 
carbon atom (Fig. 5); 

(ii) The formation heat has the value Hf = -
163.9 kcal/mol for the linear cation, and the value 
Hf= -119,8 kcal/mol for cyclic cation (MOPAC 7 
quantum calculations). In addition, MOPAC 7 
quantum calculations reveals that the cyclic ion 

obtained according to Equation (6.b) passes in the 
carbocation obtained according to Equation (6.a), 
by breaking the O-C bond at an activation energy 
of only 23 kcal/mol. 

A.2. The second primary event for removing a 
methyl radical (M CH3

+) may occur on the path of 
the Equation (7.a) by the cleavage of a methyl 
group and the stabilization of the oxycation ion to 
obtain a carbocation.  

 
 

 

          
    

 
 
 
 

C8 H19 O4 Si +         MELE=207.1052       MOBS=207.1054       M=-0.2 mmu 

Fig. 6 – The ion of mass 193: 
The net atomic charges . 
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A.3.    M  C2H5
+ m/e 179    I= 22.9 %

 A.4. M O C2H5
+    m/e 163   I= 55.9 % 

 
C6 H15 O4 Si

+        MELE=179.0739      MOBS=179.0751      M=1.2 mmu

The stabilization of oxycation (7.a) occurs 
through resonance to yield the carbocation (7.b); this 
stabilization is confirmed by the positive charge on 
the carbon atom (+ 0.446) as shown in Fig. 6. The 
underlined carbocation (7.b) is the base peak in the 
mass spectrum of the tetraethoxysilane (Fig. 1). 

A.3. The third primary event for removing an 
ethyl radical (M C2H5

+ ) may occur on the path of 
 

the Equation (8.a) by the cleavage of an ethyl 
group and the stabilization of the oxycation ion to 
obtain a carbocation.  

Oxycation (10.a) with the formation heat  
Hf =-72.02 kcal/mol (Fig. 7) is stabilized as 
carbocation (8.b) with the formation heat  
Hf =-116.04 kcal/mol by hydrogen transposition in 
a five atoms center. 

 
 

 
 

        
  

            
 

The distributions of net charges calculated with 
the MOPAC 7 software program confirm the 
existence of carbocation (8.b) by locating positive 
charge on a carbon atom at the value of + 0.424; 
the relative stabilization of the ion with m/e 179  is 
produced by the positive charge delocalization of 

bond axis C-C-O-Si-O-H highlighted with bold 
characters in Fig. 7. 

A.4. The forth primary event for removing an 
ethoxy radical (M C2H5O +) 

  
        

 

 

Fig. 7.a,b – The ions with m/e 179: The net atomic charges. 

Fig. 8 – The ion of mass 163: 
The net atomic charges . 
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Siliconiu ion is obtained by the reaction (9) due 
to the electron-withdrawing inductive effect of the 
oxygen atom and it is an intense ion in mass 

spectrum of tetraethoxysilane, (I = 34.7%) (Fig. 1) 
due to the stability of siliconiu ion. 

 

 
 

CONCLUSIONS 

The procedure for the interpretation of mass 
spectra for alcoxysilanes previously presented was 
applied for tetraethoxysilane (TEOS). TEOS is the 
precursor  alkoxide in sol-gel process studied in 
GC-MS literature and was considered the reference 
system. The average mass spectrum obtained from 
12 reaction mixtures has been used for the 
interpretation. The molecular ion of TEOS at mass 
208 was established by comparison with a mass 
spectrum of a standard and by comparison with 
NBS mass spectra library. The initiation reaction 
center of TEOS was established on the oxygen 
atom from an ethoxy group by measuring of net 
atomic charges. Delocalization of positive charge 
on the Si-O-C bond axis stabilizes the molecular 
ion and explains its appearance in the mass 
spectrum. Based on the experimental data obtained 
with B/E linked scan for the molecular ion at mass 
208, the primary fragmentation reactions were 
written in which are obtained the ions at masses 
207, 193, 179 and 163 that correspond to the mass 
differences of 1 amu, 15 amu, 29 amu and 45 amu 
respectively, which in this case corresponds at the 
radical eliminations: H , CH3 , C2H5

 and OC2H5 . 
The existence of the molecular ion at mass 208 

and of the primary ions at masses 207, 193, 179 
and 163 are supplementary argued by measuring 
the ion masses at high resolution, the quantum 
calculations of the net atomic charges and the 
calculation of the double bond equivalent. 
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In this work, the interaction of C20 and Fe(CO)4 fragment was 
investigated by MPW1PW91 method in both gas and solution 
phases. The influence of solvent on the interaction energy, structural 
parameters, frontier orbital energies and hyperpolarizability of 
C20…Fe(CO)4 complex has been explored. The thermodynamic 
properties of the C20…Fe(CO)4 compound at different temperatures 
have been calculated. The density of states (DOS) was beneficially 
used to analyze the main features of electronic structure.  

 
 

INTRODUCTION* 

C20 molecule is potentially the smallest 
fullerene, and its structure has been investigated 
theoretically and experimentally.1-6 This molecule 
has been generated and characterized in the gas 
phase.7 Owing to its attractive structure, this 
ambiguous molecule has been the subject of many 
theoretical investigations.8-9 Fullerenes are 
considered as promising candidates for basic 
elements in nanoscale devices, and several 
examples of fullerene-based devices have been 
already investigated both experimentally and 
theoretically.10-11 Modification of C20 is a matter of 
general interest for experimentalists as well 
theoreticians to look into the structural as well as 
electronic properties. As a recent research, for 
instance, structure and properties of fullerene C20 
and its derivatives C20(C2H2)n and C20(C2H4)n 
(n=1–4) have been studied.12 These calculations 
showed that the most stable fullerene C20 and its 
derivatives C20(C2H2)n and C20(C2H4)n (n=1–3) 
reveal significant aromaticity, while C20(C2H2)4 
                                                            
 

and C20(C2H4)4 have no spherical aromaticity. 
Also, heteroatom impacts on structure, stability 
and aromaticity of XnC20-n fullerenes have been 
explored.13 The interaction of C20 with N2X2 (X=H, 
F, Cl, Br, Me) have been investigated 
theoretically.14 Structure, aromaticity, frontier 
orbital analysis and the natural bond analysis of 
C20…N2X2 complexes have been explored, and the 
influence of the basis set and methods on the 
structure and interaction energies of these 
complexes have been explored. 

[Fe(CO)4] is a coordinatively unsaturated 
intermediate which generally produced from the 
stable compound [Fe(CO)5]. The structure and 
reactions of [Fe(CO)4] were first recognized by IR 
spectroscopy and matrix isolation experiments.15-18 
Many papers have been published in relation to 
structure, reactivity and properties of it,19-23 and 
these papers provide a significant advance in 
understanding of [Fe(CO)4]. Interaction of 
[Fe(CO)4] fragment with alkenes has been studied 
theoretically.24 
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In the present work, interaction of fullerene C20 
and Fe(CO)4 has been investigated theoretically. 
Structure, frontier orbital analysis, thermodynamic 
parameters, and hyperpolarizability have been 
studied. The influence of the solvent on the 
structure and studied properties has been explored. 

COMPUTATIONAL METHODS 

All calculations were carried out with the 
Gaussian 03 suite of program.25 The calculations of 
systems contain C, and O described by the 
standard 6-311G(d,p) basis set.26-29 For iron 
element standard LANL2DZ basis set 30-32 are used 
and iron described by effective core potential 
(ECP) of Wadt and Hay pseudopotential 30 with a 
doublet-  valance using the LANL2DZ. Geometry 
optimization was performed utilizing with 
Modified Perdew-Wang Exchange and Correlation 
(mpw1pw91).33 The results of calculations for 
transition metal complexes show that MPW1PW91 
functional gives better results than B3LYP.34-37 A 
vibrational analysis was performed at each 
stationary point found, which confirms its identity 
as an energy minimum.  

The interaction energy, IE, can be evaluated 
from the difference between energy of the complex 
and sum of the energies of the C20 and Fe(CO)4: 

I.E = E(complex) – [E (C20)+ E(Fe(CO)4)] 

Geometries were optimized at this level of 
theory without any symmetry constraints followed 
by the calculations of the first order 
hyperpolarizabilities. The total static first 
hyperpolarizability  was obtained from the 
following relation: 

0.52 2 2
tot x y z  

upon calculating the individual static components 

1
3i iii ijj jij jji

i j

 

Due to the Kleinman symmetry:38 

xyy =  yxy =  yyx ; yyz =  yzy =  zyy,… 

one finally obtains the equation that has been 
employed: 

 
0.52 2 2

tot xxx xyy xzz yyy yzz yxx zzz zyyzxx  

 
We have studied the solvation effects by using 

self-consistent reaction field (SCRF) approach, in 
particular using the polarizable continuum model 
(PCM).39 Using this method, the geometry of the 
studied complex was re-optimized and the 
hyperpolarizability was calculated by the same 
functionals and basis sets. 

GaussSum 2.2.6.1 was used to prepare total 
density of state (TDOS) or density of state.40 

RESULTS AND DISCUSSION 

1. Energetic aspects 

Fig. 1 shows the molecular structure and 
atomic numbering of C20….Fe(CO)4 complex. The 
energies of C20….Fe(CO)4 complex in gas phase 
and different media by using the PCM model are 
listed in Table  1. ET is the total energy and Esolv 
is the stabilization energy by solvents, the relative 
energy of the title compound in a solvent to that in 
the gas phase. From Table 1, we can see that the 
calculated energy is dependent on the size of the 

dielectric constant of solvents. In the PCM model, 
the energies ET decrease with the increasing 
dielectric constants of solvents. On the other hand, 

Esolv values indicate the increasing of stability in 
more polar solvents. This is because a dipole in the 
molecule will induce a dipole in the medium, and 
the electric field applied to the solute by the 
solvent (reaction) dipole will in turn interact with 
the molecular dipole to lead to net stabilization. 
This suggests that the C20….Fe(CO)4 complex has 
more stability in polar solvent rather than in the 
gas phase. 

The computed interaction energies (I.E) for 
C20….Fe(CO)4 complex on gas phase and various 
solvents have been gathered in Table 1. As seen 
from Table 1, it is found that interaction energies 
values decrease from vacuum to different solvents. 
Fig. 1 presents a good Linear correlation between 
dielectric constant of solvent and interaction 
energy of C20….Fe(CO)4  complex. On the other 
hand, these values are larger in less polartity, as is 
in agreement with the analyses from the distance of 
r(M…C).
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Fig. 1 – Linear correlation between dielectric constant of solvent and interaction energy of C20….Fe(CO)4  complex. 
 
 

Table 1 

Absolute energies (Hartree), dielectric constant of solvents, solvation energies (kcal/mol),  
interaction energies (kcal/mol), dipole moment (Debye), selected structural parameters (Å)  values of C20….Fe(CO)4  complex 

phase  E(Hartree) Esolv IE  M…C Fe-Cax Fe-Ceq 
gas - -1338.3177 - -60.51 3.9202 2.0201 1.8142 1.7977 

CycloHexane 2.0165 -1338.3197 -1.25 -60.47 4.8944 2.0166 1.8152 1.7990 
Chloroform 4.7113 -1338.3216 -2.49 -60.42 5.9204 2.0133 1.8162 1.8004 

ChloroBenzene 5.6968 -1338.3220 -2.71 -60.41 6.1020 2.0128 1.8164 1.8006 
THF 7.58 -1338.3224 -2.97 -60.39 6.3229 2.0121 1.8166 1.8009 

MethyleneChloride 8.93 -1338.3226 -3.12 -60.38 6.4552 2.0117 1.8167 1.8011 
n-Octanol 9.8629 -1338.3227 -3.19 -60.38 6.5194 2.0115 1.8168 1.8012 

 
 

2. Dipole moment 

Dipole moment values of C20….Fe(CO)4 
complex in gas phase and different media by using 
the PCM model are listed in Table  1. These values 
show the solvent effect on the stabilization energy 
is in parallel with that on the dipole moment of the 
solute. Explicitly, there is the larger the dipole 
moment of solute, and the higher the stabilization 
energy in the stronger the solvent polarity. 

3. Bond distances 

It is well-known that the solvent polarity 
influences both the structure and properties of 
conjugated organic molecules and metal 
complexes.41-43 The structural data for the 
optimized structures of C20….Fe(CO)4 complex in 
the six studied solvents are collected in Table 1. 
The results show that the structural parameters are 

changed by the polarity of the surrounding media. 
These values indicate lengthening of Fe-C bonds in 
the set of solvents rather than gas phase. Also, 
these values show that Fe-Cax and Fe-Ceq increase 
with the increasing of dielectric constant of 
solvent. On the other hand, Fe…C(C20) distances 
are decreasing with the increasing of dielectric 
constant of solvent. 

4. Vibrational analysis 

The values of most intensities vibrational 
frequencies of C20…Fe(CO)4 complex are 2151.98, 
2174.01, 2221.46, and 2172.32 cm-1 in gas phase. 
The vibrational modes of these frequencies are 
shown in Fig. 2. As can be seen from Fig. 2, these 
frequencies are attributed to carbonyl stretching 
frequency.



886 Hanieh Alavi et al. 

 

 

 
 

Fig. 2 – The most intensities vibrational frequencies of C20….Fe(CO)4 complex. 
 

Table 2 

Frontier orbital energies (in a.u), frontier orbitals gap (in eV), hardness(in eV), softness(in eV-1),  
chemical potential (in eV) and electrophilicity (in eV) values of  C20….Fe(CO)4  complex 

X HOMO LUMO E  S   
gas -0.20264 -0.10964 2.531 1.265 0.790 -4.249 7.133 

CycloHexane -0.20168 -0.10814 2.545 1.273 0.786 -4.215 6.981 
Chloroform -0.20139 -0.10730 2.560 1.280 0.781 -4.200 6.890 

ChloroBenzene -0.20138 -0.10720 2.563 1.281 0.780 -4.198 6.878 
THF -0.20139 -0.10709 2.566 1.283 0.779 -4.197 6.865 

MethyleneChloride -0.20139 -0.10703 2.568 1.284 0.779 -4.196 6.858 
n-Octanol -0.20140 -0.10700 2.569 1.284 0.779 -4.196 6.854 

 
5. Molecular orbital analysis 

The energies of the frontier orbitals (HOMO, 
LUMO) along with the corresponding HOMO–
LUMO energy gaps, Hardness, chemical potential, 
and electrophilicity of C20….Fe(CO)4 complex are 
given in Table 2. Frontier orbital analysis presents 

the HOMO and LUMO are distributed on cage 
(Fig. 3 (a)). The calculated HOMO and LUMO 
energies of C20….Fe(CO)4 are at -0.20264 and  
-0.10964 Hartree, respectively. This yields an 
HOMO–LUMO energy gap of 2.53 eV. 
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(a) 

 

  
(b) (c) 

 

 
(d) 

Fig. 3 –  (a)Frontier orbitals diagrams, (b) The calculated total electronic density of states(DOS) diagrams, (c) the calculated partial 
electronic density of states diagrams (PDOS), and (d) crystal orbital overlap population (COOP)  for  C20….Fe(CO)4  complex. 

 
Inclusion of solvation effects also leads to 

changes on the molecular orbital energies  
(Table 2). In solution phase with respect to the 
corresponding values in vacuum, HOMO and 
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LUMO are destabilized.  Moreover, hardness and 
chemical potential values have an increase in 
solution phase. On the other hand, electrophilicity 
values have been decreased in solution phase. 

To understand the central features of bonding 
interactions of compounds, we performed total 
density of states (TDOS), partial density of states 
(PDOS), and crystal orbital overlap population 
(COOP). The DOS, PDOS, and COOP of 
C20…Fe(CO)4 is sketched in Fig. 3(b). 

The PDOS essentially indicates the composition 
of the fragment orbitals contributing to the 
molecular orbitals. As clearly shown in this figure, 
the PDOS reveals that the HOMO and LUMO are 
fairly localized on cage with fewer contributions 
from Fe(CO)4 fragment. 

The OPDOS illustrates the nonbonding, 
bonding and antibonding natures of the interaction 
between the two atoms, orbitals or groups. Zero 
value of the OPDOS indicates nonbonding 
interactions. The positive and negative values 
indicate the bonding and anti-bonding interaction. 
In addition, the OPDOS diagrams permit us to 
resolve and comparison of the donor–acceptor 
features of the ligand and determine the bonding, 
and non-bonding. 

6. Thermodynamic parameters 

Thermochemical analysis is studied for 
C20….Fe(CO)4  complex. The calculated values of 

G, H, S, and K, in which the individual terms 
are referred to a temperature of 298 K are  
-177.99 kJ/mol, -0.21 kcal/mol.K, -241.10 
kcal/mol, 1.58  1031, respectively. The reaction 
can be considered as: 

C20 + Fe(CO)4 ' C20….Fe(CO)4   

As can be verified, the S values are similar for 
all complexes. Since in this reaction two particles 
form one, S should be a negative value. However, 
the relative difference of the G is almost as same 
as the H.  

According to the statistical thermodynamic 
principle, heat capacities (Cv, m in cal K 1 mol 1), 
entropies (S, in cal K 1 mol 1), and enthalpies (H, 
in kcal mol 1) in ranging from 100 to 10000 K 
were obtained and are gathered in Table 3. As it is 
obvious from Table 3, the Cv, S, and H 
thermodynamic functions of C20….Fe(CO)4 
increase with the increase of temperature. The 
reason for this is that the vibrational movement is 
invigorated at the higher temperature and makes 
more contributions to the thermodynamic 
functions, although the main contributions are due 
to the translation and rotation of the molecules at 
the lower temperature. The relationships between 
the thermodynamic functions and the temperature 
in 100–1000 K are expressed as: 

 
G = -2E-07 T2 - 0.0001T - 1338.2; R² = 0.9999 

H = 1E-07 T2 + 6E-05T - 1338.2; R² = 0.9991 

S = -7E-05x2 + 0.290x + 57.80; R² = 1 

Cv = -0.0001T2 + 0.293T - 2.2896; R² = 0.9988 
 
These equations have been shown in Fig. 4. 

 
 

Table 3 

Standard thermodynamic functions of the C20….Fe(CO)4 

T G (Hartree) H (Hartree) S (Cal/Mol.K) Cv (Cal/Mol.K) 
100 -1338.175280 -1338.161440 86.843 25.530   
200 -1338.191188 -1338.155323 112.531 48.634    
300 -1338.211137 -1338.145266 137.783 73.052   
400 -1338.235060 -1338.131640 162.242 93.189 
500 -1338.262768 -1338.115177 185.230 108.734    
600 -1338.294005 -1338.096553 206.504 120.468 
700 -1338.328495 -1338.076301 226.077 129.316   
800 -1338.365976 -1338.054816 244.070 136.046 
900 -1338.406209 -1338.032389 260.640 141.229 

1000 -1338.448980 -1338.009231 275.947 145.276   
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Fig. 4 – The quadratic relationships between the thermodynamic functions and the temperature C20…Fe(CO)4. 

 
7. Hyperpolarizability 

Theoretical investigation assists a fundamental 
role in comprehending of the structure-property 
correlations, which is able to maintain designing of 
novel NLO chormophores. The electrostatic first 
hyperpolarizability ( tot) and dipole moment ( ) of 
the C20….Fe(CO)4 complex have been calculated 
in both gas phase and various solvents. As can be 
 

seen from Table 4, it is obvious that largest tot 
values are found in higher polartity. Also, tot 
values increase from vacuum phase to different 
solvents. The dependence of the first 
hyperpolarizability of the title compound both on 
the dielectric constant of the media and the 
Onsager function44 (Fig. 5) is characteristic for a 
dipolar reaction field interaction in the salvation 
process.45-47

 
Table 4 

 components and tot values (10-30 esu) for C20….Fe(CO)4 complex in gas phase and various solvents 

  gas Cyclohexane Chloroform ChloroBenzene THF MethyleneChloride n-Octanol 

XXX -827.65 -1207.16 -1545.12 -1596.90 -1658.02 -1692.69 -1709.18 

XXY -7.42 1.28 -1.11 -1.69 -1.71 -1.58 -1.60 

XYY -63.44 -114.45 -173.42 -186.77 -205.26 -217.28 -223.35 

YYY -23.87 2.57 3.38 3.42 4.07 4.64 4.61 

XXZ -5.45 -7.65 12.14 8.13 0.47 -0.83 -2.00 

XYZ 0.56 8.26 -9.44 -9.10 -8.18 -6.90 -6.61 

YYZ 8.71 1.12 19.01 15.74 7.58 9.59 6.64 

XZZ -218.36 -312.99 -462.58 -485.94 -513.97 -535.60 -545.88 
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Table 4 (continued) 

YZZ -10.63 0.55 -18.61 -17.30 -7.31 -8.80 -5.68 

ZZZ 11.18 -6.55 45.35 40.20 13.86 18.93 10.23 

tot 
9.59E-30 

1.41E-29 1.89E-29 1.96E-29 2.05E-29 2.11E-29 2.14E-29 

tot 1030 9.59 14.12 18.86 19.62 20.54 21.13 21.41 
 

 
 

 
 

Fig. 5 – Dependence of tot for C20…Fe(CO)4 compound on the dielectric constant (a) and Onsager function (b). 

 
CONCLUSIONS 

We showed in paper: 
The interaction energies values decrease from 

vacuum to different solvents.  
The strongest stretching frequencies of complex 

are attributed to carbonyl stretching frequencies. 
 In solution, HOMO and LUMO energies, 

hardness and chemical potential values are 
increased, with respect to the corresponding values 
in vacuum. On the other hand, electrophilicty 
values have been decreased in solution phase. 

The largest tot values have been found in more 
polarity, and these values increase from vacuum to 
different solvents. 
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1. INFORMATION FROM THE EUCHEMS DIVISION  
OF ANALYTICAL CHEMISTRY (DAC) 

 The 45th Annual Meeting of DAC was successfully held on August 31, 2014, in Istanbul prior to the 
opening of the 5th EuCheMS Chemistry Congress (ECC 5). Paul Worsfold as current Chair of DAC 
welcomed Delegates and Observers from 15 countries attending the meeting. The updated DAC strategy for 
2015-2017 was approved at the meeting and can be found at http://www.euchems.eu/divisions/analytical-
chemistry.html.  
 In 2015, the prime event within the activities of DAC will be EUROANALYSIS XVIII, which will be 
held in Bordeaux, France, at the Congress Center (Bordeaux-Lac), 6-10 September 2015, under the auspices 
of the Societé Chimique de France. EUROANALYSIS started in 1972 and represents a broad-spectrum 
conference on Analytical Chemistry organized on a regular basis with its venue rotating between European 
countries. EUROANALYSIS has established itself as the premier European meeting for discussion and 
presentation of analytical chemistry in a global sense and constitutes a forum for analytical chemists from 
academia, governance and industry, allowing the formation of networks between chemical societies and their 
members working in the diverse fields of analytical sciences. This scientific event returns to France after 
nearly 40 years and will be a unique chance to get comprehensive insights into contemporary analytical 
chemistry. Among the highlights of EUROANALYSIS XVIII will be the Robert Kellner Lecture given by 
Bernhard Lendl from Vienna, Austria, and the the presentation of the newly established DAC-EuCheMS 
Award to Miguel Valcárcel from Cordoba, Spain. Both the Robert Kellner Lecture and the DAC-EuCheMS 
Award are sponsored by Springer. 
 EUROANALYSIS XIX will be organized in Stockholm, Sweden, by the Swedish Chemical Society. 
The tentative date is August 27-31, 2017. 
 The next Annual Meeting of DAC will be held in Bordeaux on September 6, 2015, and a decision 
about a new Chair of DAC for the period 2017-2019 will be made. The Steering Committee of DAC has 
nominated Slavica Razic to succeed Paul Worsfold. Other nominations are welcome, and an official letter 
from a member society of DAC should be sent to the chair or the secretary. 
 Currently, DAC operates six Study Groups devoted to major topics of particular importance, namely 
“Education in Analytical Chemistry”, “Bioanalytics”, “History”, “Quality Assurance and Accreditation”, 
“Chemometrics” and “Archeometry and Cultural Heritage in Analytical Chemistry” (see 
http://www.euchems.eu/divisions/analytical-chemistry/news-current-activities-conferences-and-
events/study-groups-and-task-forces.html). These Study Groups are evaluated after a period of three years 
and may be renewed. 
 In this European Analytical Column Ivo Leito provides a personal view on metrology in chemical 
analysis. 
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2. METROLOGY IN CHEMICAL ANALYSIS 

 Metrology lies at the foundation of any measurement. Metrology in Physics has been a mature science 
for a long time and metrology of chemical measurements (Metrology in Chemistry, MiC) as a discipline is 
also approaching maturity. The main concepts have now been firmly established1 and the tools – certified 
reference materials (CRMs), interlaboratory comparisons (ILCs) – are available in increasing diversity. 
There are guidance materials,2,3 textbooks,4-6 training courses7,8 and even university study programmes9-11 

addressing MiC or some of its sub-topics. Also, when it comes to practical application by laboratories 
involved in routine analysis, the situation has improved a great deal during the last decade. Nevertheless, 
challenges still remain as evidenced by, for example, discrepancies between participant results in 
interlaboratory comparisons (ILCs).12-14 The aim of this contribution is to briefly review why this is so and 
give some guidance on the most important MiC activities for any laboratory. 
 The difficulties in applying metrological concepts in chemistry originate largely in the following: 

(i) In chemical analysis the analyte is typically determined in the presence of (often numerous) other 
substances in the sample, many of them at higher (often by orders of magnitude) concentrations 
than the analyte. Many of them can, in principle, contribute to the analytical signal, leading to 
higher results (sometimes they can lead to lower results, e.g. matrix effects in LC-ESI-MS15). 
Thus there is the problem of limited selectivity: the question therefore is often not “How 
accurately can one measure the analytical signal?” but rather “How can one assure that the signal 
is wholly due to the analyte and does not include a contribution from some interferent(s)?”.16 

(ii) In order to achieve sufficient selectivity most analytical methods involve one or more separation 
steps (e.g. extraction, precipitation, chromatography). Whilst these steps are quite successful in 
removing interferents, they often (mostly) also remove some of the analyte, leading to lower 
results. 

 As can be seen, the main problems (i.e. the main uncertainty contributions) in a chemical measurement 
usually come not from the measurement technique itself but rather from the object under investigation (see 
for examples in spectrophotometry17). 
 In this complex situation, what should a routine laboratory do? The author has attempted to formulate 
some simple and pragmatic advice below. It is largely based on the author’s experience of collaboration with 
such laboratories. What is described below is by no means “the full story” but rather a starting point. It 
assumes that the methods used in a laboratory are, with reasonable probability, fit for purpose (which is 
usually the case). 
 

1. Compare your values with reference values. Comparing your results for a sample with an 
independent reference value for the same (or identical) sample is useful for confirming that your results have 
acceptable trueness and that the measurement uncertainty estimate is adequate (or at least suitable for 
obtaining data for measurement uncertainty evaluation). However, such a comparison gives an additional 
benefit: good agreement between your result and the reference value also indicates that the selectivity of 
your analytical method (procedure) is probably adequate and that the robustness is good. The result of such a 
comparison can, depending on its intended further use, be expressed in different ways, e.g. as a zeta or En 
score18 or as a bias.19 

 There are several ways of “realising” a reference value, all of which have different levels of reliability. 
The guidance below should therefore be considered in the broadest possible sense. 
 Perhaps the most obvious approach is analysing certified reference materials (CRMs) using the 
analytical method established in your laboratory. The reference values carried by CRMs are highly reliable. 
In order to be useful, the certified analyte(s) of the CRM have to be the same as those required in the target 
sample(s) and the matrix and concentration range(s) of the analyte(s) in the CRM have to be similar to what 
is commonly encountered in your laboratory. The main obstacle that frequently emerges is that there is no 
CRM available for the required analyte-matrix-concentration combination. CRMs can be unavailable 
because the analyte-matrix combination is not common or because the analyte (e.g. dissolved oxygen, 
peroxides) and/or the matrix is unstable. 
 In the case of many analyte-matrix combinations satisfactory reference values can be achieved by 
spiking or preparing in-house reference materials (laboratory reference materials, LRM). The main 
prerequisite is that the matrix has to enable homogenisation of the spiked analyte content. 
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 CRMs can be unavailable for a particular analyte-matrix-concentration combination and the 
preparation of LRMs can be difficult (e.g. if the matrix is solid and highly inhomogeneous). In such cases, 
nevertheless, ILCs can be available. In contrast to CRMs, ILC samples need not be stable for extended 
periods of time, which means that ILCs can also be undertaken with less stable analytes. Most of the ILCs in 
which commercial laboratories participate are the so-called proficiency tests (PTs) and instead of 
metrological reference values they use consensus values based on the participant’s results, which are 
generally of lower reliability. However, comparison with PT consensus values is still much better than no 
comparison at all. Participation in ILCs is of course highly recommended (in fact mandatory), even if 
suitable CRMs exist. When no suitable ILC is available, one can be organised by the participating 
laboratories themselves. Although it cannot be considered a rigorous ILC, even as few as 2-3 laboratories 
analysing a few split samples and comparing results is much better than no comparison at all. 
 Obviously, in order to compare two analytical results obtained for the same sample (or identical 
samples), the results must refer to the same measurand. 
 

2. Collect data over long time periods. Repeated measurements are essential when precision or 
trueness (e.g. using a CRM as described above) is evaluated. Replicate measurements performed within a 
single day enable repeatability, sr, to be obtained whereas replicate measurements over a longer time period 
can be used to determine intermediate precision, sRW (also known as within-laboratory reproducibility19). 
While both of these characteristics have their uses, intermediate precision is certainly more useful, as it takes 
into account a (much) larger number of effects influencing the measurement result (uncertainty sources) for 
one particular parameter. This is because many effects that are systematic within a day (and are thus not 
accounted for by sr) become random over a longer time period and are accounted for by sRW.20 This also 
means that if correctly determined, sRW > sr. The longer the time period, the more effects are included in sRW 
and consequently the more adequate and useful this characteristic becomes. 

When sRW is evaluated then it is often asked, “How many data points do we need for a reliable sRW 
estimate?”. In fact an even more important question is “How long a period of time should be used?”. The 
answer is the longer the better: sRW found from 8 values collected over 8 months (one per month) more 
adequately characterises the method than sRW from 16 values collected on 16 consecutive days. It is of course 
a necessary prerequisite that the sample that is analysed is homogenous enough and is stable during the time 
period used. 

When trueness/bias is evaluated using a CRM then again, rather than making four replicate 
measurements (the amount of CRM in a container is often low and it may be impossible to do many more 
replicates) in one day, they should be made over a time period of several weeks (or a couple of months) and 
then the obtained average value compared with the reference value or used for bias calculation. It is of 
course again important to be sure that the CRM is stable over that time period. 

The determined intermediate precision and bias can be conveniently used by the practical and “safe” 
within-laboratory validation approach of measurement uncertainty estimation, perhaps best known by the 
formalisation published by Nordtest.19 The word “safe” here means that this uncertainty estimation approach 
tends to lead to somewhat overestimated rather than underestimated measurement uncertainties. 
 

3. “Do not stop there”. People from routine laboratories often ask questions similar to the following: 
“How long should the period be for determining intermediate precision?”, “Should I determine parameter X 
with all my analyte-matrix combinations?”, “How many different CRMs should I use for estimating the 
average bias of my method?”. These questions are difficult to answer in an “absolute” way. If rigorous 
answers are given then the probability is high that the laboratory will find that it should not use the method 
because so much more needs to be done to meet the ultimate requirements. In the opinion of the author, the 
best answer is this: when you implement a new method you can start with a limited objective but you must 
not stop there and should add new data on a regular basis. So, an sRW value obtained from data collected over 
four weeks cannot be considered sufficient (preferably data collected over one year should be used19) and 
just one CRM for evaluation of bias is generally not enough. However, these data can be documented and 
used as a first approximation and a first measurement uncertainty estimate can already be obtained. As time 
goes by, sRW can be recalculated based on longer time intervals, bias can be estimated using several reference 
values and the measurement uncertainty estimate can be recalculated accordingly. 
 In conclusion: constant improvement is the key to reliable analytical results. 
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