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Abstract: 
This paper presented the comparative binding interaction of ethyl-4-(4-hydroxyphenyl)-6-methyl-2-oxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4-HP2OTP) and ethyl-4-(2-hydroxyphenyl)-6-methyl-2-thioxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (2-HP2STP) to bovine serum albumin (BSA) in 1,4-dioxane, DMSO and DMF 
by equilibrium dialysis, FT-IR and acoustical study at physiological pH.  The binding data obtained was interpreted 
by scatchard plot, which gives the association constants. An increase in association constants is observed with 
increase in temperature and concentration. FT-IR study explains the binding through shifting in peak positions of 
amide I and II. It explained the changes in secondary structure of BSA on binding with the drugs. The free energy 
(∆G), enthalpy (∆H) and entropy (∆S) values were calculated by using van’t Hoff equation. The negative ∆G showed 
the spontaneous process and positive values of ∆H and ∆S showed endothermic interaction between ligands and 
BSA. ∆G becomes more negative with increased in temperature, indicated feasibility of binding interaction at high 
temperature. The positive values of ∆H and ∆S also showed specific electrostatic and hydrophobic interaction 
between ligand and BSA. 
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1. Introduction 

Serum albumins are the most abundant 
proteins in the circulatory system of wide variety 
of organisms, being the major macromolecules 
contributing to the osmotic blood pressure [1]. 
Their functional and physiological properties have 
been studied over several decades [2]. These 
proteins have long been used as model proteins 
in both industrial and academic research areas 
[3]. The protein is single polypeptide chain of 585 
amino acids with a large helical triple domain 
structure with the concentration of 0.63 mM in the 
blood. Protein binds relatively a number of 
insoluble endogenous drugs such as unesterified 
fatty acids, bilirubin and bile ducts and thus 
facilitates their transport. A variation in 
temperature is found to be a key factor in binding 
affinities of proteins [4] as evident from the drugs 

ligustrazine [5], ciprofloxacin [6], methotrexate [7] 
and cisplatin [8]. 4-HP2OTP and 2-HP2STP are 
the poly-functionalized dihydropyrimidine 
compounds exhibiting a broad range of 
therapeutic and pharmacological [9], 
anticarcinogenic [10], antihypertensive, antiviral, 
antitumor, antibacterial, anti-inflammatory, 
calcium channel modulators [11], 
antimycobacterial and anticonvulsant [12], 
anticancer [13] properties. Human serum albumin 
(HSA) and BSA exhibit similar chemical properties 
due to high percentage of sequence identities. 
BSA in lieu of HSA was used in this study because 
of low cost and easy availability. In BSA varying 
binding sites are available for ligands [14-15]. 
Ranges of techniques are available to monitor the 
binding interactions of ligands to protein viz. NMR 
[16], isothermal titration calorimetry (ITC) [17], 
UV- visible absorbance [18], fluorescence [19], 
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FT-IR and CD spectroscopy [20]. 
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Figure 1. Ethyl 4-(4-hydroxyphenyl)-6-methyl-2-
oxo-1, 2, 3, 4-tetrahydropyrimidine-5-carboxylate 

(4-HP2OTP) 
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Figure 2. Ethyl 4-(2-hydroxyphenyl)-6-methyl-2-   

thioxo-1,2, 3, 4-tetrahydropyrimidine-5-
carboxylate (2-HP2STP). 

 

In the view of above considerations, present 
study demonstrates the effect of drug 
concentration, temperature and polar/non-polar 
solvent on binding interaction of ligands to BSA at 

physiological pH and determination of 
thermodynamic parameters like free energy, 
enthalpy and entropy. 

 

2. Results and Discussion 

Equilibrium dialysis 

The binding parameters of 4-HP2OTP-BSA 
and 2-HP2STP-BSA complexes have been 
determined using scatchard analysis. Scatchard 
curves obtained by plotting the absorbance and 
specific binding against the concentrations of 
ligands. Different observations have noticed for 
both the drugs in all the solvents. The association 
constants for 4-HP2OTP are found to be 0.7845 
(±0.0005), 0.7185 (±0.0005), 0.7305 (±0.0005) in 
1,4-dioxane, DMSO and DMF respectively. While 
the association constants for 2-HP2STP are in 
1,4-dioxane, DMSO and DMF are 0.7405 
(±0.0005), 0.7265 (±0.0005), 0.7265 (±0.0005) 
respectively. It has been seen that, the binding 
affinity of 4-HP2OTP is slightly more than 2-
HP2STP in 1,4-dioxane than DMSO and DMF. 
The scatchard analysis of binding of 4-HP2OTP & 
2-HP2STP with BSA at pH 7.4 in all the solvents 
were provided a non-linear curve. This suggests 
the presence of at least two binding sites for the 
binding of the ligands to BSA. Figures 3 and 4 
shows the scatchard plots of BSA-ligands 
complexes in 1,4-dioxane, DMSO and DMF. 

 

 
Figure 3. Scatchard plot of 4-HP2OTP-BSA complex in 1,4-dioxane, DMSO, DMF at room 

temperature. 
 
 

Effect of foreign particles 

The binding analysis of 4-HP2OTP and 2-
HP2STP to BSA is also studied in presence of 
foreign particles. Results obtained are interpreted 

by the Scatchard plot (Figure 5 and 6). The 
association constants for 4-HP2OTP-BSA and 2-
HP2STP-BSA complexes in presence of foreign 
particles are 0.7006 (±0.0005) & 0.5757 (±0.0005) 
for Hg and 0.6782 (±0.0005) & 0.6855 (±0.0005) 
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respectively. The association constant for 4-
HP2OTP and 2-HP2STP in absence of impurities 
of foreign particles were 0.7305 (±0.0005) and 
0.7261 (±0.0005). It is noticed that the binding of 

these ligands is decreased in presence of foreign 
particles may be due to packing of binding sites in 
the BSA.

 
 

 
Figure 4. Scatchard plot of 2-HP2STP -BSA complex in 1,4-dioxane, DMSO, DMF at room 

temperature. 

 

 

 

 
Figure 5. Effect of As and Hg on scatchard plot of 4-HP2OTP-BSA complex in 1, 4 dioxane. 

 

 
Figure 6. Effect of As and Hg on scatchard plot of 2-HP2STP-BSA complex in 1,4-dioxane. 
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FT-IR analysis 

The protein drug binding by FT-IR 
spectroscopy is analyzed by shifting of amide 
bands in BSA. The amide I band at 1635 cm-1 is 
due to C=O stretching and amide II band at 1543 
cm-1 is due to C-N stretch coupled with N-H 
bending. A change in frequency of these bands is 
observed on binding of ligands to BSA. Similar to 
ultrasonic and equilibrium dialysis study, more 
binding is observed in case 1,4-dioxane than 
DMSO & DMF. The peak position of amide I is 
shifted from 1635 to 1650 cm-1 in 4-HP2OTP and 
to 1644 cm-1 in 2-HP2STP as compared to BSA. 
However, a very small change is observed in the 
shifting of amide II band in the complex. It is 
noticed that, as the concentration of ligands 
increases the frequency of the binding of amide I 
bans is also increases (Figure 7 and 8).  As amide 
I band is more sensitive to the changes of 
secondary structure of BSA than amide II 
therefore increase in binding is characterized by 
shift in amide I band. Similarly, BSA-ligands 
binding are not as much as significant in case of 
DMSO and DMF. 

 
Figure 7. FT-IR spectra of 4-HP2OTP-BSA 

complex in 1,4-dioxane. 

 
Figure 8. FT-IR spectra of 2-HP2STP-BSA 

complex in 1,4-dioxane.  

 

Ultrasonic study 

 In present study, ultrasonic velocities of 0.15 
µM BSA are measured at temperature 298, 303 
and 308K and are found to be 1390.301, 
1393.720 and 1398.105 m/s respectively. 
Ultrasonic velocities of 4-HP2OTP-BSA and 2-
HP2STP-BSA complexes are also measured at 
various concentrations and temperatures (Table 1 
and 2). It is observed that different values are 
obtained at different concentrations and 
temperatures for the ligands.  

The Scatchard graph has plotted against 
ultrasonic velocity and specific binding versus 
percent ligand fraction. Binding parameters of 4-
HP2OTP and 2-HP2STP to BSA have been 
determined using Scatchard plot. The Scatchard 
analysis gave different association constants at 
different temperatures and solvents. It is found 
that the association constants in 1, 4-dioxane at 
308K is higher than 298K and 303K than DMSO 
and DMF. It means that the association constants 
for binding are more significant in 1,4-dioxane at 
high temperature, concluding that the binding 
increases with the increased in temperature. 
Binding is more significant in 1,4-dioxane than 
DMSO and DMF which is due to aprotic and non-
polar nature of 1,4-dioxane. Comparatively 
binding is more significant in 4-HP2OTP than 2-
HP2STP. From the structural analysis it is evident 
that, more binding of 4-HP2OTP is may be due to 
greater hydrogen bonding of oxygen in 4-
HP2OTP than sulphur in 2-HP2STP. This 
increase of association constants in 1, 4-dioxane 
at high temperature clearly indicates the 
endothermic nature of reaction. This supports the 
interaction of ligands to BSA by means of Vander 
Waal’s interactions and hydrogen bonds in the 
hydrophobic packet of binding sites. It is also 
observed that binding affinity increased as the 
concentration of the ligands increases; this 
probably enhances the pharmacological activity of 
the drug. Figures 9 to 11 shows the Scatchard 
plots of BSA-4-HP2OTP binding in 1,4-dioxane, 
DMSO and DMF at 298, 303 and 308 K 
respectively. Similarly figures 12 to14 shows the 
Scatchard plots of BSA-2-HP2STP binding in 1,4-
dioxane, DMSO and DMF at 298, 303 and 308 K, 
respectively. The effect of temperature on BSA-
ligands binding is summarized in van’t Hoff 
equation. 
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Table 1. Ultrasonic velocities of 4-HP2OTP -BSA complex solutions at diff. conc. and temperature. 
Temp 

 
Conc. 

25 0C 30 0C 35 0C 
1,4- 

Dioxane 
DMSO DMF 1,4- 

Dioxane 
DMSO DMF 1,4- 

Dioxane 
DMSO DMF 

1 1391.607 1391.688 1392.890 1406.481 1403.301 1401.943 1414.413 1413.599 1412.266 
1.5 1393.492 1392.289 1393.492 1408.711 1402.720 1402.584 1416.757 1414.271 1414.892 
2 1393.492 1392.890 1394.698 1409.327 1404.416 1401.599 1417.379 1418.626 1415.513 
2.5 1394.095 1393.492 1395.301 1409.943 1405.641 1404.641 1418.003 1418.003 1417.379 
3 1395.301 1393.492 1394.698 1411.177 1408.327 1407.481 1422.096 1419.251 1416.757 
3.5 1397.720 1394.698 1395.301 1416.125 1411.794 1408.096 1424.266 1419.876 1419.876 
BSA 1390.301 1390.301 1390.301 1393.720 1393.720 1393.720 1398.105 1398.105 1398.105 

 

Table 2. Ultrasonic velocities of 2-HP2STP -BSA complex solutions at diff. conc. and temperature. 
Temp 

 
Conc. 

25 0C 30 0C 35 0C 
1,4- 

Dioxane 
DMSO DMF 1,4- 

Dioxane 
DMSO DMF 1,4- 

Dioxane 
DMSO DMF 

1 1401.974 1385.806 1400.756 1409.559 1408.381 1409.943 1420.501 1416.003 1416.626 
1.5 1401.365 1385.708 1401.365 1411.794 1410.559 1410.559 1420.754 1417.379 1418.003 
2 1402.584 1398.148 1401.974 1410.559 1411.177 1411.794 1421.637 1418.626 1418.626 
2.5 1403.805 1398.933 1402.756 1414.271 1412.413 1410.559 1424.266 1419.847 1421.172 
3 1404.416 1399.148 1403.194 1416.135 1411.794 1412.413 1426.155 1421.127 1422.381 
3.5 1406.933 1403.194 1404.416 1422.381 1413.032 1413.032 1431.855 1421.754 1423.637 
BSA 1378.010 1378.010 1378.010 1408.148 1408.148 1408.148 1406.867 1406.867 1406.867 

 

 
Figure 9. Scatchard plot of 4-HP2OTP-BSA complex in 1,4-dioxane, DMSO, DMF at 25 0C. 

 
 

 
Figure 10. Scatchard plot of 4-HP2OTP-BSA complex in 1,4-dioxane, DMSO, DMF at 30 0C. 
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Figure 11. Scatchard plot of 4-HP2OTP-BSA complex in 1,4-dioxane, DMSO, DMF at 35 0C. 

 
 

 
Figure 12. Scatchard plot of 2-HP2STP-BSA complex in 1,4-dioxane, DMSO, DMF at 25 0C. 

 
 

 
Figure 13. Scatchard plot of 2-HP2STP-BSA complex in 1,4-dioxane, DMSO, DMF at 30 0C. 

 
 

Thermodynamic study 

In order to elucidate the interaction of ligands 
to the BSA, the thermodynamic parameters (∆G, 
∆H and ∆S) have been calculated by using van’t 
Hoff equation at the temperatures 298, 303 and 

308 K. The enthalpy change is calculated from the 
slope of the van’t Hoff relationship. 

lnk = −∆H
RT

+ ∆S
R

                         (1) 

Graph plotted between lnk vs 1/T shows 
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straight line with positive slope (Figure 15 and 16). 

 

 
Figure 14. Scatchard plot of 2-HP2STP-BSA complex in 1,4-dioxane, DMSO, DMF at 35 0C. 

 

 
Figure 15. Graph of lnk vs 1/T in 1,4-dioxane for 

4-HP2OTP-BSA complex. 

 

 
Figure 16. Graph of lnk vs 1/T in 1,4-dioxane for 

2-HP2STP-BSA complex. 
 

Positive values of ∆H and ∆S indicate that 
ligands interaction to BSA are enthalpy and 
entropic driven. Positive values of entropy indicate 
that there is unfolding of BSA. For unfolding, 
process must be endothermic which is indicated 

by positive values of enthalpy and entropy (table 
3 and 4). The specific electrostatic interaction is 
also characterized by the positive values of 
enthalpy and entropy. The negative value of ∆G 
indicates that the ligands-BSA complexation is a 
spontaneous process. As the temperature 
increased the negative value of ∆G is also 
increases, which concluded the ligands -BSA 
interaction is more feasible at high temperature. 
So, the hydrogen bonding, electrostatic and 
hydrophobic interactions are supposed to be 
possible factors contributing binding of the ligands 
to BSA. Slightly greater free energy values for 4-
HP2OTP than 2-HP2STP is due to greater 
intermolecular hydrogen bonding of oxygen than 
Sulphur. 

 

Table 3. Thermodynamic parameters at different 
temperature of 4-HP2OTP-BSA in 1,4-dioxane. 

Sr. 
No. 

Temp. 
(k) 

∆𝑯𝑯 
J/mol 

∆𝑮𝑮 
kJ/mol 

∆𝑺𝑺 
J/mol 

1 298 k  
554.12 

-14.343  
49.99 2 303 k -14.593 

3 308 k -15.843 

 

Table 4. Thermodynamic parameters at different 
temperature of 2-HP2STP-BSA in 1,4-dioxane. 

Sr. 
No. 

Temp. 
(k) 

∆𝑯𝑯 
J/mol 

∆𝑮𝑮 
kJ/mol 

∆𝑺𝑺 
J/mol 

1 298 k  
554.12 

-14.313  
49.89 2 303 k -14.562 

3 308 k -14.812 
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3. Material and Methods 

Dialysis membrane (molecular weight cut off 
3500) used in the experiment purchased from 
Sigma Chemical Co. (USA). UV-VIS 
spectrophotometer (UV-1800, Shimadzu, Japan) 
and metabolic shaking incubator (REMI RS-
24AC) used in the experiment. FT-IR 
measurements were taken at room temperature 
on a Bruker FT-IR spectrometer (Alpha model, 
Germany) equipped with Zn-Se attenuated total 
reflection (ATR) accessory. Multi-frequency 
ultrasonic interferometer (VI microsystem, 
Chennai, India), BSA (essential fatty acid free) 
purchased from Chemsworth Chemicals Ltd 
(India) and used without further purification. Basic 
buffer selected to maintain the physiological pH. 
For the synthesis, all the chemicals used are of 
A.R. grade of Merck India Limited and purchased 
from commercial suppliers. The purity of the 
synthesized compound was ascertain by thin 
layer chromatography on silica gel G in petroleum 
ether and ethyl acetate (7:3) mixture, melting point 
recorded using digital melting point apparatus 
Equiptronics (EQ 730). 1H NMR spectra of the 
compound recorded in CDCl3 on NMR instrument 
(500MHz) using TMS as an internal standard from 

SAIF, CDRI Lucknow. 

 

Optimization study 

4-HP2OTP and 2-HP2STP are not completely 
soluble in buffer. Hence mixture of buffer with non-
aqueous solvent such as 1,4-dioxane, DMF & 
DMSO used to dissolve 4-HP2OTP and 2-
HP2STP. Different ratio of buffer: non-aqueous 
solvent tried, but the complete solubility of these 
drugs was obtained at optimum ratio 30:70:non-
aqueous solvent:buffer. 

 

Preparation of 4-HP2OTP and 2-HP2STP 

A one-pot synthesis of  dihydopyrimidine 
derivatives has been carried out via  Biginelli 
reaction  using  zeolite ZSM-5 as a catalyst  under 
solvent free condition (Scheme 1). A mixture of 
aromatic aldehydes (4.71 mmol), 
ethylacetoacetate/(4.71 mmol), urea/thiourea 
(7.07 mmol) and catalyst zeolite ZSM-5 (10 wt%) 
in relation to the amount of aldehyde used was 
heated at 500 C for 10-25 min [21]. 
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Scheme 1. Preparation of 4-HP2OTP and 2-HP2STP. 

 

Measurements of binding affinity 

For the Scatchard analysis, binding affinity of 
BSA and 4-HP2OTP and 2-HP2STP is expressed 
as an association constant or binding constant 
which is derived from the law of mass action.  BSA 
(B) interacts with the ligands (L) i.e. 4-HP2OTP 
and 2-HP2STP to form the complex as given 
below. 

B + L ⇌ BL 

Hence, association constant K𝑎𝑎 = [BL]
[B] [L]

 

Binding strength of the ligand to BSA is a 
measure of association constants. 

 

Equilibrium dialysis 

Different concentrations (1×10-3 M to 3.5×10-3 
M) of 4-HP2OTP and 2-HP2STP in 1,4-dioxane, 
DMSO, DMF (30:70:solvent:buffer) were 
prepared and mixed separately with 0.15 µM BSA 
solution. These solutions were allowed to stand at 
room temperature for the maximum binding of 
ligands to BSA. From each mixture 3.5 ml solution 
was poured into previously prepared semi-
permeable membrane and both the ends were 
sealed properly. The membrane tubes having 4-
HP2OTP-BSA and 2-HP2STP-BSA complex 
solutions were immersed in a 100 ml conical flask 
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containing 40 ml buffer solution each. These 
conical flasks placed in a metabolic shaker for 
dialysis for 12 hrs at room temperature. After 
dialysis, absorbance’s of bound fraction of 4-
HP2OTP and 2-HP2STP to BSA were measured 
on a UV spectrophotometer (λmax 520 nm).  

 

Effect of foreign particles 

The binding study of 4-HP2OTP-BSA and 2-
HP2STP-BSA is carried out in presence of foreign 
particles in 1,4-dioxane. 0.1M solution of arsenic 
and mercury salts were prepared and mixed with 
same solutions of ligands and BSA. These mixed 
complex solutions were kept some time to check 
the effect of foreign particles on binding.  

 

FT-IR spectroscopic study 

Different concentrations of 4-HP2OTP and 2-
HP2STP and the BSA as mentioned above mixed 
and allowed to stand at room temperature for 
maximum binding. FT-IR measurements were 
carried out at room temperature on FT-IR 
spectrometer equipped with Zn-Se attenuated 
total reflection (ATR) method. All spectra taken via 
the ATR method with a resolution of 4 cm-1 and 60 
scans in the region 1800-1300 cm-1. Absorbances 
of complexes were measured at room 
temperature. 

 

Ultrasonic study 

Ultrasonic is a versatile non-destructive and 
highly investigatory technique. Ultrasonic 
absorption in a medium provides important tools 
for the evaluation of the structural, chemical and 
physical properties of the medium [22]. Initially 
ultrasonic interferometer set at 1MHz. Different 
concentrations of 4-HP2OTP and 2-HP2STP 
mixed with BSA and allowed to stand for some 
time to get maximum binding, ultrasonic velocities 
of these complex solutions were recorded at 
298K. Similar steps were performed at 303K and 
308K to determine ultrasonic velocities of the 
complexes. Specific binding and association 
constants are determined using Scatchard plot. 

 

4. Conclusions 

In the present study, the binding interaction of 

4-HP2OTP and 2-HP2STP to BSA has been 
studied by equilibrium dialysis, FT-IR 
spectroscopy and acoustical study at 
physiological pH in various solvents. The 
scatchard analysis provided a non-linear curve on 
binding of ligands to the BSA, suggested the 
presence of at least two binding sites in BSA. The 
experimental result by equilibrium dialysis and 
acoustical study clearly indicate that 4-HP2OTP 
and 2-HP2STP interact to BSA by means of 
Vander Waal’s interactions and hydrogen bonds 
in the hydrophobic packet of binding sites. It is 
also observed that binding affinity increases with 
increased in the concentrations and 
temperatures; this probably enhances the 
pharmacological activity of the drugs. FT-IR 
spectroscopy showed the binding mainly through 
amide I site by hydrophobic interaction, which 
changes the secondary structure of BSA. The 
greater binding is observed in 4-HP2OTP than 2-
HP2STP due to greater intermolecular hydrogen 
bonding of oxygen than sulphur. Aprotic and non-
polar nature of 1,4-dioxane supports the binding 
of 4-HP2OTP and 2-HP2STP to BSA than DMSO 
and DMF. The thermodynamic parameters also 
indicated that the hydrogen bonding, electrostatic 
and hydrophobic interactions induce alterations in 
secondary structure of the BSA. 

 

Supporting Information 

1H NMR, UV and IR spectra of 4-HP2OTP and 
2-HP2STP. 
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ABSTRACT:  
The present study showed the binding interaction of diethyl-4-(4-hydroxyphenyl)-2, 6-

dimethyl-1, 4-dihydropyridine-3, 5-dicarboxylate in 1, 4-dioxane, DMSO and DMF to the 

bovine serum albumin (BSA) by acoustical study at physiological pH and its molecular 

modeling. Findings were interpreted by scatchard plot which showed an increase in association 

constants with increasing temperature and concentration. Binding supposed to be more in 1, 4-

dioxane than DMSO and DMF, which may be due to aprotic and non-polar nature 1, 4-dioxane. 

The free energy (∆G), enthalpy (∆H) and entropy (∆S) values were calculated from van’t Hoff 

equation. The negative ∆G showed the spontaneous process and positive values of ∆H and ∆S 

showed endothermic interaction between drug and BSA. ∆G becomes more negative with 

increase in temperature, indicated feasibility of binding interaction at high temperature. The 

positive value of ∆H and ∆S also showed specific electrostatic and hydrophobic interaction of 

drug and BSA.  Molecular modeling confirmed the binding interaction showing energy -217.66 

kJ/mol, which concluded the stable complex formation between drug and BSA. 

 

KEYWORDS: Acoustical study, molecular modeling, Scatchard analysis, association 

constants, BSA. 

  

1. INTRODUCTION: 

Human serum albumin (HSA) is the most abundant protein in blood serum with the 

concentration of 0.63 mM. It is single polypeptide chain of 585 amino acids with a large 

helical triple domain structure that forms heart shaped molecule. HSA binds a relatively a 

number of insoluble endogenous drugs such as fatty acids, billirubin, etc. and it facilitates 

their transport to target tissues. Human serum albumin shows various pharmacological 

importances, because of its broad interactions and abundance. The structure of HSA explains 

numerous physiological phenomena and provides further insight in pharmacokinetics
i
. A 
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variation in temperature is found to be a key factor in binding affinities of HSA
ii
,
 
as evident 

from the drugs Ligustrazine
iii

,
 

Ciprofloxacin
iv

,
 

methotrexate
v
 and cisplatin

vi
. 1, 4-

dihydropyridine derivatives shows a wide range of biological activities and medicinal 

properties
vii,viii

.
 

Diethyl -4-(4-hydroxyphenyl) -2, 6- dimethyl-1, 4-dihydropyridine-3, 5-

dicarboxylate (4HDDD) is one of the pyridine derivatives showing antimicrobial and 

anticonvulsant activities
ix

. A drug binding influences the metabolic activity of target tissues 

so the binding interactions between drugs and plasma protein are important to understand the 

pharmacokinetics and pharmacodynamics. Functional and physiological properties of these 

proteins extensively studied over decades
x
. In BSA varying binding sites are available for 

ligands
xi, xii

. Various techniques are available to monitor the binding interactions of ligands to 

protein like NMR
xiii

, isothermal titration calorimetry
xiv

, U.V. visible absorbance
xv

, 

fluorescence
xvi

, equilibrium and FT-IR
xvii

 and CD spectroscopy
xviii

. Molecular modeling also 

shows important aspects about protein-drug interaction
, xix, xx,xxi

, It is difficult to obtain HSA 

for experimental purposes. As HSA and BSA exhibit similar chemical properties, BSA in lieu 

of HSA was used in this study because of low cost and easy availability. In the view of above 

considerations, present study demonstrate the effect of drug concentrations, different 

temperatures  and polar/non polar solvent on binding interaction of 4HDDD to BSA at 

physiological pH by acoustical properties along with thermodynamic parameters like free 

energy, enthalpy, entropy and molecular modeling study. 

 

2. EXPERIMENTAL: 
Materials and Methods: Ultrasonic interferometer (VI Microsystems, Chennai, India). BSA 

procured from Chemsworth Chemicals Ltd (India), drug 4HDDD, software HEX 8.0, basic 

buffer (7.4). For the synthesis, all the reagents used were of A.R. grade purchased from 

Merck India Limited.  

 

Optimization study:  
4HDDD was insoluble in basic buffer at physiological pH. Hence mixture of buffer with non 

aqueous solvent such as 1, 4-dioxane, DMF and DMSO were used to dissolve 4HDDD. 

Different ratio of buffer: non-aqueous solvents were tried, but the complete solubility of 

4HDDD was obtained at optimum ratio 30: 70:: non-aqueous solvent: buffer.  

 Preparation of 4HDDD: 

Diethyl-4-(4-hydroxyphenyl)-2, 6-dimethyl-1, 4-dihydropyridine-3, 5-dicarboxylate 

(4HDDD) synthesized by known method
xxii

. The purity of the synthesized compound was 

ascertain by thin layer chromatography on silica gel G in petroleum ether and ethyl acetate 

(7:3) mixture, Melting point recorded using digital melting point apparatus Equiptronics (EQ 

730). 1H NMR spectrum of the compound recorded in CDCl3 on NMR instrument (500MHz) 

using TMS as an internal standard from SAIF, CDRI Lucknow, India. UV spectra recorded 

on BioEra’s spectrophotometer and FT-IR spectra on Brukers alpha at Jankidevi Bajaj 

college of science wardha, MS., India. 

Measurement of binding affinity: 

For the Scatchard analysis, binding affinity of BSA and 4HDDD is expressed as an 

equilibrium constant or association constant which is derived from the law of mass action. 

BSA (B) interacts with the 4HDDD (L) to form the complex is given as             

  B + L → �BL� 

Hence, association constant K� =
�	
�

�	
���	�
  

Binding strength of the ligand to BSA is a measure of association constants. 

Ultrasonic study 
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Ultrasonic is a versatile non-destructive and highly investigatory technique. Ultrasonic 

absorption in a medium provides important tools for evaluation of the structural, chemical 

and physical properties of medium
xxiii

. Initially ultrasonic interferometer set at 1MHz. 

Different concentrations (1×10
-3

 to 3.5×10
-3

 M) of 4-HDDD in different solvents (1, 4-

dioxane, DMSO, DMF (30:70:: solvent: buffer) were prepared at physiological pH. 0.15 M 

BSA also prepared at same pH and its ultrasonic velocity was measured. Different 

concentrations of 4HDDD mixed with BSA at 298K and allowed to stand for 1 hr for 

maximum binding. The ultrasonic velocities of complex solutions were recorded. Similar 

steps were performed at 303 and 308K and specific binding along with association constants 

were determined using Scatchard plot. 

Molecular modeling study 

Molecular modeling of BSA with 4HDDD was carried out on Hex 8.0 software. This gives 

value of an efficient energy. PDB file of the crystal structure of BSA obtained from the 

RCSB data bank having ID 4F5S and 3D structure for 4HDDD was developed. Initially, the 

structure of 4HDDD has been drawn using Chem Draw and its 3D structure is developed. 

The obtained 3D structure arranged in a minimized energy form. The PDB files runs on Hex 

8.0 which gave the energy value of the newly formed complex showing its stability. 

 

3. RESULT AND DISCUSSION:             

Ultrasonic study:  

In present study, ultrasonic velocities of 0.15 µM BSA in 1, 4- dioxane was measured at 

temperature 298, 303 and 308K.  The ultrasonic velocities are 1496.899, 1503.163 and 

1505.189 m/s respectively. Ultrasonic velocity of 4HDDD-BSA complex was also measured 

at varying concentrations and temperatures (Table 1). The scatchard graph is plotted for 

specific binding versus percent ligand fraction and from this plot binding parameters of 

4HDDD to BSA have been determined. The Scatchard analysis gives different association 

constants at different temperatures. The association constants in 1, 4-dioxane are 0.5011 

(±0.0005), 0.5018 (±0.0005) and 0.5027 (±0.0005) at temperature 298, 303 and 308K 

respectively. Similar analyses were also carried out in DMSO and DMF and association 

constants have been calculated. The association constants in DMSO and DMF are 0.5011 

(±0.0005), 0.5008 (±0.0005), 0.5007 (±0.0005) and 0.5006 (±0.0005), 0.5007 (± 0.0005), 

0.5008 (±0.0005) at temperature 298, 303 and 308 K respectively. The association constants 

for 4HDDD-BSA binding increases as the temperature increases. This increase association 

constants clearly indicates the exothermic nature of reaction. This supports the interaction of 

4HDDD with BSA by means of van der Waals interactions and hydrogen bonds in the 

hydrophobic packet of binding sites. It is also observed that the binding affinity increases 

with increase in concentration of the drug; this probably enhances the pharmacological 

activity of the drug. The scatchard plot given below represents binding affinities of 4HDDD 

with BSA at different temperatures.  Figures 1 to 3 shows the Scatchard plots of BSA-

4HDDD binding in 1, 4-dioxane, DMSO and DMF respectively. The effect of temperature on 

BSA-4HDDD binding is summarized in van’t Hoff equation. 
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Figure 1: Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in 1, 4 

dioxane. 

Figure 2: Graph of ultrasonic velocities and specific binding vs. 

Figure 3: Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in DMF.

 

 

Table 1: Ultrasonic velocities of 4HDDD

Tem

p 

Con

c. 

1,4 Dioxane 

25
0
C 30

0
C 35

0
C

1 1496.89

4 

1499.0

83 

1499.1

87 

1.5 1497.17 1501.8 1502.8
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Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in 1, 4 

Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in DMSO.

Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in DMF.

ities of 4HDDD-BSA complexes at different conc. and 

DMSO DMF 

C 25
0
C 30

0
C 35

0
C 25

0
C 30

1499.1 1499.6

96 

1505.1

89 

1506.0

91 

1501.9

21 

1517.1

67

1502.8 1502.9 1508.5 1509.6 1503.5 1518.8

 

Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in 1, 4 -

 

conc. of 4HDDD in DMSO. 

            

Graph of ultrasonic velocities and specific binding vs. conc. of 4HDDD in DMF. 

 temperatures 

30
0
C 35

0
C 

1517.1

67 

1517.56

6 

1518.8 1517.27
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3 76 60 59 29 14 66 60 7 

2 1499.85

0 

1502.5

76 

1502.5

59 

1504.6

14 

1509.1

89 

1511.9

59 

1505.2

77 

1523.8

60 

1518.21

1 

2.5 1501.49

9 

1503.2

77 

1503.8

35 

1504.6

14 

1509.1

89 

1513.1

63 

1509.2

11 

1524.5

34 

1524.50

3 

3 1502.52

9 

1503.8

76 

1509.1

67 

1509.9

59 

1510.5

12 

1511.5

19 

1509.5

03 

1526.5

59 

1523.50

3 

3.5 1502.87

0 

1506.0

85 

1509.8

76 

1507.5

94 

1511.8

36 

1512.8

76 

1514.1

91 

1523.8

60 

1526.53

4 

BSA 1495.22

9 

1497.6

97 

1499.0

85 

1496.8

99 

1503.2

69 

1505.1

89 

1496.8

99 

1503.1

63 

1517.56

6 

 

Thermodynamic study 
In order to elucidate the interaction of 4HDDD with the BSA, the thermodynamic parameters 

(∆G, ∆H and ∆S) have been calculated from van’t Hoff equation at the temperatures 298, 303 

and 308 K. The enthalpy change is calculated from the slope of the van’t Hoff relationship. 

�
� = �
��

��
�

��

�
                         (1) 

Graph plotted between lnk vs 1/T shows straight line with positive slope (figure 4). 

 
Figure 4: Graph of lnk vs 1/T in 1,4dioxane 

Table 2: Thermodynamic parameters at different temperature in 1, 4-dioxane. 

Sr. 

No. 

Temp. 

(k) 
�� 

J/mol 
�� 

kJ/mol 
�� 

J/mol 

1 298 k  

332  

-14.735  

50.56  2 303 k -14.988   

3 308 k -15.240   

Positive values of ∆H and ∆S indicates that drug interaction with BSA are enthalpy and 

entropic driven. Positive value of entropy indicates that there is unfolding of BSA. For 

unfolding, process must be endothermic which is indicated by positive values of enthalpy and 

entropy (table 2). The specific electrostatic interaction is also characterized by the positive 

values of enthalpy and entropy. The negative value of ∆G indicates that the 4HDDD-BSA 

complexation is a spontaneous process. As the temperature increases the negative value of 

∆G is also increases, which concluded the 4HDDD-BSA interaction is more feasible at high 

temperature. So, the hydrogen bonding, electrostatic and hydrophobic interactions are 

supposed to be possible factors contributing binding of 4HDDD to BSA. The thermodynamic 

parameters in DMSO and DMF are found to be close but not significant with respect to 1, 4 

dioxane. 
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Molecular modeling study 

Molecular modeling is also an efficient method for measurement of interaction between 

protein and drug. The binding interaction between BSA and 4HDDD was also studied by 

molecular modeling. The obtained energy is a measure of binding of 4HDDD to BSA. The 

energy obtained is -217.66 kJ/mol, shows an efficient binding of 4HDDD with BSA. 

Diagrammatic representation of 

5. 

Figure 5: Molecular modeling interaction between BSA and 4HDDD.

 

4.  CONCLUSION:                                                                                                               
 Current investigation was an attempt to study the interaction of diethyl

hydroxyphenyl)-2, 6-dimethyl-1, 4

DMSO and DMF to BSA by acoustical method at physiological pH and molecular modeling. 

It is found that binding is more significant in 1, 4

It may be due to aprotic and non polar nature of the 1, 4

temperatures found to be a non-linear indicating the presence of at least two 

BSA. The values of thermodynamic parameters indicate that 

and hydrophobic interactions induce alterations in secondary structure of the BSA. Molecular 

docking also supports the binding having energy 

binding of 4HDDD with BSA. 
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The fate of carbon (C) captured by forest trees during photosynthesis is influenced by the supply of other resources. Fixed C may be
partitioned among biomolecules within the leaf and/or allocated throughout the tree to growth, storage and maintenance activities.
Phosphorus (P) availability often limits tree productivity due to its high biological demand and strong interactions with soil minerals.
As ectomycorrhizal (ECM) fungi play critical roles in enhancing phosphate (Pi) acquisition by their hosts, these symbioses will influence
the fate of C within trees and forested ecosystems. Using Populus tremuloides Michx. (trembling aspen) in symbiosis with Laccaria
bicolor (Marie) P.D. Orton or Paxillus involutus (Batsch) Fr., we assessed C acquisition, allocation and partitioning under Pi limitation,
specifically focusing on primary and secondary C compounds. Both ECM fungi moderated the effects of low P on photosynthesis and
C partitioning among carbohydrates and secondary metabolites by sustaining Pi uptake and translocation in P. tremuloides under
Pi limitation. As leaf P declined, reductions in photosynthesis were accompanied by significant shifts in C partitioning from nonstruc-
tural carbohydrates (NSCs) to phenolic glycosides and tannins. Carbon partitioning in roots exhibited more complex patterns, with
distinct increases in NSCs in nonmycorrhizal (NM) plants under Pi limitation that were not evident in plants colonized by either ECM
symbiont. In general, aspen colonized by L. bicolor exhibited C partitioning patterns intermediate between those of NM and P. involu-
tus aspen. The C cost of symbiosis was pronounced for plants supporting P. involutus, where ECM plants exhibited maintenance of
photosynthesis yet reduced biomass in comparison with NM and L. bicolor aspen under Pi replete conditions. Our results indicate
that the ECM symbiosis affects the disposition of C in forest trees in part by altering the acquisition of other limiting resources from
soils, but also through ECM species-specific influences on host physiology. This modulation of C partitioning will have broad implica-
tions for forest ecosystem C capture, storage and cycling where nutrient resources may be limited.

Keywords: aspen, carbohydrates, Laccaria bicolor, Paxillus involutus, phenolic glycosides, stress physiology.

Introduction

Forest ecosystem productivity is often limited by mineral nutrient
availability (LeBauer and Treseder 2008, St Clair et al. 2008,
Hou et al. 2012). Phosphorus (P) is a major mineral nutrient
required by forest trees in significant amounts (Elser et al.
2007), yet P availability is limited in soils due to high biological
demand and the chemical binding of inorganic phosphate (Pi)
and organic phosphorus (Po) sources to aluminum, iron (Fe)

and/or calcium (Ca) ions/compounds prevalent in many natural
soils (von Uexküll and Mutert 1995, Batjes 1997).

To overcome Pi limitation, plants have developed a suite of phos-
phate starvation responses (PSR) that moderate internal P homeo-
stasis, maximize P acquisition from the environment and acclimate
plants to low P environments (Vance et al. 1995, Raghothama and
Karthikeyan 2005, Plaxton and Tran 2011, Zhang et al. 2014).
Increases in the root-to-shoot ratio and changes in root architecture

© The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/38/1/52/4265245 by guest on 19 N

ovem
ber 2022



increase soil exploration and P acquisition (Lynch 2011). Root
exudation, increased Pi uptake capacity and metabolic pathway
changes increase P acquisition from soils and P-use efficiency
within the plant (López-Arredondo et al. 2014).
In addition to PSR systems, plant–mycorrhizal symbioses sig-

nificantly alter plant–soil interactions and enhance P uptake
(Plassard and Dell 2010). The colonization of roots by ectomy-
corrhizal (ECM) fungi alters root architecture, and hyphal ramifica-
tion of the soil increases the volume of soil exploited for mineral
uptake by the host plant (Hetrick 1991, Schack-Kirchner et al.
2000, Agerer 2001, Hagerberg et al. 2003). Ectomycorrhizal
fungal uptake systems often have higher affinity for Pi, increasing
Pi acquisition from the soil solution (Cumming 1996, Colpaert
et al. 1999, Desai et al. 2014). Increased carbon (C) inputs to
the soil in the form of exudates and enzymes may alter the chem-
istry of the rhizosphere and the subsequent availability of P from a
broad spectrum of P-containing compounds for ECM fungi and root
uptake (Cumming 1993, Leyval and Berthelin 1993, Wallander
2000, Casarin et al. 2004, Liu et al. 2008, Courty et al. 2010).
Depending on the effectiveness of nutrient limitation

responses and mycorrhizal nutrient scavenging, photosynthesis,
biochemical pathways and plant tissue composition may change
when nutrient resources are limiting (Keski-Saari and Julkunen-
Tiitto 2003, Hale et al. 2005, Donaldson et al. 2006, Baum
et al. 2009). The production of C-based secondary compounds
(CBSCs) in plants depends on the balance between C and nutri-
ent availability (Bryant et al. 1983). In leaves of Populus alba ×
P. grandidentata, for example, the concentrations of tannins and
salicylates were elevated under low nitrogen (N) (Kleiner et al.
1998). Indeed, many plant species accumulate anthocyanins
and other phenolic compounds under nutrient limitation, indicat-
ing that CBSCs may also contribute to the acclimation of plants
to stressful environments (Dixon and Paiva 1995, Donaldson
et al. 2006, Chen et al. 2009).
Although plant responses involving CBSCs under environmental

stress are well studied (Koricheva et al. 1998, Gayler et al. 2008,
Caretto et al. 2015), considerably less is known about changes in
secondary C metabolism in plants in the ECM association. In the
Larix decidua–Suillus tridentinus symbiosis, higher levels of major
secondary C-containing compounds were observed in the root
apices of young mycorrhizas (Weiss et al. 1997) and concentra-
tions of CBSCs in the foliage of Salix spp. depended on fungal
partner and host species (Baum et al. 2009). However, little is
known of the interactions between nutrient limitation and ECM
fungi on the accumulation of CBSCs in plants.
In the current study, we assessed the influences of Laccaria

bicolor and Paxillus involutus colonization on Pi limitation
responses of Populus tremuloides (trembling aspen), specifically
investigating photosynthesis and partitioning of C between carbo-
hydrates and secondary metabolites. Trembling aspen is widely
distributed across North America and fills both early and late suc-
cessional niches. The root microbiome is diverse, including a wide

variety of ectomycorrhizal associates (Kaldorf et al. 2004, Fox
et al. 2013, Bonito et al. 2016). Laccaria bicolor and P. involutus,
common ECM symbionts of poplars that have been used exten-
sively in tree physiology research, were used in this study
because of this knowledge base as well as their known diver-
gence in affecting Pi acquisition in their hosts (Cumming 1996).

We hypothesized that: (i) photosynthesis would be reduced
due to Pi limitation, but increased in ECM plants in response to
stimulated C demand in the root system by the fungal partners;
(ii) nonmycorrhizal aspen would allocate more C to secondary
compounds than to the production of plant biomass under Pi
limitation; (iii) changes in photosynthesis, partitioning and
growth would be more pronounced in nonmycorrhizal plants
than in plants colonized by L. bicolor and P. involutus due to
enhanced Pi acquisition by these symbionts; and (iv) differences
between ECM symbionts would reflect fungal-specific changes
in Pi acquisition or C demand induced by each symbiont.

Materials and methods

Fungal inoculation and plant culture

The L. bicolor (Marie) P.D. Orton fungal strain S238N (Institut
National de la Recherche Agronomique, Nancy, France) and P.
involutus (Batsch) Fr. fungal strain ATCC 200,175 (American
Type Culture Collection) were used as symbionts to colonize
seedlings of P. tremuloides Michx. (trembling aspen, ‘aspen’)
(seed source from the Canadian Natural Resources, National
Tree Seed Center, Fredericton NB, Canada). Fungal cultures
were maintained on a modification of modified Melin Norkrans
(MMN) agar medium (Cumming et al. 2001). For inoculum pro-
duction, cultures were grown aseptically in liquid MMN medium
for 3 weeks at 25 °C in the dark in static culture. Cultures were
macerated by blending briefly (three pulses for 3 s each in a
common blender) to produce fungal mycelial slurries to serve as
inoculum (Molina et al. 1982).

The experimental system for the production of ECM aspen
consisted of CP512 treepots (Stuewe and Sons, Corvallis, OR,
USA) each containing ~5 l of a mixture (2:1) of sterile acid-
washed sand and vermiculite. For establishing mycorrhizal seed-
lings, aliquots of fungal slurry (equal to ~0.2 g dry weight fungal
tissue) were added ~2 cm below the surface of the sand (Desai
et al. 2014). For nonmycorrhizal (NM) plants, only MMN liquid
medium was added instead of fungal slurry.

Seeds of P. tremuloides were planted ~0.5 cm deep in the
pots and were kept moist by watering four-times daily with d.
H2O. Seedlings were thinned to one seedling per pot 10 days
after germination. Thereafter, seedlings were watered with
160 ml of nutrient solution daily (40 ml per pot every 4 h of the
light period). The nutrient solution contained 1.0 mM NO3,
0.4 mM NH4, 0.5 mM K, 0.2 mM Ca, 0.1 mM Mg and SO4,
50.5 μM Cl, 20 μM Fe-EDTA, 20 μM B, 2 μM Mn and Zn, and
0.5 μM Cu, Na, Co and Mo. This watering regime was sufficient
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to maintained pots near field capacity and, we assume, the con-
centrations of nutrients near these basal setpoints. Solution pH
was adjusted to 5.6 with 0.1 N NaOH. After an additional 2
weeks, Pi treatments in the form of KH2PO4 were added to the
baseline nutrient solution to deliver treatment solutions contain-
ing 5 μM (Pi limitation) or 100 μM (control). These levels were
selected based concentrations where limited (100 μM) and ele-
vated (5 μM) stress responses (antioxidant enzyme and organic
acid exudation) were reported by Desai et al. (2014). Eight rep-
licate seedlings per Pi/ECM fungal treatment combination were
established. Seedlings were maintained in a climate-controlled
greenhouse with supplemental lighting (mixed metal halide
sources) providing a 14-h photoperiod and day/night tempera-
tures of 24/19 ± 3 °C. Seedlings were grown for 46 days after
the commencement of Pi treatments (days after treatment, DAT).

Photosynthesis and photosystem measurements

Net photosynthesis was measured on 15, 35 and 45 DAT using a
Li-COR 6400 portable photosynthesis system with a 6-cm2 cham-
ber with red/blue LED light sources (Li-COR Biosciences, Lincoln,
NE, USA). Photosynthetic measurements were made between
09:00 h and 16:00 h daily on the most fully expanded leaf of
each plant (fourth to fifth leaf from the top). Net CO2 assimilation
rate (A), transpiration rate (E), stomatal conductance (gs) and
intercellular CO2 concentration (Ci) were measured at 380 μmol
mol–1 CO2. Measurements were made at saturating light intensity
of 1500 μmol m–2 s–1 and a chamber temperature of 24 °C. A–Ci
curves were generated using a sequence of 380, 50, 100, 150,
250, 580, 800, 1000, 1200 and 1500 μmol mol–1 CO2 mole
fraction. The maximum rate of electron transport (Jmax) and the
maximum rate of Rubisco-mediated carboxylation (Vcmax) were
derived from these measurements (Sharkey et al. 2007).

Growth measurements, tissue P concentration and
mycorrhizal colonization

Leaf P concentration was measured using four 5-mm leaf discs
sampled from the leaves used during photosynthetic measure-
ments, above. Leaf punches were flash frozen in liquid nitrogen
and stored at −20 °C. Leaf discs were ashed at 475 °C for 1 h,
dissolved in 1 ml 50% HCl, and crucibles rinsed with 1 ml d.
H2O. The resulting 2 ml digests were vortexed until clear. Root P
concentration was determined on a sample of root tissue (roots
<1mm) collected at the final harvest. The sample was dried,
ground in a cyclonic sample mill and an aliquot digested as above.
Tissue P in leaf and root digests was analyzed using the malachite
green method (Martin et al. 1999).
At harvest, plants were separated into roots and shoots and

roots were washed thoroughly with d.H2O to remove adhering
substrate. Root samples (~1 g) from the center of root systems
were stored in sterile distilled water at 4 °C to determine root
colonization. The remaining shoot and root tissues were dried at
60 °C for 48 h to determine dry weight. Percent ECM fungal

colonization was quantified using the gridline intercept method
(Giovannetti and Mosse 1980). Aspen roots were well colo-
nized by each ECM fungus, and ranging from 72% to 77% for L.
bicolor and from 77% to 82% for P. involutus; there was no evi-
dence of short root formation in NM plants.

Tissue C-based compounds

Tissue samples for carbohydrate and CBSC assays were flash
frozen in liquid nitrogen and stored at −80 °C. Metabolites were
analyzed for three plant tissues: young leaves representing the
four youngest leaves from top; mature leaves, which were the
remaining fully expanded leaves below young leaves; and fine
root tissue representing pooled roots with diameter <1mm.

For glucose, fructose, sucrose and starch measurements, fro-
zen leaf and root tissues were ground cryogenically using a cryo-
bath and ball mill equipped with a cryo-block (2600 Cryo-Station,
2650 Cryo-Block and 2000 Geno Grinder, SPEX SamplePrep,
Metuchen, NJ, USA). Frozen powdered leaf and root material
(20 mg) was transferred to microcentrifuge tubes to which was
added 375 μl of a mixture containing 80% (v/v) ethanol and
10mM 2-(N-morpholino)ethanesulphonic acid (MES), pH 6. The
tubes were mixed thoroughly and incubated at 80 °C for 30min.
Extracts were clarified by centrifugation (4500g, 10min), and
the supernatant was transferred into a 96-well, deep-well micro-
plate, stored at 4 °C. The pellets were further extracted with
225 μl of 80% (v/v) ethanol, 10mM MES pH 6, and 375 μl of
50% (v/v) ethanol, 10mM MES pH 6, and supernatants pooled
in the cooled deep-well plate. Leaf starch remaining in the pellets
was converted to glucose by incubation with amylase and amylo-
glucosidase (Sigma-Aldrich, St Louis, MO, USA). The glucose
resulting from starch degradation and the glucose, fructose and
sucrose in the ethanolic extracts were assayed using a continuous
enzymatic substrate assay (Rogers et al. 2004).

For CBSC analyses, plant tissue samples (~1 g) were pulver-
ized in liquid nitrogen using a mortar and pestle and ground in
the dark in 10 ml of 80% ice-cold methanol. Ground samples
were sonicated for 15 min in an ice bath and centrifuged
(1700g, 5 min). Sample extracts were stored at −20 °C and the
following CBSC analyses were done on each.

Total condensed tannins were measured according to Porter
et al. (1985). Methanolic extracts (250 μl) were mixed 1:1 v/v
with 70% acetone, 1:3 with n-butanol plus 0.1ml ferric reagent
(2% w/v NH4Fe(SO4)2·12H2O in 2M HCl), heated at 100 °C for
1 h, cooled to room temperature, and optical density (OD) taken at
550 nm. Total phenolic glycosides in the methanolic extracts were
assessed following Waterhouse (2002). Methanolic extracts
(100 μl) were diluted with 400 μl of 80% methanol and 2.5ml of
10% Folin-Ciocalteu phenol reagent and 2ml 700mM Na2CO3

were added and OD at 725 nm was determined following a 60-
min incubation at room temperature. Total condensed tannins and
phenolic glycosides were expressed as gallic acid equivalents per
gram of plant material on fresh weight basis.
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Specific CBSCs in the extracts were separated by high-perform-
ance liquid chromatography (HPLC (Varian, Walnut Creek, CA, USA)
using a Luna 5 μm C18 column (250 × 4.60mm) (Phenomenex
519,880-40, Torrance, CA, USA) and detection at 254 nm. The
mobile phase consisted of a gradient of solvent A (0.5% MeOH in
phosphoric acid) and solvent B (100% acetonitrile) that increased
stepwise over 45min. The elution steps were (%B) 0:30:50:65:80
each step for 5min, followed by column cleaning with 100%MeOH
for 15min and re-equilibration for 5min with 0.5% MeOH in phos-
phoric acid while maintaining a constant flow rate of 1.0ml min–1

(Mellway et al. 2009). The HPLC standards for secondary metabo-
lites were (+)-catechin, chlorogenic acid, p-OH-cinnamic acid,
myricetin, quercetin, kaempferol and procyanidin B2 obtained from
Sigma Chemical Company (St Louis, MO, USA). Isorhamnetin, sali-
cin, salicortin and tremulacin standards were kindly provided by Dr
Richard Lindroth (University of Wisconsin, Madison, WI, USA).

Statistical analysis

The experiment was established as a randomized two-way factor-
ial design, with two Pi treatments (5 μM and 100 μM Pi) and three
ECM fungal treatments (nonmycorrhizal (NM) control, L. bicolor
(Lb), P. involutus (Pax)) with eight replicates of each combination.
Samples taken on the same plants at 15, 30 and 45 DAT during
the experiment (photosystem function and leaf P concentration, n
= 3) were analyzed as a repeated measures (DAT) two-way fac-
torial analysis of variance (ANOVA). While DAT was often import-
ant in influencing photosynthesis responses, few higher-level
interactions containing DAT led to presentation of effects for the
Pi × Myc interactions only in the results. The effects of Pi concen-
tration and ECM fungal colonization on plant variables at the end
of the experiment (biomass and tissue P, n = 5; tissue secondary
metabolites, n = 3) were analyzed using two-way ANOVA (Pi ×
Myc). Data were log-transformed as needed to meet the assump-
tions of ANOVA. Tukey’s HSD tests were utilized to identify sig-
nificant differences among treatment means. Metabolite profiles
were evaluated using Pearson correlation coefficients and
ANOVA-simultaneous component analysis (ASCA). ASCA is
designed to evaluate data matrices containing complex multi-
group and multivariate data, such as those generated in metabolo-
mics studies (Smilde et al. 2005). ASCA builds an orthogonal
model through which total variation of the dataset is separated
into parts corresponding to different factors, and both the covari-
ance between the multiple variables and the design of the experi-
ment are taken into account (Jansen et al. 2005, Smilde et al.
2005). Principal component analyses (PCAs) are then performed
on centered data to obtain information on variable contribution to
the ASCA component scores. Factor loadings for these compo-
nents provide insight into the variables most strongly influencing
aspen metabolic profiles. Statistical analysis was carried out using
SAS JMP 7.0 (SAS Institute, Cary, NC, USA) and the MetStaT
protocol in R (Dorscheidt 2013).

Results

Colonization and tissue P concentrations

The concentration of P in aspen leaves was significantly reduced
by Pi limitation and this effect was dependent on mycorrhizal sta-
tus/symbiont (P < 0.001 for the Pi × Myc interaction) (Table 1).
At 100 μM Pi, the leaf P concentration of aspen colonized by P.
involutus was 81% and 57% greater than that of NM plants or
plants colonized by L. bicolor, respectively. At 5 μM Pi, leaf P of
aspen colonized by L. bicolor and P. involutus was 2.8- and 2.1-
fold greater than that of NM plants. Comparing symbionts, leaf P
concentration of aspen colonized by L. bicolor was unaffected by Pi
limitation, whereas leaf P of plants colonized by P. involutus was
reduced by 45% at 5 μM Pi, yet this was as high as that of NM
plants grown at 100 μM Pi (Table 1). Root P concentrations in NM
aspen were consistently lower than those in roots colonized by
either ECM fungus and, as with leaf P concentration, root P was
not affected by growth P concentration in L. bicolor, but declined in
roots colonized by P. involutus at the low Pi treatment (Table 1).

Photosystem parameters

Photosynthetic CO2 uptake (A) was dependent on both Pi and
Myc treatments and was related to leaf P concentration (Table 2,
Figure 1). A was 63% lower in NM plants grown at 5 than at
100 μM Pi, but was not affected by low Pi in plants colonized by
L. bicolor or P. involutus due to the maintenance of leaf P concen-
trations under Pi limitation (regression slopes for L. bicolor and
P. involutus in Figure 1 were nonsignificant). Across ECM fungal
treatments, stomatal conductance (gs) was reduced by 27% at
low Pi (Table 2). While this effect was consistent across mycor-
rhizal treatments, plants colonized by L. bicolor and P. involutus
had greater gs in comparison with NM plants (Table 2). Rates of
transpiration (E) of aspen followed those of gs, where rates at
5 μM Pi were 25% less than that of plants grown at 100 μM and
were consistent across all mycorrhizal treatments (Table 2). No

Table 1. Tissue P concentrations of nonmycorrhizal (NM) aspen seed-
lings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as
affected by Pi treatment. Means ± standard errors followed by the same
letter within a column are not statistically different at P ≤ 0.05 by Tukey’s
HSD.

Pi ECM Leaf P Root P

(mg P gdw−1)

5 μM NM 0.89 ± 0.08c 0.45 ± 0.05c
Lb 2.45 ± 0.32ab 1.34 ± 0.22ab
Pax 1.88 ± 0.28b 0.78 ± 0.16bc

100 μM NM 1.90 ± 0.17b 0.74 ± 0.07bc
Lb 2.19 ± 0.26b 1.08 ± 0.14ab
Pax 3.43 ± 0.11a 1.42 ± 0.18a

PPi
1 <0.001 0.022

PECM <0.001 <0.001
PPi × ECM <0.001 0.027

1Probability of the Pi, ECM and Pi × ECM treatment effects.
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significant changes in intercellular CO2 concentration (Ci) were
observed due to Pi limitation or mycorrhizal colonization (Table 2).
Changes in A were a reflection of altered photochemistry in

aspen. The maximum rate of carboxylation of RuBP (Vcmax) and
light saturated rate of electron transport (Jmax) both varied with Pi
treatment and ECM fungal colonization (Table 2). Nonmycorrhizal
aspen exhibited the highest Vcmax at 100 μM Pi with a 50% reduc-
tion at 5 μM Pi (Table 2) and Vcmax declined as leaf P declined
(Figure 1). As colonization by with ECM fungi sustained plant leaf
P concentrations under Pi limitation, Vcmax was unaffected by Pi
treatment in ECM aspen (Figure 1). Similarly, NM aspen exhibited
the greatest Jmax at 100 μM Pi and the greatest inhibition at 5 μM
Pi (–59%), whereas Jmax was unaffected by Pi treatment in plants
colonized by L. bicolor or P. involutus (Table 2).

Growth parameters

Plant biomass declined with limiting foliar P concentrations in non-
mycorrhizal aspen, but this response was modulated by L. bicolor
and P. involutus, with an abrupt threshold of ~1.5mg P g–1

(Figure 2). Shoot growth of aspen did not differ among mycor-
rhizal treatments at 100 μM Pi, however reductions in shoot bio-
mass at 5 μM Pi in NM plants (–74%) were substantially greater
than reduction in plants colonized by L. bicolor (–48%) or P. invo-
lutus (–45%) (Table 3). Patterns of root allocation under Pi limi-
tation and among mycorrhizal treatments were more complex
than shoot responses. At 100 μM Pi, plants colonized by P. invo-
lutus allocated 55% less C to roots than NM plants and 46%
less than plants colonized by L. bicolor (Table 3). Root growth
was reduced by 91% in NM plants at 5 μM Pi, whereas reduc-
tions in plants colonized by L. bicolor and P. involutus were not
statistically different from their corresponding root masses at
100 μM Pi (Table 3).

Tissue C partitioning

Phosphate (Pi) availability and ECM symbionts significantly altered
C partitioning in young and mature leaves of aspen (Table 4).
Across ECM treatments, young leaves of plants grown with 5 μM
Pi exhibited lower leaf starch (–42%), sucrose (–41%), glucose
(–30%) and sucrose (–35%) concentrations and higher phenol
(+38%) and tannin (+38) concentrations (Table 4). However,
the extent of these reductions was differentially modulated by L.
bicolor and P. involutus, with partitioning in aspen colonized by L.
bicolor exhibiting patterns intermediate between NM aspen and
aspen colonized by P. involutus (Table 4). Phenolic glycoside and
tannin concentrations in young leaves were also higher in NM
aspen compared with mycorrhizal aspen grown at 100 μM Pi,
suggesting that the ECM associations increase resource availabil-
ity under this treatment as well as under Pi limitation. Mature leaf
nonstructural carbohydrate (NSC, starch + soluble sugars) parti-
tioning was similarly affected by Pi availability, and increases in
phenolic glycoside and tannin accumulation were also noted in
NM aspen under Pi limitation (Table 4).

Across all treatments, total NSC accumulation was negatively
correlated with the accumulation of total CBSCs (phenolic glyco-
sides + tannins) in young leaves (r = –0.624, P = 0.006), but not
in mature leaves (r = –0.169, P = 0.518). In young leaves, NSC
and total CBSC accretion were positively and negatively correlated,
respectively, with leaf P concentration (Figure 3). A similar relation-
ship was noted for NSCs and total CBSCs in mature leaves (r =
0.563, P = 0.019) (data not presented). Both ECM fungi modu-
lated these C partitioning relationships, maintaining higher NSCs
and lower total CBSCs in leaves primarily by maintaining leaf P con-
centrations under Pi limitation (Figure 3, Table 4).

In contrast to leaves, NSC and total CBSC concentrations in
roots of aspen were not correlated (r = 0.145, P = 0.566) and

Table 2. Leaf photosynthetic parameters of nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as
affected by Pi treatment. Means ± standard errors followed by the same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM A1 gs
2 E3 Ci

4 Vcmax
5 Jmax

6

5 μM NM 6.1 ± 0.8b 0.137 ± 0.052b 3.14 ± 0.41 189 ± 29 36.9 ± 2.4c 41.3 ± 5.1c
Lb 13.6 ± 1.4a 0.239 ± 0.052ab 3.07 ± 0.47 212 ± 28 53.5 ± 3.1b 67.0 ± 9.6b
Pax 15.8 ± 1.5a 0.227 ± 0.046ab 3.56 ± 0.51 242 ± 18 58.1 ± 4.6b 73.9 ± 10.4b

100 μM NM 13.5 ± 1.0a 0.223 ± 0.054ab 3.51 ± 0.53 224 ± 21 72.8 ± 2.3a 94.5 ± 4.8a
Lb 17.3 ± 1.3a 0.317 ± 0.049a 4.61 ± 0.27 235 ± 23 56.0 ± 4.6b 69.4 ± 8.9b
Pax 14.9 ± 1.7a 0.262 ± 0.046ab 4.23 ± 0.26 261 ± 33 63.8 ± 4.4ab 70.0 ± 8.1b

PPi
7 0.004 0.011 0.014 0.162 <0.001 <0.001

PECM <0.001 0.009 0.322 0.139 0.120 0.626
PPi × ECM 0.009 0.668 0.346 0.941 <0.001 <0.001
PDAT 0.110 <0.001 0.113 <0.001 0.004 <0.001

1Steady-state photosynthesis (μmol CO2 m
−2 s−1).

2Stomatal conductance (mol m−2 s−1).
3Tanspiration (mmol m−2 s−1).
4Leaf intracellular CO2 (μmol mol−1).
5Maximum carboxylation rate of rubisco (μmol CO2 m

−2 s−1).
6Maximum electron transport rate (μmol electrons m−2 s−1).
7Probability of the Pi, ECM, Pi × ECM and DAT treatment effects, respectively.
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there were no relationships with root P concentration (r = 0.001
and 0.044 for NSCs and CBSCs, respectively). However, C parti-
tioning in roots was significantly altered by the treatment factors.
In NM aspen, Pi limitation increased the accumulation of starch
(3.9-fold), sucrose (2.9-fold), glucose (1.5-fold) and fructose

(1.7-fold), whereas only sucrose increased in roots colonized L.
bicolor (+29%) and P. involutus (+49%) (Figure 4, Table 4). In
addition to these fundamental C shifts due to Pi limitation, there
were fundamental shifts in C partitioning in aspen roots resulting
from mycorrhizal colonization. Both L. bicolor and P. involutus
increased root starch (3.3- and 5.7-fold, respectfully) and sucrose
(2.7- and 2.8-fold), but decreased glucose and fructose concen-
trations, compared with NM roots (Figure 4, Table 4). In addition,
roots of aspen colonized by P. involutus exhibited greater concen-
trations of tannins when Pi was not limiting (Figure 4, Table 4).

Across all treatments, the accumulation of specific CBSCs in
young leaves was negatively correlated with leaf P, starch, glu-
cose, fructose and sucrose accumulation and, in general, all posi-
tively correlated among themselves and with phenolic
glycosides, but less so with tannins (Table 5; see Table S1 avail-
able as Supplementary Data at Tree Physiology Online). For
example, young leaf catechin concentration declined ~8-fold
across the range of leaf P concentrations (Figure 5), with leaves
of plants colonized by L. bicolor and P. involutus maintaining cat-
echin concentrations at or well below concentrations of NM
plants, especially those grown at 5 μM Pi (Figure 5). Other
CBSCs exhibited similar patterns in young leaves (Table 5; see
Table S1 available as Supplementary Data at Tree Physiology
Online). These patterns were also evident in mature leaves,
although correlations between CBSCs and NSCs were minimal
(Table 5; see Table S1 available as Supplementary Data at Tree

Figure 2. Whole plant biomass in relation to leaf P concentrations for
nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L.
bicolor (Lb) and P. involutus (Pax).

Figure 1. Steady-state photosynthetic CO2 uptake (A) (top) and the
maximum rate of RuBP carboxylation (Vcmax) (bottom) in relation to leaf
P concentrations for nonmycorrhizal (NM) aspen seedlings and seed-
lings colonized by L. bicolor (Lb) and P. involutus (Pax).
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Physiology Online). In roots, in contrast, specific CBSCs exhib-
ited positive correlations with glucose and fructose concentra-
tion, but not with starch, sucrose, phenolic glycosides or tannins
(Table 5; see Table S1 available as Supplementary Data at Tree
Physiology Online).

ANOVA-simultaneous component analysis (ASCA) was
applied to the combined NSC and CBSC data. ASCA decom-
poses this data matrix into effect matrices (e.g., ECM and Pi) and
residual matrices to evaluate variation among treatment effects
within the multivariate data (Zwanenburg et al. 2011). Similar to

Table 3. Biomass of nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as affected by Pi treatment.
Means ± standard errors followed by the same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM Shoot (gdw) Root (gdw) Root:shoot Total plant (gdw)

5 μM NM 1.76 ± 0.28c 4.0 ± 0.91d 2.75 ± 0.91b 5.76 ± 0.71c
Lb 3.82 ± 0.27b 25.0 ± 2.8bc 6.51 ± 0.47a 28.8 ± 2.9b
Pax 4.10 ± 0.4b 18.0 ± 0.6c 4.52 ± 0.48ab 22.1 ± 0.7b

100 μM NM 6.88 ± 0.27a 45.1 ± 4.4a 6.71 ± 0.95a 52.0 ± 4.2a
Lb 7.34 ± 0.9a 37.1 ± 5.3ab 5.58 ± 0.96ab 46.4 ± 5.4a
Pax 7.50 ± 0.8a 21.4 ± 4.3c 2.99 ± 0.68b 28.9 ± 4.2b

PPi
1 <0.001 <0.001 0.450 <0.001

PECM <0.001 <0.001 <0.029 <0.001
PPi × ECM <0.001 <0.001 0.003 <0.001

1Probability of the Pi, ECM and Pi × ECM treatment effects, respectively.

Table 4. Partitioning of C among nonstructural carbohydrates, total phenolic glycosides, and tannins (mg gfw−1) in young leaves, mature leaves and
fine roots of nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as affected by Pi treatment. Means ±
standard errors followed by the same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM Starch Glucose Fructose Sucrose Phenols Tannins

Young leaf
5 μM NM 17.9 ± 0.7d 4.78 ± 0.36d 4.27 ± 0.32c 10.4 ± 0.1d 23.00 ± 1.43a 10.71 ± 0.58a

Lb 26.0 ± 2.5c 5.95 ± 0.15c 5.08 ± 0.28c 10.6 ± 0.2d 11.06 ± 1.05bc 6.81 ± 0.52ab
Pax 22.2 ± 1.9c 7.12 ± 0.84bc 6.41 ± 0.16b 13.8 ± 0.1c 8.75 ± 1.37 cd 7.33 ± 1.42ab

100 μM NM 33.9 ± 0.3b 7.53 ± 0.28b 7.60 ± 0.17b 17.5 ± 0.2b 16.06 ± 1.88ab 9.75 ± 0.94a
Lb 36.7 ± 2.1ab 7.30 ± 0.38b 7.42 ± 0.15b 17.3 ± 0.1b 8.95 ± 1.47 cd 7.03 ± 2.04ab
Pax 41.6 ± 1.3a 10.13 ± 0.23a 9.06 ± 0.02a 24.1 ± 0.1a 6.26 ± 0.57d 4.30 ± 0.75b

PPi
1 <0.001 <0.001 <0.001 <0.001 0.007 0.136

PECM <0.001 <0.001 <0.001 <0.001 <0.001 0.011
PPi × ECM 0.553 0.164 0.013 0.021 0.842 0.401

Mature leaf
5 μM NM 18.7 ± 0.3c 4.06 ± 0.15d 4.23 ± 0.15d 11.2 ± 0.6d 13.45 ± 5.14a 10.56 ± 3.34a

Lb 19.7 ± 0.7c 5.02 ± 0.45d 4.92 ± 0.45 cd 11.9 ± 0.6d 7.09 ± 1.23b 7.00 ± 3.04ab
Pax 22.8 ± 0.4c 5.93 ± 0.12c 6.19 ± 0.12bc 14.0 ± 0.1c 6.37 ± 0.88b 6.41 ± 2.41b

100 μM NM 36.8 ± 1.6b 7.72 ± 0.14b 8.71 ± 0.14ab 16.8 ± 0.8b 7.31 ± 0.24b 6.68 ± 0.15ab
Lb 36.3 ± 0.5b 7.78 ± 0.23b 7.71 ± 0.23ab 18.1 ± 1.1ab 6.69 ± 0.29b 7.42 ± 0.20ab
Pax 48.4 ± 2.5a 9.93 ± 0.13a 8.44 ± 0.13a 20.9 ± 0.2a 7.12 ± 0.98b 6.88 ± 2.60b

PPi
1 <0.001 <0.001 <0.001 <0.001 0.013 0.313

PECM <0.001 <0.001 0.010 <0.001 0.123 0.007
PPi × ECM 0.491 0.158 0.060 0.071 0.013 0.211

Fine root
5 μM NM 7.34 ± 0.47b 6.05 ± 0.22a 6.33 ± 0.10a 7.34 ± 0.21c 2.92 ± 0.33 3.28 ± 0.52ab

Lb 5.54 ± 0.31c 1.92 ± 0.01c 1.97 ± 0.03c 9.10 ± 0.39b 2.61 ± 0.52 3.01 ± 0.41ab
Pax 9.54 ± 0.53a 1.19 ± 0.15d 1.14 ± 0.17d 10.64 ± 0.12a 2.27 ± 0.34 2.26 ± 0.27b

100 μM NM 1.86 ± 0.09d 3.99 ± 0.15b 3.80 ± 0.06b 2.57 ± 0.09d 2.56 ± 0.65 2.20 ± 0.54b
Lb 6.13 ± 0.08 c 1.73 ± 0.18c 2.30 ± 0.15c 7.05 ± 0.09c 2.86 ± 0.61 2.46 ± 0.51b
Pax 9.97 ± 0.12a 1.58 ± 0.08 cd 1.34 ± 0.01d 7.10 ± 0.04c 4.21 ± 0.31 6.42 ± 0.70a

PPi
1 <0.001 <0.001 <0.001 <0.001 0.242 0.353

PECM <0.001 <0.001 <0.010 <0.001 0.635 0.080
PPi × ECM <0.001 <0.001 <0.001 <0.001 0.112 0.002

1Probability of the Pi, ECM and Pi × ECM treatment effects, respectively.
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PCA, ASCA provides PCs and loading scores that reflect data dis-
persion, but these take into account structured treatments.
In young leaves, distinct differences in the fate of C in aspen

seedlings were evident among ECM treatments. Nonmycorrhizal
aspen and aspen colonized by L. bicolor or P. involutus fell into
three distinct clusters (Figure 6), with 90% of that variation

between mycorrhizal treatments accounted for in PC1 that
reflected trade-offs between NSCs and CBSCs primarily separat-
ing NM from the two ECM fungal treatments (Figure 6). A further
separation in C partitioning was evident in PC2, separating P.
involutus from NM and L. bicolor aspen based on soluble sugars
and kaempferol. Seedlings colonized by P. involutus accumu-
lated between 25% and 41% more sugars than other ECM treat-
ments, whereas kaempferol concentrations in young leaves from
NM and L. bicolor aspen were twofold greater than those from P.
involutus seedlings (Table 4). Separation of mature leaves was
also evident via ASCA and similar to that of young leaves, with
NSCs and CBSCs separating NM and the two ECM treatments on
PC1 and NSCs and kaempferol on PC2 (data not presented).

The three ECM treatments were also clearly separated based on
root chemistry (Figure 7). In this case, the accumulation of starch
and sucrose and reduced monosaccharides, tremulacin and myri-
cetin separated roots colonized by L. bicolor or P. involutus from
NM roots along PC1, while starch and phenolic glycosides, specif-
ically catechin and kaempferol, contributed to separation of the
three mycorrhizal treatments along PC2 (Figure 7).

Discussion

Soil nutrient limitation, especially N and P, limits the productivity
of many natural and planted forests (Kirkman et al. 2001,
Wardle et al. 2004, St Clair et al. 2008, Hou et al. 2012). Under
such conditions, trees depend on integrated physiological
adjustments as well as symbiotic mycorrhizal fungi to enhance
nutrient acquisition and increase nutrient-use efficiency, and
together these will influence C capture, allocation and partition-
ing in trees and the fate of C in forested ecosystems.

Phosphate limitation and ECM alter C fixation and allocation
in aspen

Phosphorus limitation often reduces the rate of photosynthesis
and plant productivity (Wissuwa et al. 2005, Boyce et al. 2006,
Thomas et al. 2006). Under Pi limitation, photosynthetic CO2

uptake was reduced in NM aspen, but remained unaffected in
plants colonized by either symbiont (Table 2). This maintenance
of photosynthesis at low Pi was related to the maintenance of leaf
P concentrations above a limiting threshold of ~1.5 mg g–1

(Figure 1). Reductions in A were accompanied by parallel reduc-
tions in Jmax and Vcmax (Table 2), indicating that low leaf P concen-
tration in NM aspen constrained the biochemistry of C fixation
(Loustau et al. 1999, Bown et al. 2007). In contrast, enhanced Pi
acquisition by L. bicolor or P. involutus at low Pi sustained the reac-
tions of CO2 fixation at the whole plant and biochemical levels.

Although ECM colonization moderated reductions in plant
growth under Pi limitation, the two ECM symbionts differentially
influenced host plant growth, C allocation and growth-tissue P
concentration relationships (Table 3, Figure 3). The C cost of
sustaining P. involutus in symbiosis was significant, with aspen

Figure 3. The accumulation of total nonstructural carbohydrates (top)
and total phenols (bottom) in relation to leaf P concentrations in young
leaves for nonmycorrhizal (NM) aspen seedlings and seedlings colo-
nized by L. bicolor (Lb) and P. involutus (Pax).
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total plant mass being 44% less than NM plants grown at
100 μM Pi, primarily reflecting significantly less C allocation to
root biomass (Table 3). Biomass of aspen colonized by L. bicolor

was intermediate between NM aspen and aspen colonized by P.
involutus at 100 μM Pi. Although there was evidence of a signifi-
cant cost to aspen of maintaining the ECM symbioses,

Figure 4. Partitioning of C between starch, sugars, total phenolic glycosides and total tannins in fine roots of nonmycorrhizal (NM) aspen seedlings and
seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) grown at 5 μM (left) and 100 μM (right) Pi.

Table 5. Partitioning of C among phenolic glycosides and flavonoids (mg gfw−1) in young leaves, mature leaves and fine roots of nonmycorrhizal (NM)
aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as affected by Pi treatment. Means ± standard errors followed by the
same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM Salicin Catechin Kaempferol Salicortin Procyanidin Tremulacin Myrcitin

Young leaf
5 μM NM 2.84 ± 0.15a 4.35 ± 0.77a 0.251 ± 0.098ab 5.46 ± 2.15a 7.01 ± 1.00a 2.09 ± 0.14a 2.06 ± 0.03a

Lb 2.47 ± 0.68a 2.08 ± 0.39ab 0.249 ± 0.046a 3.35 ± 0.17a 2.32 ± 0.15bc 0.78 ± 0.01abc 0.44 ± 0.05bc
Pax 2.04 ± 0.20a 2.44 ± 0.15ab 0.186 ± 0.043ab 3.35 ± 1.23a 2.50 ± 0.35bc 0.83 ± 0.31abc 0.51 ± 0.08abc

100 μM NM 3.11 ± 0.64a 2.42 ± 0.30ab 0.297 ± 0.066a 5.22 ± 1.15a 4.62 ± 1.30ab 1.35 ± 0.37ab 1.54 ± 0.64ab
Lb 1.47 ± 0.26ab 1.44 ± 0.44bc 0.204 ± 0.029ab 2.02 ± 0.42a 2.04 ± 0.29bc 0.54 ± 0.07bc 0.26 ± 0.03c
Pax 0.81 ± 0.16b 0.82 ± 0.14c 0.077 ± 0.016b 1.43 ± 0.31a 1.30 ± 0.25c 0.32 ± 0.06c 0.16 ± 0.02c

PPi
1 0.007 <0.001 0.183 0.174 0.016 0.012 0.006

PECM 0.001 <0.001 0.016 0.073 <0.001 <0.001 <0.001
PPi × ECM 0.046 0.203 0.114 0.369 0.425 0.662 0.553

Mature leaf
5 μM NM 1.41 ± 0.15a 2.79 ± 0.23a 0.080 ± 0.003ab 2.36 ± 0.20a 2.07 ± 0.08a 0.466 ± 0.052a 0.436 ± 0.078a

Lb 1.18 ± 0.13a 1.45 ± 0.09a 0.078 ± 0.007ab 1.52 ± 0.11b 1.49 ± 0.23ab 0.322 ± 0.036ab 0.290 ± 0.029a
Pax 1.06 ± 0.14a 3.17 ± 0.86a 0.066 ± 0.018ab 1.76 ± 0.08ab 1.30 ± 0.12b 0.281 ± 0.009b 0.250 ± 0.017a

100 μM NM 1.47 ± 0.20a 1.94 ± 0.43a 0.122 ± 0.001a 2.26 ± 0.08ab 2.02 ± 0.10ab 0.414 ± 0.028ab 0.299 ± 0.003a
Lb 1.10 ± 0.03a 2.12 ± 0.40a 0.098 ± 0.018ab 1.90 ± 0.16ab 1.41 ± 0.10ab 0.342 ± 0.031ab 0.281 ± 0.027a
Pax 1.15 ± 0.12a 1.97 ± 0.47a 0.051 ± 0.008b 2.09 ± 0.24ab 1.41 ± 0.14ab 0.336 ± 0.025ab 0.268 ± 0.026a

PPi
1 0.787 0.346 0.339 0.147 0.958 0.659 0.293

PECM 0.078 0.305 0.008 0.017 0.003 0.006 0.053
PPi × ECM 0.800 0.128 0.169 0.389 0.814 0.314 0.258

Fine root
5 μM NM 0.370 ± 0.089 1.31 ± 0.21 0.300 ± 0.046 0.607 ± 0.122 0.880 ± 0.132a 0.107 ± 0.015a 1.28 ± 0.27a

Lb 0.130 ± 0.046 0.80 ± 0.10 0.157 ± 0.020 0.343 ± 0.039 0.363 ± 0.030b 0.037 ± 0.007b 0.17 ± 0.023c
Pax 0.103 ± 0.050 0.96 ± 0.25 0.210 ± 0.055 0.320 ± 0.052 0.347 ± 0.024b 0.027 ± 0.003b 0.23 ± 0.01bc

100 μM NM 0.143 ± 0.020 0.87 ± 0.07 0.180 ± 0.017 0.337 ± 0.020 0.223 ± 0.026b 0.040 ± 0.005b 0.56 ± 0.24ab
Lb 0.163 ± 0.012 0.84 ± 0.19 0.197 ± 0.044 0.353 ± 0.047 0.387 ± 0.038b 0.033 ± 0.007b 0.28 ± 0.04bc
Pax 0.097 ± 0.047 1.21 ± 0.04 0.243 ± 0.034 0.350 ± 0.057 0.410 ± 0.098b 0.040 ± 0.010b 0.29 ± 0.04bc

PPi
1 0.604 0.877 0.809 0.233 0.005 0.125 0.7052

PECM 0.053 0.237 0.263 0.115 0.417 0.004 <0.001
PPi × ECM 0.249 0.192 0.145 0.085 <0.001 0.009 0.009

1Probability of the Pi, ECM and Pi × ECM treatment effects, respectively.
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photosynthesis was not stimulated (Table 2), although the high-
est individual rates were recorded in mycorrhizal plants
(Figure 1). Ectomycorrhizal fungi may or may not stimulate CO2

assimilation when growth is limited die to sink demand (e.g.,
Conjeaud et al. 1996, Wright et al. 2000, Heinonsalo et al.
2010), but variation among ECM and differences in experimen-
tal systems makes generalization difficult.
These changes in allocation belowground may reflect C alloca-

tion shifts from roots to the fungal partners. Although we did not
assess hyphal biomass in this study, mycorrhizal colonization
alters C allocation through the construction of hyphae, fungal
respiration, and other fungal metabolic demands (Conjeaud
et al. 1996, Choi et al. 2008, Makita et al. 2012). These
changes may greatly increase the nutrient capture capacity of
the plant and lead to reduced need for root surface area under P
replete conditions, yet sustained Pi acquisition under Pi limitation
(Lopéz-Bucio et al. 2002).
These differences between L. bicolor and P. involutus are sup-

ported by other reports of ECM-species variation in P acquisition
and C allocation/partitioning (Cumming 1996, van Tichelen and
Colpaert 2000, Heinonsalo et al. 2010). For example, significant
variation in C allocation occurs in ectomycorrhizal Pinus sylvestris,
with P. involutus allocating less C to roots than L. bicolor, which
maintained a more even balance between root and shoot
(Fransson et al. 2007), patterns noted here for aspen. Similarly, P.
involutus exerted a significant C cost on Betula pedula (Wright
et al. 2000), aligning with patterns noted for aspen in the current

experiment. Thus, the interplay between fungal C-use efficiency,
the acquisition of nutrient resources such as P, and plant acclima-
tion to symbiont C demand and P exchange will ultimately influ-
ence the growth and C allocation outcomes in the ECM symbiosis.

Phosphate limitation and ECM change tissue chemistry and
C partitioning in aspen

Plant C partitioning changes under nutrient stress (Kleiner et al.
1998, Hale et al. 2005, Yin et al. 2009, Kleczewski et al. 2012)

Figure 5. The accumulation of catechin in young leaves in relation to leaf
P concentrations for nonmycorrhizal (NM) aspen seedlings and seed-
lings colonized by L. bicolor (Lb) and P. involutus (Pax).

Figure 6. ASCA separation of nonmycorrhizal (NM) aspen seedlings and
seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) based on
variation among primary and secondary carbon metabolites in young
leaves (top) and the relative influences of each on the principal compo-
nents (bottom). Bold/larger symbols in upper figure are the multivariate
mean responses for each mycorrhizal treatment. Abbreviations at bottom:
Sta = starch, Glu = glucose, Fru = fructose, Suc = sucrose, Phe = pheno-
lics, Tan = tannins, Sal = salicin, Cat = catechin, Kae = kaempferol, Sco =
salicortin, Pro = procyanidin B2, Tre = tremulacin, Myr =myricetin.
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and such changes may be further modified during mycorrhizal
symbiosis (Baum et al. 2009, Sanchez-Zabala et al. 2013). In
the current experiment, NSC concentrations declined in young
and mature leaves of aspen under Pi limitation (Figure 3). These
changes were mitigated in plants colonized by P. involutus while
plants colonized by L. bicolor exhibited carbohydrate profiles
more similar to NM plants. In roots, NSC patterns were more
complex, as starch, sucrose and monosaccharides increased in
NM aspen under Pi limitation, whereas only sucrose increased in
roots colonized by L. bicolor or P. involutus (Figure 4). Elevated
monosaccharide concentrations in NM roots at low Pi may reflect
part of the PSR signaling system designed to initiate

P-deprivation acclimation pathways (Zhang et al. 2014).
Patterns of elevated sucrose and generally lower monosacchar-
ide concentrations in ECM roots may reflect the preferential use
of glucose and fructose by the symbionts and the sink stimula-
tion of sucrose transport to ECM roots (Nehls and Hampp 2000,
Wright et al. 2000, Nehls 2008).

In the current study, CBSC concentrations were typically higher
in NM aspen, and the CBSC profiles of young leaves, mature
leaves and roots delineated ECM species-specific influences on
aspen metabolism. The accumulation of CBSCs in tissues may
reflect partitioning of C to storage under P limitation or physio-
logical acclimation pathways associated with free radical produc-
tion under nutrient limitation (Hale et al. 2005, Baum et al. 2009,
Abdel-lateif et al. 2016) as well as changes in host physiology in
support of colonization (Weiss et al. 1997, Jung and Tamai 2012,
Sanchez-Zabala et al. 2013). In aspen leaves, the accumulation
of catechin and kaempferol were major responses of aspen to Pi-
ECM treatments, with these and other CBSCs accumulating under
Pi limitation (Figure 6, Table 4). Paxillus involutuswas more effect-
ive at mediating these perturbations to C partitioning in aspen
than L. bicolor, which may reflect the influence of this symbiont in
constraining plant growth compared with NM and L. bicolor aspen.
In another study on P. tremuloides, foliar tannins increased up to
5-fold under N limitation and relative growth rates of plants were
negatively correlated with C partitioned to foliar tannins and phen-
olic glycosides (Donaldson et al. 2006). In Eucalyptus, low Pi
affected metabolites of the phenylpropanoid pathway, with quinic
acid and catechin increasing in leaves as Pi declined from 100 to
5 μM (Warren 2011). Thus, these shifts of C from growth and
NSC pools to CBSCs under Pi limitation in aspen reflect fundamen-
tal shifts in metabolism resulting from nutrient stress.

In aspen roots, there were also distinct shifts in C partitioning
induced by Pi limitation and by colonization by ECM. Notable were
lower concentrations of glucose and sucrose under all Pi condi-
tions and shifts to sucrose under Pi limitation in ECM roots,
whereas large increases in all NSCs and several CBSCs were
induced by low Pi in NM aspen roots (Figure 4). These increases
in sugars, especially sucrose, may reflect integrated PSR systems
response to P limitation (Lopéz-Arredondo et al. 2014). In roots
colonized by P. involutus, the large reduction in tannins, which are
present in hyphae of this species (Gafur et al. 2004, Jacob et al.
2004), grown at low Pi may reflect diversion of C away from tan-
nins to fungal hyphal growth or other PSR systems, and not a
response of the aspen host per se. This is supported by the lack
of correlations between phenols or tannins and any of the specific
CBSC in roots (see Table S1 available as Supplementary Data at
Tree Physiology Online).

Variation between ECM for Pi acquisition, C relations and
stress responses in aspen

Ectomycorrhizal fungus species vary greatly in their influences
on tree root physiology and response to P availability in the

Figure 7. ASCA separation of nonmycorrhizal (NM) aspen seedlings and
seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) based on
variation among primary and secondary carbon metabolites in fine roots
(top) and the relative influences of each on the principal components
(bottom). Bold/larger symbols in upper figure are the multivariate mean
responses for each mycorrhizal treatment. Abbreviations as in Figure 6.
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environment (Plassard and Dell 2010, Cumming et al. 2015).
There are differences among fungi in their capacity to transport
Pi (Cumming 1996, Van Tichelin and Colpaert 2000), produce
mineral-dissolving exudates (Casarin et al. 2004, Johansson
et al. 2009) and exude enzymes to alter Po-Pi equilibria in the
rhizosphere (Ali et al. 2009, Alvarez et al. 2012). In the current
study, L. bicolor and P. involutus were used as model ECM spe-
cies. Laccaria bicolor is a cosmopolitan species frequently asso-
ciating with Populus in forest ecosystems (Martin et al. 1999,
Ostry et al. 2011); P. involutus is equally far-ranging (Lamaison
and Polese 2008), and both have been used extensively in
mycorrhizal research. Our previous worked indicated that these
ECM fungi differ in their P starvation responses (Cumming
1996), thus we selected them for use here. The modification of
P and C relations of aspen would be expected to vary greatly
based on fungal symbiont community, and these two fungi may
encompass only a portion of the potential range of aspen C meta-
bolism modification in response to P limitation. Further, although
roots of aspen will be, by-and-large, colonized by ECM fungi in
nature, we compared NM control aspen responses to aspen colo-
nized by these symbionts to elucidate the capacity of aspen to
respond to resource limitation and the fundamental shifts in C and
P relations brought about by the two ECM symbionts.
Aspen colonized by L. bicolor and P. involutus exhibited large

differences in C allocation between shoots and roots and,
although the responses to Pi limitation were similar, allocation to
roots differed between the symbionts. These fundamental differ-
ences may reflect differences in C demand by each partner or
complex interactions between aspen roots and the two sym-
bionts. Such differences in C allocation modulated by different
ECM fungi are often noted, especially for root:shoot ratios (Karst
et al. 2008), and may reflect mycorrhizal species-specific C con-
struction and maintenance costs (Colpaert et al. 1996, Nehls
and Hampp 2000, Hobbie 2006).
The two ECM fungal symbionts also differed in their influence

on aspen C partitioning. Such differences in NSC partitioning
may reflect differential demand and use of carbohydrates in
roots, whereas CBSC responses reflect differential alleviation of
Pi limitation stresses in aspen by L. bicolor and P. involutus.
Taken together with patterns of growth, photosynthesis and P
concentrations in tissues, it is evident that aspen colonized by L.
bicolor responds to Pi limitation in an intermediate manner
between NM plants and those colonized by P. involutus, and
such differences may reflect different ecological niches/roles of
these two fungi or unique host–fungal identity interactions.

Conclusions

Aspen responded to Pi limitation with reductions in photosyn-
thesis and growth, reductions in carbohydrates in leaves and
increases in roots, and increases in secondary metabolite pro-
duction that reflected altered C allocation and partitioning. These

changes were significantly less or not evident in aspen colonized
with L. bicolor and P. involutus due to the maintenance of Pi
acquisition by ECM under Pi limitation. However, aspen asso-
ciated with these two symbionts exhibited fundamental differ-
ences in C allocation and partitioning regardless of growth Pi
environment. Aspen colonized by P. involutus exhibited less per-
turbation to growth and tissue NSC and CBSC profiles than
plants colonized by L. bicolor. The alleviation of these stresses
was not related to P acquisition per se, but to slower growth of
plants with P. involutus reflecting fundamental changes in C–P
relations in aspen induced by this ECM fungus. The alleviation of
stress responses by L. bicolor and P. involutus indicates that
ECM associations play critical roles in maintaining nutrient
homeostasis in aspen. However, differences in C allocation and
partitioning among growth and NSC and CBSC pools indicate
that ECM symbionts do not uniformly affect host Pi stress
responses, and the diversity of the aspen root microbiome and
ECM species-specific changes in C metabolism are important for
determining the quantity and quality of C cycling in forested
ecosystems.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.
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Double Catalytic Kinetic Resolution (DoCKR) of Acyclic anti-1,3-
Diols: The Additive Horeau Amplification
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Abstract: The concept of a synergistic double catalytic kinetic
resolution (DoCKR) as described in this article was success-
fully applied to racemic acyclic anti-1,3-diols, a common motif
in natural products. This process takes advantage of an additive
Horeau amplification involving two successive enantioselective
organocatalytic acylation reactions, and leads to diesters and
recovered diols with high enantiopurities. It was first developed
with C2-symmetrical diols and then further extended to non-C2-
symmetrical anti diols to prepare useful chiral building blocks.
The protocol is highly practical as it only requires 1 mol% of
a commercially available organocatalyst and leads to easily
separable products. This procedure was applied to the shortest
reported total synthesis of (++)-cryptocaryalactone, a natural
product with anti-germinative activity.

How can one improve the enantioselectivity outcome of
a reaction on a wide scope? This question arises during the
development of any given catalytic enantioselective trans-
formation. The indispensable optimization stage improves the
enantiomeric ratio (e.r.) of a reaction through the variations
of the chemical and/or physical parameters of the trans-
formation. Usually, e.r. enhancement is rapidly accompanied
by a narrowing of the reaction scope. Most of the time, the
rational design of the catalyst structure is the only option to
improve reactivity and selectivity. This fine-tuning is none-
theless time consuming because of the difficulty of consider-
ing all the parameters involved in the enantiodetermining
transition state, even though it can result in negligible
improvements.

In contrast, the Horeau principle[1] is responsible for the
improvement of enantioselectivity in some reactions which
rely on polyfunctionalized substrates. By applying at least two
identical successive enantioselective transformations, the
second reaction can act as an additional stereocontrolling
filter to improve the enantiopurity of the final product. Since
the pioneering works of Horeau in the 70’s, such amplification
of enantioselectivity was observed in several catalytic trans-

formations.[2, 3,5e] In enantioselective catalysis, the Horeau
amplification can be divided into two main categories:
1) In the subtractive Horeau amplification, the minor

enantiomer obtained after the first transformation is the
substrate of the second transformation. The polyfunc-
tionalized substrates involved in this first category are
either prochiral[3,4] or meso compounds.[3, 5]

2) In the additive Horeau amplification, the major enantio-
mer formed after the first reaction is rapidly consumed in
the second enantioselective (or diastereoselective) trans-
formation.[6] However, in contrast to the subtractive
processes, examples of additive amplifications involving
starting materials with pre-existing stereocenters are
extremely scarce (Scheme 1).[7]

Although observed many times, the Horeau amplification
is still considered an anecdotal phenomenon. By considering
the synthetic potential supported by the Horeau principle in
enantioselective catalysis, we supposed that this concept
could be used as a synthetic strategy. Indeed, it could
constitute an alternative approach to laborious catalyst fine-
tuning while keeping high enantioselectivities and broad
reaction scopes. In practice, the syntheses designed on this
principle would require minimal optimization and remain
effective with moderately selective catalysts. To validate this
hypothesis we identified the double catalytic kinetic resolu-
tion (DoCKR) of acyclic anti-1,3-diols as a relevant trans-
formation, complementary to our previous study.[5d] Indeed,
this widespread stereodefined scaffold is, to a large extent,
responsible for the biological activity of numerous poly-
ketides such as dictyostatin, ripostatin B, fostriecin, and
peluroside A.[8] Consequently, the control of relative and

Scheme 1. Additive Horeau amplification applied to substrates bearing
pre-existing stereocenters.
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absolute configurations is particularly pivotal.[9] Generally,
these motifs are obtained thanks to the preparation of an
enantioenriched b-hydroxyketone followed by its anti-diaste-
reoselective reduction[10] (Scheme 2a). However, few meth-

ods are catalytic and enantioselective.[6f, g,11] In contrast, an
approach in which the diastereoselectivity is set first and then
the enantiocontrol is secured, could offer new opportunities.
We envisioned that this second step could be provided by an
enantioselective acylation of the corresponding anti diols
(Scheme 2b). However, such organocatalytic KR of acyclic
anti-1,3-diols[12] remains unprecedented because it faces
massive challenges: 1) the high flexibility of the substrates
and the lack of catalysts able to induce an efficient stereo-
control; 2) the potential formation of multiple side products
and undesired isomers.

We assumed that such a challenging transformation could
be achieved through an additive Horeau amplification. It
could result from a DoCKR process in which an enantiose-
lective esterification would be followed by a second acyl
transfer to the major enantiomer (Scheme 2c). The produced
diester and the recovered diol of opposite absolute config-
urations should both be obtained with a high level of
enantioselectivity. The monoester fraction would constitute
the sacrificial part of the amplifying process.

We started our study with theC2-symmetrical substrate 1a
(Scheme 3), synthesized in only two steps (d.r. > 20:1). This
compound displays two easy post-transformable C@C double

bonds, thus providing rigidity and possible interactions with
the catalyst. Based on our previous work, and deliberately
avoiding any catalyst screening, we selected the commercially
available HyperBTM[13] as a promising chiral catalyst. A brief
optimization of the reaction conditions (see the Supporting
Information) led us to identify a combination of propionic
anhydride with 1 mol% of HyperBTM as extremely efficient
in terms of yield and selectivity. Indeed, under these standard
reaction conditions, (R,R)-1a was recovered in 41% yield
(out of a maximum of 50%) and 99.6:0.4 e.r. while the diester
(S,S)-2a was produced in 41% yield (out of a maximum of
50%) and 98.0:2.0 e.r. As expected, the small monoester
fraction (R,R)-3a (6%) was obtained with a poor selectivity
serving in the process as the sacrificial part. Interestingly, the
small initial amount of syn diol contaminating the racemic
anti diol was also captured as its monoester. It is noteworthy
that each fraction is easily separable by simple chromatog-
raphy thus making this process facile.

To confirm the beneficial effect of the double enantiose-
lective acylation, the KR of racemic 3a was conducted under
similar reaction conditions but with reduced amounts of
anhydride and base (Scheme 4). As expected, the single
enantioselective acyl transfer resulted in lower levels of
selectivity and an s value[14] of 17. This value was increased to
28 when the DoCKR process was performed on 1a (Table 1,
entry 1). The additive Horeau amplification transforms
a reaction displaying a moderate intrinsic selectivity into
a highly enantioselective synthetic methodology.

The scope of the DoCKR was then examined with
racemic C2-symmetrical 1,3-diols bearing p-systems in either

Scheme 2. a) Classical approach to prepare enantioenriched acyclic
anti-1,3-diols. b) DoCKR for acyclic racemic anti-1,3-diols. c) Mechanis-
tic scenario of the DoCKR.

Scheme 3. Validation of the hypothesis and optimized reaction condi-
tions for the DoCKR. DIPEA=diisopropylethylamine.

Scheme 4. KR of the racemic monoester 3a.
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allylic or benzylic positions (Table 1). Excellent results were
obtained for both allylic diols (1a–d) and benzylic diols (1e–
h) series. Indeed, diols were recovered in 40–46% yield in
enantiopure form in many cases, and correspond to excellent
s values between 15 and 73. Similar results were obtained for
the diesters with yields greater than 40% and e.r. values of
greater than 97:3. Because of the symmetry of the substrates,
it does not matter which hydroxy group undergoes the first
acylation. It seems reasonable to propose that the two
successive acylation reactions on one enantiomer of the
anti-1,3-diol occur approximately at the same kinetic rate. The
efficiency and the scalability of this new method were
demonstrated by running the reaction with racemic 1a on
a 3.5 gram scale. Optically active (R,R)-1a (1.40 g) and (S,S)-
2a (2.03 g) were obtained with comparable excellent yields
and selectivities using a reduced amount of catalyst
(0.5 mol%; entry 1). To discover the limits of the reaction,
we examined the DoCKR of a diol without a p-system nearby
the reactive centers (entry 9). Racemic yashabushidiol was
tested under the standard reaction conditions, thus giving
a monoester and the corresponding diester with poor
enantioselectivity, but the recovered diol in 21% yield with
a very high e.r. value (> 99:1).

We expected that a significant step forward would be
accomplished in terms of synthetic potential if this method-

ology was applicable to unsymmetrical anti-1,3-diols. In such
cases, the rates of the two successive acylation reactions might
be significantly different, thus leading to a more complex
kinetic sorting. Different series of substrates were prepared
and evaluated in acylative DoCKR: diversely substituted
anti-hepta-1,6-dien-3,5-diols (1 i–k), anti-1,3-diarylpropan-
1,3-diols (1 l–n), and anti-1,5-diaryl-pent-1-en-3,5-diols (1o–
s ; Table 2). With these three series, s values between 18 and 79
were obtained. High levels of enantioselectivity were reached
with comparable yields for both the recovered diols and the
diesters. The transformation tolerates heterocycles such as
furan or thiophene derivatives (entries 5, 6, and 11), as well as
trisubstituted double bonds (entries 2, 3, 9, and 10). Finally
the DoCKR of the anti-1,3-diol 1t, presenting one benzylic
alcohol and one secondary hydroxy group without a proximal
p-system (e.g in either the allylic or benzylic position), was
examined. The enantioselectivity of the recovered diol was
not affected by this structural change and remained at a high
level (99.5:0.5 e.r.), whereas the e.r. value of its diester was

Table 1: DoCKR of C2-symmetrical 1,3-diols.[a]

Entry rac-1 Yield [%][b] (e.r.)[c] s[d]

Diol[e] Diester[e]

1
40[f ]

(98.4:1.6)
41[f ]

(99.3:0.7)
28

2
40
(97.6:2.4)

40
(98.9:1.1)

16

3
43
(>99.9:0.1)

44
(99.6:0.4)

51

4
40
(97.1:2.9)

44
(98.3:1.7)

15

5
46
(98.7:1.3)

46
(98.1:1.9)

46

6
44
(>99.9:0.1)

40
(99.9:0.1)

60

7
43
(>99.9:0.1)

42
(97.4:2.6)

51

8
45
(>99.9:0.1)

45
(98.6:1.4)

73

9[g]
21
(99.5:0.5)

19
(61.2:38.8)

7

[a] Typical experiment performed on 0.5 mmol of the racemic diol under
the standard reaction conditions. [b] Yield of isolated product.
[c] Determined by HPLC analysis using a stationary chiral phase; for
details see the Supporting Information. [d] Based on recovered diol.
[e] d.r. >20:1 in all cases. [f ] Run on 3.5 g of racemic diol with 0.5 mol%
of catalyst. [g] Monoester was also produced in 50% yield and 70.6:29.4
e.r. .

Table 2: DoCKR of non-C2-symmetrical 1,3-diols.[a]

Entry rac-1 Yield [%][b] (e.r.)[c] s[d]

Diol[e] Diester[e]

1 38 (99.7:0.3) 43 (95.8:4.2) 22

2 38 (99.7:0.3) 43 (98.0:2.0) 22

3 34 (>99.9:0.1) 33 (88.5:11.5) 21

4 41 (97.7:2.3) 47 (96.5:3.5) 18

5 43 (99.1:0.9) 47 (98.5:1.5) 30

6 49 (97.4:2.6) 38 (98.2:1.8) 79

7 39 (99.9:0.1) 40 (98.2:1.8) 29

8 39 (99.7:0.3) 43 (96.2:3.8) 24

9 40 (99.6:0.4) 40 (97.9:2.1) 25

10 41 (>99.9:0.1) 43 (98.4:1.6) 39

11 36 (>99.9:0.1) 38 (90.3:9.7) 24

12 41 (99.5:0.5) 37 (86.9:13.1) 27

[a] Typical experiment performed on 0.5 mmol of racemic diol under the
standard reaction conditions. [b] Yield of isolated product. [c] Deter-
mined by HPLC analysis using a chiral stationary phase; for details see
the Supporting Information. [d] Based on recovered diol. [e] d.r.>20:1 in
all cases.
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slightly lower. Its s value (27 for 1t) was quite similar to the
unsaturated precursor 1o (s= 29). This last example pinpoints
the potential of the DoCKR process, to overcome a challeng-
ing selective transformation.

We decided to apply this methodology to the total
synthesis of (++)-cryptocaryalactone,[15] a natural germination
inhibitor (Scheme 5). The acylation reaction of the virtually

enantiopure (S,S)-1a with vinylacetic acid under classical
reaction conditions (DCC, DMAP cat., CH2Cl2, RT) gave the
monoester 4 (80%) accompanied by a small amount of
diester (15%). The formed triene 4 then underwent a ring-
closing metathesis reaction, using the highly active catalyst
5,[16] to afford the lactone 6. Migration of the internal double
bond under DBU catalysis[17] and subsequent acylation
reaction afforded (++)-cryptocaryalactone.[18] This hidden-
symmetry strategy[19] represents the shortest synthesis of this
target reported to date.[20] Additionally, no protecting group
was required for this synthesis,[21] which involved a unique
organocatalytic enantioselective step.[22]

In conclusion, we described a highly enantioselective
synthetic separation of acyclic anti-1,3-diols, which are
ubiquitous structural motifs in nature. This development
was made possible by the design of a synergistic double
catalytic kinetic resolution (DoCKR) and by a full exploita-
tion of the additive Horeau principle. This efficient, general,
and scalable method using an organocatalyzed acylation (0.5–
1 mol% catalyst loading) gives easy access to both enantio-
mers of a given acyclic anti-1,3-diol with high yields and
enantioselectivities. The methodology was successfully
applied to C2-symmetrical substrates and then further
extended to the challenging and unprecedented cases of
non-C2-symmetrical anti-1,3-diols. To the best of our knowl-
edge, the use of such nonsymmetrical substrates bearing pre-
existing stereocenters in amplified systems has not yet been
reported.

Finally, the effectiveness of the DoCKR was applied to an
efficient total synthesis of (++)-cryptocaryalactone using
a single catalytic enantioselective step. This flexible approach
leads to both enantiomers, which are useful in total synthesis
of natural product containing stereocenters with unassigned
absolute configuration. All in all, we strongly believe that the
concept of DoCKR could be of broader utility for the
synthetic community and potentially transposed to other
bifunctional substrates.
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CuO nanoflakes were successfully synthesized by microwave irradiation, using copper(II) sulphate and sodium

hydroxide (NaOH) as the starting materials and ethanol as the solvent. The CuO nanoflakes were characterized
by using techniques such as X-ray powder diffraction, field emission scanning electron microscopy, and UV–visible
absorption spectroscopy, Fourier transform infra-red spectroscopy. The synthesized CuO nanoflakes were found to
have morphology like nanoflakes with narrow size distribution and high purity. Moreover, the synthesized CuO
nanoflakes were used as an efficient catalyst for synthesis of a series of dihydropyridine derivatives. Optimization
studies with different catalysts and solvents reveal that CuO nanoparticle in the water/ethanol mixture is efficient
catalyst/solvent system for the synthesis of dihydropyridine derivative.

DOI: 10.12693/APhysPolA.132.1294
PACS/topics: microwave irradiation, CuO nanoflakes, catalyst, dihydropyridine

1. Introduction
In recent years, application of nanoparticles as a cat-

alyst in organic synthesis gained considerable attention
because they are reusable and removable from the reac-
tion medium by simple filtration. Moreover, nanocata-
lysts reported to have high efficiency owing to their large
surface to volume ratio, which increases their catalytic
activity. Likewise, the supported magnetic nanocata-
lysts are of considerable interest in organic synthesis be-
cause they are feasible alternatives to conventional cata-
lysts, readily obtainable, easily separable by an external
magnet and high degree of chemical stability in most of
the organic and inorganic solvents [1–10]. The dihydro-
pyridine derivatives are one of the important heterocyclic
ring systems because of their extensive pharmacological
properties and they are also analogues of NADH coen-
zymes. Moreover, the dihydropyridyl compounds pos-
sesses a wide range of biological activity and medicinal
properties e.g. smooth muscle selective, antihistamines,
cardioselective. The dihydropyridines is a topic of inter-
est for study because they have fascinating heterocyclic
nucleus with multiple reaction centers [11, 12].

Furthermore, cytotoxic activity of 4-substituted phenyl
dihydropyridines against human oral squamous carci-
noma is an important aspect. The well known dihydro-
pyridine compounds such as nifedipine, nitrendipine and
nimodipine [13, 14] were reported as commercially useful
molecules which are calcium channel blockers. Conse-
quently, a variety of potential drugs are available for the
treatment of congestive heart failure [15, 16] and neu-
roprotective agent [17] which possesses dihydropyridine

∗corresponding author; e-mail: pradiptekade@gmail.com

nucleus. In addition, various medicinal applications
viz. antihypertensive, hepatoprotective, bronchodila-
tors, geroprotective, antiatherosclerotic, antitumour, an-
tiplatelet, antimutagenic, antidiabetic, and aggregation
activity were shown by some of the dihydropyridine
derivatives [18–21]. These compounds were also found
as potential calcium channel blockers in medicinal and
bioorganic chemistry [22] and NADH models [23], respec-
tively. Moreover, the 1,4-dihydropyridines also acts as a
flexible intermediate in the synthesis of natural products
owing to their higher reactivity [24].

Consequently, various synthetic methods were de-
veloped owing to a wide range of biological medici-
nal and pharmacological importance of dihydropyridine
derivatives. Some of the synthetic methods are use of
microwave irradiation technique [25, 26], refluxing at
high temperature [27–31], use of ionic liquid [32], use
of catalysts like SiO2/HClO4 [33], SiO2/NaHSO4 [34],
I [35], bakers’ yeast [36], metal triflates [37], tetrabuty-
lammonium hydrogen sulfate [38], organocatalysts [39],
PTSA [40], iron trifluoroacetate [41], TMSCl [42] and Ni
nanoparticles [43].

Literature survey reveals that various synthetic
methodology for synthesis of 1,4-dihydropyridine deriva-
tives possesses some disadvantages such as costly
reagents, lengthy work-up procedures, moisture sensitive-
ness, toxic and harsh reaction conditions. Therefore, de-
velopment of fast and efficient methodology with an effi-
cient, green solvent/catalyst system for the synthesis of
1,4-dihydropyridine is an important challenge for organic
chemists.

Therefore, it is a topic of interest to synthesize
nanoparticles with high surface area and to focus their
catalytic application in organic synthesis [44–48]. There-
fore, we reported herein CuO nanoflakes as a efficient

(1294)
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catalyst for the synthesis of 1,4-dihydropyridine deriva-
tives through one-pot four-component Hantzsch conden-
sation reaction using aromatic aldehyde, ethyl acetoac-
etate/methyl acetoacetate and ammonium acetate in
ethanol as solvent, in excellent yield utilizing microwave
assisted technology. The novelty of this proposed method
lies in the use of ethanol as a green, less toxic solvent,
low-cost catalyst (synthesized in laboratory with readily
available staring materials) and simple synthetic method-
ology, mild reaction conditions, high yields, simple work-
up, easy filtration and reusability of catalyst.

2. Experimental

2.1. General

All solvents, chemicals and reagents procured from
Merck and Sigma Aldrich. Melting points were deter-
mined on Digital Melting Point apparatus and are uncor-
rected. The field emission scanning electron microscopy
(FESEM) images were obtained on a Seron AIS 2100.
The Fourier transform infrared (FT–IR) spectra were
recorded on a Bruker alpha FTIR spectrometer and UV-
vis spectroscopy was studied on Shimadzu 1800 setup
at J.B. Science College, Wardha. The 1H NMR spectra
were recorded on Bruker DRX- 300 Avance spectrometer
at 300.13 MHz at SAIF, Chandigarh, Punjab University,
and Punjab. The elemental analyses were done with an
Elemental Analyser system at SAIF, Chandigarh, Pun-
jab University, and Punjab. All the reagents used in this
synthesis are of analytical grade and used without further
purification. The X-ray diffraction (XRD), FESEM anal-
yses were carried out at SAIF, IIT Bombay. BET surface
area analysis was studied at Material Science Center, IIT
Kharagpur.

2.2. CuO nanomaterial preparation

25 ml ethanolic solution of 0.5 M CuSO4·5H2O (cop-
per(II) sulfate 5-hydrate, 99.95%) stirred for 5 min on
magnetic stirrer and 25 ml ethanolic solution of 0.5 M
NaOH added dropwise to the ethanolic solution of cop-
per sulphate with vigorous stirring for about 15 min. The
resulting mixture placed in the scientific microwave oven
with the specification of 650 W for about 10 min. Dur-
ing the reflux the change in color of the solution varies
from sky blue to colorless and then slowly turns to brick
red. This indicates the formation of CuO nanomaterial.
The solution were cooled to room temperature and the
obtained precipitate was centrifuged, washed first with
distilled water and then with absolute ethanol and with
acetone in sequence and dried in oven at 100 ◦C for 3 h.
The final product was collected and used for characteri-
zation.

2.3. Synthesis of diethyl 2,6-dimethyl-4-(4-nitrophenyl)-
1,4-dihydropyridine-3,5-dicarboxylate

A mixture of an aromatic aldehyde (1 mmol),
ethyl acetoacetate (2 mmol), and ammonium acetate

(1.3 mmol) and copper oxide nanoflakes (CuO), vigor-
ously agitated in water (2 mL) at 70 ◦C for the stipu-
lated period of time, till the completion of the reaction
(checked by TLC). After completion of the reaction, few
drops of ethanol were added to the reaction mixture (to
assist granulation of the products). The catalyst, being
insoluble in ethanol/water, was separated by centrifu-
gation. The catalyst was removed by filtration and the
filtrate was added to crushed ice. A solid product was ob-
tained, which was filtered, washed with water, and crys-
tallized from aqueous ethanol, if needed (Fig. 1).

Fig. 1. Scheme of one pot four component synthesis of
1,4-dihydropyridine.

2.4. Recycling of catalyst

To examine the reusability, the catalyst was recovered
by filtration from the reaction mixture after dilution with
ethanol, washed with methanol, and reused as such for
subsequent experiments (up to three cycles) under simi-
lar reaction conditions. The observed fact that yields of
the product remained comparable in these experiments
established (Table I) the recyclability and reusability of
the catalyst without any significant loss of activity.

TABLE I
Recyclability of catalyst.

Number of cycle % Yield
1st 93
2nd 90
3rd 89

2.5. Optimization studies of synthesis of
1,4-dihydropyridine

In the present work, the reaction conditions opti-
mized with respect to the catalyst, solvent and reactants
for carbon–carbon (C–C) and carbon–heteroatom (C–N)
bond formation. The physical characterization is given
in Table II.

In continuation of this research, the reaction condi-
tions were optimized on the basis of the catalyst, solvent
and reactants for carbon–carbon and carbon–heteroatom
bond formation. To test the efficiency of the catalytic
activity, we chose to focus our initial studies on the cy-
clization reaction of aldehydes, ammonium actetate and
ethylacetoacetate in the presence of different catalysts
such as Al2O3, TiO2SiO2, CuO and also in the presence
of regular CuO (purchased from Sigma Aldrich).
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TABLE II
Physical characterization of the synthesized compounds.

SN Code Structure M.F. M.W. Time M.P Yield Rf

[min] [ ◦C] [%]

1 1a C19H22N2O6 374.38 120
169
÷

171
93 0.54

2 1b C17H21NO5 319.35 115
165
÷

168
90 0.57

3 1c C20H25NO5 359.41 100
160
÷

162
85 0.65

4 1d C21H25NO4 355.43 105
223
÷

225
85 0.70

5 1e C19H22N2O6 374.38 105
172
÷

174
75 0.65

6 1f C19H22BrNO4 408.29 95
210
÷

213
65 0.65

7 1g C19H23NO5 345.39 80
241
÷

242
93 0.60

8 1h C19H22BrNO4 408.29 95
210
÷

213
65 0.65

9 1i C18H22N2O4 330.38 60
211
÷

212
90 0.60

10 1j C19H22N2O6 374.39 102
223
÷

225
88 0.70

11 1k C17H21NO5 319.35 115
165
÷

168
90 0.57

The significant results of Table III corresponds to the
reactivity of catalytic nanoparticles determined by the
energy of surface atoms on surface of nanoparticle.

For the optimization of the reaction conditions, we pro-
ceeded the model reaction using CuO nanoparticles in
various solvents.

TABLE III

One-pot synthesis of diethyl 2,6-dimethyl-4-(4-
nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate
in various catalysts.

Entry Catalyst Time [min] Yieldsa [%]
1 SiO2 100 35
2 Al2O3 120 50
3 TiO2 140 70
4 CuO 160 60
5 CuONps 120 85–90

aisolated yields
TABLE IV

One-pot synthesis of diethyl 2,6-dimethyl-4-(4-
nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate
in various solventsa.

Entry Solvent Time [min] Yields [%]b

1 toluene 240 35
2 acetonitrile 180 50
3 ethanol 120 70

4
ethanol/water
mixture (30:70)

140 80–90

areflux conditions, bisolated yields.
The results in Table IV show that a mixture of wa-

ter/ethanol is the most efficient solvent for this multi-
component reaction. This is not surprising, insight of the
fact that the hydrogen bonding between water/ethanol
and the substrate can promote the nucleophilic attack of
the reactants.

3. Results and discussion

The CuO nanocatalyst was synthesized by a mod-
ified precipitation method in which the reaction was
carried out under scientific microwave oven using an
ethanol/water mixture (30:70) as a green medium.
Then, it was characterized by powder X-ray diffrac-
tion (PXRD), scanning electron microscopy (SEM), and
FTIR spectral analysis. The SEM analysis was done to
study particle size and the CuO nanoparticle morphology
was identified based on the analysis of SEM images.

3.1. Characterization of CuO nanoparticles

3.1.1. XRD
The structural property of as-synthesized CuO nano-

material is analyzed by the powder XRD. Figure 2 il-
lustrates the XRD patterns of as-synthesized CuO nano-
structures. The XRD pattern is the replica of the JCPDS
pattern with reference code 00-044-0706. No characteris-
tic peaks of impure phases, such as Cu(OH)2 or Cu2O
were detected. This indicates the formation of single
phase pure monoclinic CuO nanomaterial.
3.1.2. FESEM

Figure 3 shows the morphology and size of the synthe-
sized nanomaterial investigated by FESEM. FESEM im-
ages of as synthesized CuO reveal the growth of nanopar-
ticles from the nucleating center whose maximum diame-
ter is around 400 nm (Fig. 3). Morphology and size of the
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Fig. 2. Powder X-ray diffraction pattern of as synthe-
sized CuO nanomaterial.

Fig. 3. FESEM image for CuO nanoflakes.

Fig. 4. FTIR spectrum of CuO nanoflakes.

Fig. 5. UV-vis spectra of CuO nanoflakes.

Fig. 6. BET isotherm of as synthesized CuO
nanoflakes.

nanoparticles can be confirmed from the inset containing
magnified image of the same.
3.1.3. FTIR

The synthesized nanostructure subjected to FTIR in-
vestigation (Fig. 4). The spectrum exhibited several
strong bands below 700 cm−1 i.e. at 633, 607, 598, 587,
570, 557 cm−1 (Cu–O link stretch and O–Cu–O asym-
metric vibrations) which confirmed the formation of mon-
oclinic CuO phase. The characteristic band at 607 cm−1

is due to Cu–O stretching.
3.1.4. UV-vis spectroscopy

Figure 5 depicts the UV-vis spectra of as synthesized
CuO nanomaterial which shows the wide absorption in
visible region which is in well agreement with the CuO
nanostructures.
3.1.5. BET surface area

The effective Brunauer–Emmett–Teller (BET) surface
area of the as-synthesized samples was measured using a
Quantachrome ChemBET TPR/TPD analyzer. Figure 6
shows the isotherm of N2 adsorption of the nanoparticles.
The effective BET specific surface area of as synthesized
nanoparticles is found to be 17.09 m2/g.

3.2. Spectroscopic data of synthesized compounds

IR, 1H NMR, 13C NMR and mass spectral data of com-
pounds 1a-1f are given below. The spectral data are in
good correlation to the suggested structure of the com-
pounds.

1. Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-
dihydropyridine-3,5-dicarboxylate (1a):

% Yield: 85; m.p. 169–171 ◦C.
IR, νmax/cm−1: 3342 (NH), 1703 (CO), 1643 (CO),

1523 (=C–H and ring C=C), 1485(C=C), 1369 (sym.
CH3 in O–CH2–CH3), 1345 (CN), 1299–1258 (C–O–C).
1H NMR (500.1 MHz, CDCl3), δ: 1.23 (3 H,Me), 2.40
(3 H, CH3), 4.09 (2 H, CH2), 5.09 (1 H, CH), 5.80 (1
H, NH), 7.27–8.13 (4 H, Ar–H). 13C NMR (125.8 MHz,
CDCl3), δ: 14.88 (CH3), 18.66 (CH3), 59.35 (CH2),
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167.56 (C=O),102–154 (Ar–C). LCMS (m/z): calculated
(M++Na): 397, found 397.18.

2. Diethyl 4-(furan-2-yl)-2,6-dimethyl-1,4-dihydro-
pyridine-3,5-dicarboxylate (1b):

% Yield, 90; m.p. 165–168 ◦C.
IR, νmax/cm−1: 3334 (NH), 2978 (C–H), 1686 (C=O),

1639 (C=O), 1529 (=C–H and C=C), 1487 (C=C in fu-
ran), 1371 (CH3 in O–CH2–CH3), 1325 (C–N in CAr–N),
1296 (C–O–C). 1H NMR (500.1 MHz, CDCl3), δ: 1.26
(3 H, CH3), 2.33 (2 H, CH2), 4.14 (3 H, CH3), 5.20 (1 H,
CH), 5.81 (1 H, NH), 5.94–7.27 (3 H, Ar–H).

3. Diethyl 4-(4-methoxphenyl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (1c):

% Yield, 85; m.p. 160–162 ◦C.
IR νmax/cm−1: 3324 (N–H), 2974 (C–H), 1696 (C=O),

1649 (C=O), 1529 (=C–H and ring C=C), 1487 (C=C),
1371 (CH3 in O–CH2–CH3), 1326 (C–N in CAr–N), 1295
(C–O–C). 1H NMR (500.1 MHz, CDCl3), δ: 0.88 (3 H,
CH3), 1.23 (2 H, CH2), 2.33 (3 H, CH3), 3.90 (1 H, CH),
4.07 (1 H, NH), 6.74–7.26 (4 H, Ar–H).

4. Diethyl-2,6-dimethyl-4-(2-phenylethylene)-1,4-
dihydropyridine-3,5-dicarboxylate (1d):

% Yield, 85; m.p. 223–225 ◦C.
IR νmax/cm−1: 3334 (N–H), 2978 (C–H), 1686 (C=O),

1639 (C=O), 1487 (C=C), 1214 (C–O–C). LCMS (m/z):
calculated (M++Na): 378, found 378.31.

5. Diethyl 2,6-dimethyl-4-(2-nitrophenyl)-1,4-
dihydropyridine-3,5-dicarboxylate (1e):

% Yield 75; m.p. 172–174 ◦C.
IR νmax/cm−1: 3343 (N–H), 2888 (C–H), 1702 (C=O),

1642 (C=O), 1523 (=C–H and ring C=C), 1485–1433
(C=C), 1369 (CH3 in O–CH2–CH3), 1346 (C–N in –N),
1298–1248 (C–O–C). 1H NMR (500.1 MHz; CDCl3), δ:
1.193 (3 H, CH3), 2.466 (3 H, CH3), 2.42 (2 H, CH2),
5.09 (1 H, CH), 5.84–7.27 (4 H, Ar–H), 6.46 (1 H, NH).

6. Diethyl 4-(2-bromophenyl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (1f):

% Yield 65; m.p. 210–213 ◦C.
1H NMR (500.1 MHz, CDCl3), δ: 1.05 (3 H, CH3), 2.12

(3 H, CH3), 2.30 (2 H, CH2), 5.00 (1 H, CH), 6.77–7.58
(4 H, Ar–H), 5.82 (1 H, NH).

7.Diethyl 4-(4-hydroxyphenyl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (1g):
Rf : 0.60; % Yield: 93; m.p. 241 ◦C.
IR spectrum (νmax/cm−1): 3344 (N–H), 2986 (C–H),

1792 (C=O), 1716 (C=O), 1540 (=C–H and ring C=C),
1218 (C–O–C).

Mass (m/z): calculated (M++Na): 368, found 368.28.
UV (absorption): 400 nm.
8.Diethyl-4-(4-bromophenyl)-2,6-dimethyl-1,4-

dihydropyridine-3,5-dicarboxylate (1h):
Rf : 0.70; % Yield: 60; m.p. 211 ◦C.
1H NMR: (500.1 MHz; CDCl3; Me4Si): 1.41 (t, 3 H,

CH3), 2.32 (s, 3 H, CH3), 2.41 (q, 2 H, CH2), 5.19 (s, 1
H, CH), 5.93–6.20 (m, 4 H, Ar–H), 4.41 (s, 1 H, NH).

9. Diethyl 2’,6’-dimethyl-1’,4’-dihydro-2,4’-
bipyridine-3’,5’-dicarboxylate (1i):

IR (νmax/cm−1): 3100 (N–H), 2927 (C–H), 1685
(C=O), 1632 (C=O), 1504 (=C–H and ring C=C),
1428 (C=C), 1377 (CH3 in O–CH2–CH3), 1300 (C–N in
CAr–N); 1266 (C–O–C). 1H NMR (500.1 MHz, CDCl3;
Me4Si), 1.12 (3 H, CH3), 2.32 (2 H, CH2), 2.48 (3 H,
CH3), 4.15 (1 H, CH), 4.721 (1 H, NH), 6.50–8.71 (4
H, Ar–H). MS (m/z): calculated (M++K): 369, found
368.28.

10. Diethyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-
dihydropyridine-3,5-dicarboxylate(1j):

IR (νmax/cm−1): 3343 (N–H), 2888 (C–H), 1702
(C=O), 1642 (C=O), 1523 (=C–H and ring C=C), 1485–
1433 (C=C), 1369 (CH3 in O–CH2–CH3), 1346 (C–N in
–N), 1298–1248 (C–O–C). 1H NMR (500.1 MHz, CDCl3,
Me4Si), 1.193 (3 H, CH3), 2.466 (3 H, CH3), 2.42 (2 H,
CH2), 5.09 (1 H, CH), 5.84–7.27 (4 H, Ar–H), 6.46 (1 H,
NH).

11. Diethyl 4-(furan-3-yl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (1k):

IR (νmax/cm−1): 3344 (N–H), 2960 (C–H), 1697
(C=O), 1644 (C=O), 1539 (=C–H and ring C=C),
1475 (C=C), 1369 (CH3 in O–CH2–CH3), 1320 (C–N in
CAr–N), 1296 (C–O–C). 1H NMR (500.1 MHz, CDCl3,
Me4Si): 1.23 (3 H, CH3), 2.32 (3 H, CH3), 2.18 (2 H,
CH2), 5.19 (1 H, CH), 5.94–6.20 (3 H, Ar-H), 4.30 (1 H,
NH).

3.3. Spectral representation for representative compound
— diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydro-

pyridine-3,5-dicarboxylate (1a)

Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate (1a) was characterized by
1H NMR (Fig. 7), LC-MS (Fig. 8), FTIR (Fig. 9), and
13C DEPT NMR (Fig. 10) spectral analysis.

Fig. 7. 1H MNR spectrum of 1a.

Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate (1a) was additionally charac-
terized by 13C distortionless enhancement by polarization
transfer (DEPT).
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Fig. 8. LC-MS spectrum of 1a.

Fig. 9. FTIR spectrum of 1a.

The DEPT spectral analysis is a useful spectroscopic
method for determination of different types of primary,
secondary and tertiary carbon atoms. The DEPT spec-
troscopic method gives different signals for CH, CH2 and
CH3 groups by variation of the selection angle parame-
ter. The DEPT spectrum of 1a (Fig. 8) shows the signals
for CH and CH3 in an upward direction while the signal
of CH2 in the opposite direction. So the structure is con-
firmed by 13C DEPT spectra.

The spectral data confirm the structure of synthesized
compounds. The optimization study reveals that the
CuO nanoparticle as an effective catalyst for synthesis
of 1,4-dihydropyridine derivative, i.e. 2,6-dimethyl-4-(4-
nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (1a).
Moreover, the proposed protocol is microwave assisted,
environmental benign, proficient, and fast method for
synthesis of bio-inspired dihydropyridine derivative.

4. Conclusion

A competent, simplistic and economical method for
the synthesis of functionalized dihydropyridine deriva-
tives was reported here, using CuO nanoflakes as a cata-
lyst in an ethanol/water mixture green media. The prod-
ucts were obtained in remarkable yields and the reaction

Fig. 10. 13C DEPT spectrum of 1a.

times were considerably low. The present protocol rep-
resents an easy and a remarkable method for the three-
component reactions to synthesize some dihydropyridine
derivatives using unique nanoscale materials. Moreover,
the reusability of this CuO nanocatalyst is one of its im-
portant character and also this potency inspired us to use
it for commercial and industrial organic synthesis appli-
cations.
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Abstract
We report enhanced catalytic activity of CuO nanopetals synthesized by microwave-assisted wet chemical synthesis. The catalytic

reaction of CuO nanopetals and H2O2 was studied with the application of external light source and also under dark conditions for

the degradation of the hazardous dye methylene blue. The CuO nanopetals showed significant catalytic activity for the fast degrada-

tion of methylene blue and rhodamine B (RhB) under dark conditions, without the application of an external light source. This in-

creased catalytic activity was attributed to the co-operative role of H2O2 and the large specific surface area (≈40 m2·g−1) of the

nanopetals. We propose a detail mechanism for this fast degradation. A separate study of the effect of different H2O2 concentra-

tions for the degradation of methylene blue under dark conditions is also illustrated.
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Introduction
Controlling air quality and water pollutants is a big challenge

for environmental research [1]. Particularly, efforts have been

taken to control these pollutants with the development of cost

effective and ecologically friendly methods [2]. Metal oxides

have attracted significant attention as a photocatalyst for the

degradation of these pollutants [3-6]. Copper oxide (CuO) is

one of the most efficient materials for the oxidation of the air

pollutant carbon monoxide (CO) [7-9]. CuO is one of the few

p-type metal oxide semiconductors with a narrow band gap

≈1.24 eV [10]. The properties of CuO nanomaterials (nanoparti-

cles, nanowires, nanosheets, etc.) are closely related to mor-

phology and crystallite size [7]. These different nanoscale mor-

phologies enhance the photoconductive and photochemical

properties in various energy applications [7]. Being inexpen-

sive, nontoxic, and readily available, CuO has attracted particu-

lar attention. However, in the degradation of water pollutants

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:lakhotiya.govinda@gmail.com
mailto:rana.abhimanyu@gmail.com
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Figure 1: (a) XRD patterns of CuO nanomaterials synthesized by varying the reaction duration of 5 min, 10 min, and 15 min. FESEM images of CuO
nanostructures obtained for the synthesis duration of (b) 10 min and (c) 15 min. The scale bar for the insets in (b, c) is 200 nm. Nitrogen
adsorption–desorption isotherm for (d) CuO nanoflowers and (e) CuO nanopetals measured at 77 K. (f) EDAX spectra of CuO nanopetals.

(e.g., industrial dyes) as a photocatalytic oxidative species, CuO

is found to be less effective as compared to other metal oxides

[8-12]. Thus, in order to enhance its photocatalytic activity,

CuO can be used with hydrogen peroxide (H2O2) [12-21].

However, the degradation time of dyes is an important problem

when using CuO as the photocatalyst.

Here, we have adopted the simple microwave-assisted route for

the wet chemical surfactantless synthesis of copper oxide (CuO)

nanostructures (nanoflowers and nanopetals) having a large spe-

cific surface area. The catalytic reaction of CuO nanopetals and

H2O2 was studied under the application of an external light

source and also under dark conditions for the degradation of

hazardous dyes such as methylene blue and rhodamine B. We

report enhanced catalytic activity of the synthesized CuO nano-

petals, even without the use of an external light source (UV/

visible light) for the degradation of these dyes. This is attri-

buted to the role of H2O2 and the large specific surface area of

the nanopetals. The amount of the catalyst (CuO nanopetals)

and the hazardous H2O2 is minimized, and the reproducibility

of the degradation of the dye with the same catalyst has

been tested. The catalytic activity of CuO nanopetals activated

by irradiation with photons (visible light) in the absence of

H2O2 is also studied and compared with the activity under dark

conditions.

Results and Discussion
Structural and morphological study
Figure 1a illustrates X-ray diffraction (XRD) patterns of CuO

nanomaterials synthesized by varying the reaction duration of 5,

10, and 15 min. The sample obtained after 5 min of reaction

time shows the diffraction peaks of both CuO and Cu2O

(marked by *), indicating mixed-phase growth. It is interesting

to observe that with the increase in the reaction duration, the

diffraction peaks for Cu2O disappear. For the samples obtained

after 10 and 15 min of reaction time, the XRD pattern matches

with JCPDS card no. 01-080-1916, which confirms the forma-

tion of phase-pure monoclinic CuO. The average crystallite size

for the samples obtained after 10 and 15 min was calculated by

using the Scherrer equation and is estimated to be ≈11 nm. As

the sample obtained after 5 min exhibits phase impurity, only

samples obtained with the reaction duration of 10 and 15 min

were considered for further characterization.

Figure 1b,c shows field-emission scanning electron microscope

(FESEM) images of CuO nanostructures synthesized with

microwave irradiation for 10 min and 15 min. The CuO sample

obtained with the reaction time of 10 min was found to

resemble a flower-like morphology. Increasing the reaction

duration to 15 min resulted in distinct and individual, uniform

features having a petal-like morphology, which is clearly visible
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Figure 2: (a) UV–vis absorption spectra of CuO nanopetals. (b) Tauc’s plot for CuO nanopetals (c) UV–vis absorption spectra illustrating the effect of
different concentrations of H2O2 in methylene blue degradation in the absence of CuO nanopetals (catalyst) under dark conditions. (d) UV–vis absorp-
tion spectrum of methylene blue degradation using CuO nanopetals as a photocatalyst for different durations.

in Figure 1c. The average width and length of these petal-like

features are measured to be 250 and 400 nm, respectively. The

insets of Figure 1b,c show the corresponding, magnified image,

illustrating their size and morphology. The prolonged micro-

wave agitation is believed to provide the necessary thermal

energy for the morphological transformation. This can be

inferred on the basis of the similarity in the morphological pa-

rameters of both the nanostructures. The growth of these surfac-

tant-free nanostructures depends on certain parameters, includ-

ing the concentration of NaOH, which promotes the preferen-

tial growth of CuO primary crystals along the <010> and

suppresses the growth in <001> [22,23]. This preferential

growth of the CuO nanostructure has also been observed in the

sample obtained after a reaction time of 5 min, where some

flake-like morphology is formed (Supporting Information

File 1, Figure S1).

Surface study
The Brunauer–Emmett–Teller (BET) technique was used to

measure the surface area, pore radius, and pore volume of the

CuO nanoflowers and nanopetals obtained by microwave syn-

thesis at a duration of 10 and 15 min, respectively. Figure 1d,e

shows nitrogen adsorption–desorption plots for the CuO

nanoflowers and nanopetals. The effective specific surface area,

pore radius and pore volume of nanoflowers (and nanopetals)

were measured to be 37.2 m2·g−1 (39.87 m2·g−1), 17.48 Å

(17.646 Å), and 0.38 mL·g−1 (0.38 mL·g−1), respectively. The

marginal increase in the surface area of nanopetals as compared

to nanoflowers supports the hypothesis of disintegration of

nanoflowers into nanopetals with increasing reaction duration.

It should be noted that the specific surface area of the products

in the present work is larger than that of previous reports on ma-

terials with similar morphology [24]. Figure 1f depicts the

energy disperse X-ray photon spectroscopy (EDS) spectra of

nanopetals of CuO, which confirms the stoichiometry and

atomic percent of the synthesized material. The effective specif-

ic surface area of the sample obtained after a reaction duration

of ≈5 min was found to be ≈25.58 m2·g−1 (Supporting Informa-

tion File 1, Figure S2), which is in good agreement with the

preferential growth of nanocrystals along a certain direction

with respect to time. As the effective surface area of as-synthe-

sized nanopetals was larger than that of as-synthesized nano-

flowers with the same morphology, further experiments were

performed with as-synthesized nanopetals.

Optical study
The UV–vis absorption spectra of as-synthesized CuO nano-

petals is shown in the Figure 2a. It reflects a wide absorption

spectrum up to 700 nm covering almost the entire visible spec-

trum. The absorption onset was estimated from the Tauc’s plot

as shown in Figure 2b. The band gap of CuO nanopetals was

calculated by extrapolating the linear part of the plot of (αhν)1/2

vs hν and is found to be ≈1.85 eV as shown in Figure 2b. This is

different from the bulk bandgap of CuO, which is 1.24 eV [10].

This blue shift in the absorption further confirms the nanometer

range of synthesized material.
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Catalytic activity of nanopetals for the
degradation of methylene blue
The use of inorganic semiconductors as a heterogeneous, photo-

catalytic material has been extensively investigated under

UV–vis light illumination, yet continues to attract even more

attention due to the use of advanced materials in the process

[3-5]. The catalytic photo-degradation of dyes takes place with

the excitation of a catalyst using UV–vis light, leading to the

generation of electrons and holes which are further responsible

for the degradation through the formation of radicals [6,25].

The wide band gap, high surface area of CuO nanopetals was

expected to be suitable for the photocatalytic activity for the

degradation of the common cationic dye methylene blue (MB),

and hence initially, a study has been carried out in which 40 mg

of CuO nanopetal powder was dispersed in 40 mL of 50 µM

MB solution. This solution was allowed to stir for ≈30 min

under dark conditions and was then subjected to irradiation

using an incandescent lamp (Philips, 200 W) at a working dis-

tance of 100 cm. Aliquots of about 4 mL were taken from the

suspension at regular intervals and were centrifuged to filter

suspended CuO powder. The MB concentration in the filtered

suspension was studied with a Perkin Elmer Lambda 750

UV–vis spectrophotometer. Figure 2b shows the UV–vis

absorption spectra of the aliquots taken out at different time

intervals. In this study, the MB degradation rate is found to be

very slow and only ≈10% degradation has been observed in

three hours. No further noticeable bleaching was observed

within the next hour. This slow rate of degradation is in agree-

ment with Miyauchi et al. [13], which may be due to the more

negative valence band position of CuO than that of the redox

potential required for producing free radicals for effective deg-

radation. This slow rate of degradation was then overcome by

introducing H2O2 along with CuO, which resulted in the en-

hancement of the degradation of pollutants [12,26]. Recently,

Zhang et al. successfully enhanced the catalytic activity by

using peroxymonosulfate in their system instead of H2O2 [6].

Few reports are available in which degradation of water pollu-

tants were studied with CuO and H2O2 without photon irradia-

tion (UV/visible) [27,28]. Therefore, a separate study was

carried out to investigate the effect of different concentrations

of H2O2 for MB degradation in the absence of CuO nanopetals

(catalyst) without any irradiation (UV/visible light). Figure 2c

shows the UV–vis absorption spectra for different concentra-

tions of H2O2 in MB solution, without catalyst, after one hour

without photon irradiation. As can be seen from the Figure 2c,

the concentration of H2O2 with less than 1 mL had almost no

effect on the degradation of the dye. However, the higher con-

centration of H2O2 alone was found to be effective to some

extent in the degradation of dye (6% in 1 h) even in the absence

of catalyst. Furthermore, an experiment was performed by

adding 1 mL of H2O2 to a solution containing 40 mg CuO

nanopetals in 40 mL of 50 µM MB solution. The solution went

from a bluish color (MB solution) to colorless within two

minutes. This fast activity without any irradiation unveils the

interesting co-operative role of CuO and H2O2 for the degrada-

tion of MB.

Further experiments were focused to achieve a higher rate of

MB degradation with the optimum use of the cost effective

catalyst and the hazardous H2O2. The amount of CuO nano-

petals was minimized and fixed at 10 mg and concentrations of

H2O2 were varied (0.1 mL, 0.2 mL and 0.5 mL) to study the

catalytic activity for the degradation of 40 mL of 50 µM MB

solution without irradiation. Figure 3a–c depicts the UV–vis

absorption spectra of MB aliquot using 0.1 mL, 0.2 mL and

0.5 mL of H2O2, respectively, with 10 mg of catalyst. It can be

clearly observed that the concentration of H2O2 has an obvious

effect on the degradation time, which decreases with increasing

H2O2 concentration.

As can be seen from Figure 3c, the complete degradation of the

dye within 30 min was successfully achieved with 0.5 mL H2O2

along with 10 mg CuO nanopetals. Figure 3d represents the

kinetics of the MB degradation with 0.5 mL H2O2 and 10 mg

CuO nanopetals. The apparent rate constant of this degradation

was calculated from the slope of ln(C/C0) vs time (Figure 3e)

and found to be 0.087 min−1. In order to examine the stability

of the catalyst used for MB degradation, experiments with

0.5 mL H2O2 and 10 mg nanopetals were repeated five times

using the same CuO nanopetals without irradiation. Figure 3f

shows the efficiency of the catalyst (five continuous cycles) in

which degradation was efficiently achieved within 30 min. In

the fifth cycle, the same catalyst could still successfully degrade

≈94% of MB dye in 30 min. This highlights the efficacy and

high stability of CuO nanopetals as a catalyst in this dye degra-

dation activity. The phase and morphology of CuO nanopetals

after the fifth cycle was also confirmed by XRD and FESEM

(not shown).

The catalytic activity of the sample obtained after 10 min (nano-

flowers), whose surface area was closer to nanopetals, was also

checked in the presence of H2O2 under dark conditions. For

this, 10 mg of CuO nanoflowers along with 0.5 mL of H2O2

was used in a 40 mL, 50 µM solution of MB. As expected, the

nanoflowers could efficiently degrade ≈93% of MB in 30 min

(Supporting Information File 1, Figure S3).

Reaction mechanism
It is well understood that the rate of degradation of organic dyes

depends on the formation of free radicals [7,25,28]. The fast

degradation of MB with the assistance of H2O2 and as-synthe-

sized CuO nanostructures (petals/flowers) without irradiation
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Figure 3: (a) UV–vis absorption spectra for MB degradation for different duration for 10 mg nanopetals of CuO and 0.1 mL H2O2. (b) UV–vis absorp-
tion spectra for MB degradation for different duration for 10 mg nanopetals of CuO and 0.2 mL H2O2. (c) UV–vis absorption spectra for MB degrada-
tion for different duration for 10 mg nanopetals of CuO and 0.5 mL H2O2. (d) The MB degradation rate in the presence of 0.5 mL H2O2 and 10 mg
CuO nanopetals. (e) Kinetics of degradation with 0.5 mL H2O2 and 10 mg CuO nanopetals. (f) The % degradation vs cycle number for MB degrada-
tion with 0.5 mL H2O2 and 10 mg CuO nanopetals.

with photons is believed to be the co-operative phenomenon

and proceeds through the following two vital steps:

(1)

(2)

At first, H2O2 reacts with the complex surface of nanopetals

[Cu(II)] and reduces it to produce free radical •O2H and species

[Cu(I)], which again, upon reaction with H2O2, become

oxidized to give back [Cu(II)] along with radical •OH, as repre-

sented in Equation 1. Thus, the free radicals •OH and •O2H are

generated in the reaction solution due to the oxidizing and

reducing property of H2O2. These free radicals may be

adsorbed on H2O2 and can produce each other as depicted in

Equation 2. Then, these free radicals •OH and •O2H, which have

a very high oxidizing capability, interact with the S atom in the

middle heterogeneous ring of MB dye. This leads to the very

easy degradation of the dye and produces SO4
2− ions (the main

product of MB oxidation) [29]. The formation of SO4
2− ions in

the mineralized degraded product was confirmed by adding

BaCl2 to it, which produces the white color precipitate of

BaSO4. Here, the larger surface area of CuO nanopetals

provides higher adsorption of H2O2 molecules for more radical

formation to enhance the rate of degradation. Thus, the com-

plete degradation reaction of MB under dark conditions was

achieved in ample time and found to proceed through the

co-operative activity between CuO nanostructures and H2O2.

Catalytic activity of nanopetals for the
degradation of rhodamine B
The catalytic performance of synthesized CuO nanopetals was

also extended for the degradation of rhodamine B (RhB) using

40 mL of a 50 µM solution of RhB with the same experimental

conditions, i.e., 10 mg catalyst and 0.5 mL H2O2 and was found

to be efficient (Supporting Information File 1, Figure S4).This

confirms that the same as-synthesized CuO nanopetals can also

be optimized for the efficient degradation of hazardous dyes

other than MB.

Conclusion
In summary, we have synthesized CuO nanoflowers and nano-

petals in the absence of any surfactant and/or template using a

microwave-assisted wet chemical technique. These nanostruc-

tures exhibited an increased band gap with larger

surface area. The CuO nanopetals, with a specific surface area

≈40 m2·g−1, have proven to be an efficient catalyst for the deg-

radation of water pollutant, industrial dyes, even in the absence
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of photon irradiation (UV/visible). A corresponding mecha-

nism for the fast degradation observes was also proposed.

Experimental
Materials and instrumentation
Commercial, high-grade copper sulphate (CuSO4·5H2O,

99.95%), sodium hydroxide (NaOH), ethanol (C2H5OH), ace-

tone (C3H6O), methylene blue (MB), hydrogen peroxide (H2O2,

30%), and rhodamine B (RhB) were obtained from

Sigma–Aldrich, Merck and SD Fine. CuO nanostructures were

characterized by X-ray diffraction by a PANalytical high-reso-

lution X-ray diffractometer (PW 3040/60) operated at 40 kV

and 30 mA using Cu Kα X-rays (1.54 Å), energy dispersive

X-ray spectroscopy using Oxford detectors, field-emission

scanning electron microscopy using a Carl Zeiss SUPRA 40

instrument, and the surface area was characterized using a

Quantachrome ChemBET TPR/TPD analyzer. The optical prop-

erties were analyzed using a UV–vis absorption spectropho-

tometer by Schimadzu 1800.

Material synthesis
In the present study, the microwave-assisted synthesis of CuO

nanoflowers and nanopetals was carried out using a microwave-

irradiated wet chemical technique. At first, equimolar solutions

(0.5 M) of copper sulphate and sodium hydroxide were pre-

pared separately in 25 mL of ethanol and were allowed to stir at

room temperature for about 15 min. Thereafter, sodium hydrox-

ide solution was added drop wise to copper sulphate solution.

The resulting mixture was transferred to the microwave

chamber with the reaction conditions of 700 W for 10 min or

15 min. During the reaction, the color of the solution changed

initially from blue to colorless and then slowly turned black.

The black colloidal solution was centrifuged to separate out the

precipitates. These precipitates were then washed using double

distilled water, absolute ethanol, and acetone in sequence. This

procedure was repeated several times. Finally, the black powder

was dried at 60 °C for 4 h and used for further characterization.

The synthesis parameters such as reaction time, molar concen-

tration of the precursors, and power of microwave irradiation

were monitored so as to obtain phase-pure CuO nanoflowers

and nanopetals. All the reactions were carried out using Raga’s

commercial scientific microwave oven attached with a reflux

system.

Catalytic activity study
The photocatalytic and the catalytic activity under dark condi-

tions of the as-synthesized CuO nanopetals were studied for the

degradation of a common cationic dye, methylene blue (MB), in

the absence and presence of H2O2, respectively. For the photo-

catalytic activity study, 40 mg of CuO nanopetal powder was

dispersed in 40 mL of a 50 µM MB solution and allowed to stir

for ≈30 min under dark conditions and was then subjected to ir-

radiation using an incandescent lamp (Philips, 200 W) at a

working distance of 100 cm. The dark catalytic study was per-

formed with 10 mg of CuO nanopetals and varying concentra-

tions of H2O2. During both the studies, i.e., under dark condi-

tions and the photocatalytic study, aliquots of about 4 mL were

taken out from the suspension at regular intervals and were

centrifuged to filter suspended CuO powder. The MB concen-

tration in the filtered suspension was studied with a Perkin

Elmer Lambda 750 UV–vis spectrophotometer. The dark cata-

lytic activity of the as-synthesized CuO nanopetals was also

checked for the degradation of RhB under the same experimen-

tal conditions.

Supporting Information
Supporting Information File 1
Additional figures.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-118-S1.pdf]
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Abstract—A simple  and efficient  method of one pot synthesis of 1,4-dihydropyridine by  three components 
reaction of aromatic aldehydes with 1,3-dicarbonyl compound, ammonium acetate and catalytic amount of 
CoCl2 based on the Hantszch reaction is developed. The process is catalysis by an inexpensive  catalyst in water 
medium, gives high  yield of products and involves no volatile organic solvents. Some  synthesized compounds 
demonstrated antimicrobial activity. 

Keywords: antimicrobial activity, CoCl2 catalyst, 1,4-dihydropyridine, Hantszch reaction, K-10 montmorillonite 

1 The text was submitted by the authors in English.   

INTRODUCTION 

Dihydropyridyl compounds attract close attention 
due to various applications in medicine and specific 
properties determined by several reactive centers 
combined in their molecules [1, 2]. Dihydropyridine 
derivatives, including nifedipine, nitrendipine and 
nimodipine [3, 4], are calcium channel blockers. A 
number of dihydropyridines are potential drugs for 
treatment of congestive heart failure [5, 6] and 
demonstrate properties of neuroprotective [7], anti-
hypertensive, antibacterial, and anticancer agents [8, 9].  

RESULTS AND DISCUSSION 

We report herein water-mediated method of 
synthesis of Hantzsch dihydropyridines bearing 
various substituents (Table 1) using CoCl2/K-10 Mont-
morillonite as the catalyst (Scheme 1). A number of 
aryl and heteroaryl aldehydes smoothly underwent 
rapid multicomponent condensation to accomplish 
several substituted functionally important Hantzsch 
dihydropyridines in high yield and purity.  

Different solvents, including dimethylformamide, 
chloroform, tetrahydrofuran, acetonitrile, ethanol, and 

water were tested in the process. Water was deter-
mined to be the most efficient media for the reaction. 

Aryl aldehydes with electron-donating and electron-
withdrawing substituents at various positions produced 
the corresponding products without affecting the 
substituents and the substitution pattern. α,β-Unsatu-
rated aryl aldehydes (cinnamaldehyde) underwent rapid 
conversion without polymerization and other side 
reactions.  

DOI: 10.1134/S1070363217030264 

Comp. no. R Formula M, mg Time, min 

1a C4H3O C17H21NO5 319.35 65 

1b C6H4OH C19H23N05 345.38 95 

1c C6H4NO2 C19H22N2O6 374.38 60 

1d C7H7O C20H25NO5 359.41 85 

1e C8H7 C21H26NO4 343.41 105 

1f C5H4N C18H22N2O4 330.37 70 

1g C6H4NO2 C19H22N2O6 374.39 75 

1h C4H3O C17H21NO5 319.35 70 

1i C6H4Br C19H22BrNO4 408.29 65 

1j C6H4Br C19H22BrNO4 408.29 60 

Table 1. Physical characteristics of the synthesized compounds 



CoCl2 in combination with K-10 Montmorillonite 
clay acted as efficient catalysts in the synthesis of title 
compounds from acid sensitive aldehydes (Table 2).  

Application of CoCl2 as a catalyst reduced time 
required for the reaction to complete and led to high 
yields of the process. Influence of concentration of 
CoCl2 catalyst was studied (Table 3). Concentration of 
2 mol % was determined to be the optimum one. 

Antibacterial screening. The compounds 1a–1j 
were tested for their in vitro antibacterial activity 
against Pseudomonas aeruginosa (MTCC-2435), 
Streptococcus epidermidis and Staphylococcus aureus 
(MTCC-96) by the disc diffusion method using Muller–
Hinton agar (Hi-Media) medium and ciprofloxacin 
tablet (250 mg) as the standard. The compounds 1a–1j 
were tested at concentrations of 50, 100, 200,                       
and 300 μg/mL in DMSO. The minimum inhibitory 
concentration of all compounds was determined to be 
100 μg/mL. The zones of inhibition (mm) were 
measured after 24 h incubation at 37°C (Table 4).  

Effectivity classified into four zones on the basis of 
the diameter of the zone of inhibition: 0–5 mm (poor 
activity); 6–10 mm (moderate activity); 11–15 mm 
(high activity); and above 16 mm (very high activity);  

Each value is an average of three independent deter-
minations. 

EXPERIMENTAL 

Melting points were determined on a digital melting 
point apparatus (EQ-730). 1H and 13C NMR spectra 
were measured on a BRUKER Avance II 500.1 spec-
trometer in CDCl3 using TMS as the internal standard. 
IR spectra were recorded on a Bruker Alpha FT-IR 
spectrophotometer. MS were measured on an Accu 
TOF Mass spectrometer. Elemental analysis was 
carried out on an Elemental analyser EURO EA 3000. 

Synthesis of diethyl 4-(phenyl-substituted)-2,6-
dimethyl-1,4-dihydropyridine-3,5-dicarboxylates 
(1a–1j). A mixture of an aromatic aldehyde (1 mmol), 
ethyl acetoacetate (2 mmol), ammonium acetate                
(1.3 mmol), and cobalt chloride hexahydrate (2 mol %) 
was vigorously stirred in water (2 mL) at 70°C for the 
stipulated period of time. Upon completion of the 
reaction (TLC), 1–2 mL of ethanol were added to 
facilitate granulation of a product and poured into 
crushed ice. A solid product was filtered off, washed 
several times with water and crystallized from aqueous 
ethanol. Sometimes the products were isolated as 
viscous oils. In such cases those were refluxed with                 
0.2 g of K-10 Montmorillonite clay as a solid state 
catalyst to facilitate formation of a solid product.  

Diethyl 4-(furan-2-yl)-2,6-dimethyl-1,4-dihydro-
pyridine-3,5-dicarboxylate (1a). Yield 90%, mp 166°C. 
Rf 0.57. IR spectrum, ν, cm–1: 3334 (NH), 2978 (C–H), 
1686 (C=O), 1639(C=O), 1529 (=C–H and C=C), 

R1 H

O

+ H3C O CH3

O O

+ CH3COONH4

Ammonium acetate

70°C, water

CoCl2  6H2O.

H3C O O CH3

NH3C CH3

R1 OO

H
1,4-Dihydropyridine

Scheme 1. Synthesis of 1,4-dihydropyridine derivatives. 

Catalyst Yield, % Time, min T, °C 

KF/Alumina 71 120 78 

Silica gel 75 500 – 

Alumina sulphuric acid 80 200 70 

AlCl3 ·6H2O 70 180 60 

CoCl2 95 65 70 

Table 2. Optimization of catalysts with respect to yield, 
time, and temperature    

Concentration of CoCl2, mol % Yield, % 

6.0 95 

4.0 95 

2.0 95 

1.0 75 

0.5 70 

Table 3. Optimization of  the catalyst concentration  
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1487 (C=C in furan), 1371 (CH3 in O–CH2–CH3), 
1325 (C–N in CAr–N), 1296 (C–O–C). 1H NMR spec-
trum, δ, ppm: 1.26 s (3H, CH3), 2.33 q (2H, CH2), 4.14 
t (3H, CH3), 5.20 s (1H, CH), 5.81 s (1H, NH), 5.94–
7.27 m (3H, Ar-H). LC-MS (m/z): Found: m/z 343.27 
[M + Na]+. Calculated: [M + Na]+ 343.35. 

Diethyl 4-(4-hydroxyphenyl)-2,6-dimethyl-1,4-di-
hydropyridine-3,5-dicarboxylate (1b). Yield 93%, 
mp 241°C. Rf 0.60. IR spectrum, ν, cm–1: 3344 (N–H), 
2986 (C–H), 1792 (C=O), 1716 (C=O), 1540 (=C–H 
and ring C=C), 1218 (C–O–C). LC-MS (m/z): Found: 
m/z 368.28 [M + Na]+. Calculated: [M + Na]+ 368. 

Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate (1c). Yield 85%, mp 170°C. 
Rf 0.54. IR spectrum, ν, cm–1: 3342 (NH), 1703 (C=O), 
1643 (C=O), 1523 (=C–H and ring C=C), 1485 (C=C), 
1369 (sym. CH3 in O–CH2–CH3), 1345 (C–N in                           
CAr–N). 1H NMR spectrum, δ, ppm: 1.23 t (3H, CH3), 
2.40 s (3H, CH3,), 4.09 q (2H, CH2), 5.09 s (1H, CH), 
5.80 s (1H, NH). 13C NMR spectrum, δ, ppm: 14.88 
(CH3), 18.66 (CH3), 59.35 (CH2), 167.56 (C=O). 13C 
NMR-DEPT spectrum, δ, ppm: 14.07 (CH3), 18.66 
(CH3), 40.15 (CH), 61.90 (CH2), 115.61 (CH, Ar), 
128.74 (CH, Ar). LC-MS (m/z): Found: m/z 397.18             
[M + Na]+. Calculated: [M + Na]+ 397. 

Diethyl 4-(4-methoxphenyl)-2,6-dimethyl-1,4-di-
hydropyridine-3,5-dicarboxylate (1d). Yield 85%, 
mp 161°C. Rf 0.65. IR spectrum, ν, cm–1: 3324 (N–H), 
2974 (C–H), 1696 (C=O), 1649 (C=O), 1529 (=C–H 

and ring C=C), 1487 (C=C), 1371 (CH3 in O–CH2–CH3), 
1326 (C–N in CAr–N), 1295 (C–O–C). 1H NMR 
spectrum, δ, ppm: 0.88 s (3H, CH3); 1.23 q (2H, CH2), 
2.33 t (3H, CH3), 3.90 s (1H, CH), 4.07 s (1H, NH). 
LC-MS (m/z): Found: m/z 358.30 [M + H]+. 
Calculated: [M + H]+ 357. 

Diethyl-2,6-dimethyl-4-(2-phenylethylene)-1,4-di-
hydropyridine-3,5-dicarboxylate(1e). Yield 85%, mp 
224°C. Rf 0.70. IR spectrum, ν, cm–1: 3334 (N–H), 2978 
(C–H), 1686 (C=O), 1639 (C=O), 1487 (C=C), 1214 
(C–O–C). LC-MS (m/z): Found: m/z 378.31. Cal-
culated: [M + Na]+ 378. 

Diethyl 2',6'-dimethyl-1',4'-dihydro-2,4'-bipyri-
dine-3',5'-dicarboxylate (1f). Yield 95%, mp 196°C. 
Rf 0.65. IR spectrum, ν, cm–1: 3100 (N–H), 2927                    
(C–H), 1685 (C=O), 1632 (C=O), 1504 (=C–H and ring 
C=C), 1428 (C=C), 1377 (CH3 in O–CH2–CH3), 1300 
(C–N in CAr–N), 1266 (C–O–C). 1H NMR, δ, ppm: 1.12 
s (3H, CH3), 2.32(q, 2H, CH2), 2.48 t (3H, CH3), 4.15 s 
(1H, CH), 4.72H s (1H, NH). LC-MS (m/z): Found:                 
m/z 368.28 [M + K]+. Calculated: [M + K]+ = 369. 

Diethyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate (1g). Yield 75%, mp 173°C. 
Rf 0.65. IR spectrum, ν, cm–1: 3343 (N–H), 2888                  
(C–H), 1702 (C=O), 1642 (C=O), 1523 (=C–H and 
ring C=C), 1485–1433 (C=C), 1369 (CH3 in O–CH2–
CH3), 1346 (C–N in CAr–N). 1H NMR spectrum, δ, 
ppm: 1.19 t (3H, CH3), 2.42 q (2H, CH2), 2.466 s (3H, 
CH3), 5.09 s (1H, CH), 6.46 s (1H, NH). 

Compound 
Pseudomonas aeruginosa Streptococcus epidermidis Staphylococcus aureus 

1a 16 18 17 

1b 0 14 18 

1c 8 10 14 

1d 10 12 12 

1e 14 0 8 

1f 12 7 0 

1g 14 8 10 

1h 0 10 9 

1i 9 13 15 

1j 14 8 0 

Zone of inhibition, mm (100 μg/mL) 

Ciprofloxacin 18 20 20 

Table 4.  Zones of inhibition for compounds 1a–1j against bacterial strains 
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Diethyl 4-(furan-3-yl)-2,6-dimethyl-1,4-dihydro-
pyridine-3,5-dicarboxylate (1h). Yield 70%, mp 169°C. 
Rf 0.70. IR spectrum, ν, cm–1: 3344 (N–H), 2960              
(C–H), 1697 (C=O), 1644 (C=O), 1539 (=C–H and 
ring C=C), 1475 (C=C), 1369 (CH3 in O–CH2–CH3), 
1320 (C–N in CAr–N), 1296 (C–O–C). 1H NMR 
spectrum, δ, ppm: 1.23 t (3H, CH3), 2.18 q (2H, CH2), 
2.32 s (3H, CH3), 4.30 s (1H, NH), 5.19 s (1H, CH). 

Diethyl 4-(3-bromophenyl)-2,6-dimethyl-1,4-dihydro-
pyridine-3,5-dicarboxylate (1i). Yield 65%, mp 212°C. 
Rf 0.75. 1H NMR spectrum, δ, ppm: 1.05 t (3H, CH3), 
2.12 s (3H, CH3), 2.30 q (2H, CH2), 5.00 s (1H, CH), 
5.82 s (1H, NH). 

Diethyl4-(4-bromophenyl)-2,6-dimethyl-1,4-dihyd-
ropyridine-3,5-dicarboxylate (1j). Yield 60%, mp 
211°C. 1H NMR spectrum, δ, ppm: 1.41 t (3H, CH3), 
2.32 s (3H, CH3), 2.41 q (2H, CH2), 4.41 s (1H, NH), 
5.19 s (1H, CH). 

CONCLUSIONS 

A simple, efficient and green method of synthesis 
of substituted 1,4-dihydropyridines via a one-pot three 
component coupling of aromatic aldehydes, 1,3-di-
carbonyl compounds and ammonium acetate ca-
talysed by CoCl2 and K-10 montmorillonite is 
developed. The advantages of this method include 
operational simplicity, short reaction time, use of 
relatively inexpensive, commercially available catalysts 
and high yields of products. Screening for antibacterial 
activity of products was carried out. 
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