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MOLECULAR MODELING EXERCISES 
 

OPIOIDS 
 
EXERCISE 24.6 
 
INTRODUCTION 
 
 
Fentanyl  (Fig 1). was discovered in the 1960s and is still one of the most  widely used opioid 
drugs used in medicine today (section 24.6.3.4 in the textbook). . It is one of the most 
powerful opioid analgesics and is several times more potent than morphine.  
 

 
Figure 1  Fentanyl. 
 
 
Many analogues have been synthesized and it has been found that placing a methyl group at 
C-3 of the piperidine ring results in a 16-fold increase in activity as long as the group is axial 
and cis to the amide substituent (Fig 2). In this exercise we will try and understand why the 
introduction of a simple methyl group should have such a large effect on activity. 
 

 
 
 
 

 
 

 
 

 
 
Figure 2  Methyl analogue of fentanyl. 
 
 
INSTRUCTIONS 
It is suggested that you attempt the following instructions yourself before following the more 
detailed Procedures that follow. You may find the file entitled Common Operations for 
ChemBio3D/Chem3D a useful guide on how to carry out various operations.  
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PART A 
Access the ChemDraw folder and open the ChemDraw file for fentanyl into Chem3D or 
ChemBio3D. Generate different conformations using the Dihedral Diver. Identify the most 
likely conformations for the structure. 
 
PART B 
Copy the structure of fentanyl into a new file and modify the structure to include the axial 
methyl group at C-3. Calculate a conformer distribution for this structure and assess its likely 
conformations. 
What effect might the axial methyl group be having on the conformations of fentanyl, and how 
might this explain the activities of these methyl-substituted analogues? 
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PROCEDURES 
There are various approaches that you can use to tackle these molecular modelling exercises. 
The following procedures illustrate how you might tackle this particular exercise, but they are 
not meant to be prescriptive. Note also that the results obtained may vary depending on the 
computer and the version of ChemBio3D or Chem3D used. For example, the specific 
conformations obtained from energy minimisation may differ, as may quantitative results 
such as steric energies. 
 
PART  A   Fentanyl 
 
1. Create the energy-minimised 3D-structure of fentanyl 
*Open ChemBio3D or Chem3D. 
*From the File menu, choose Open, then select the ChemDraw file for fentanyl. Click Open. 

*Energy minimize the structure  and note the steric energy in the bottom window (26.4 
kcal/mol) (Fig. 3).  
 

 
Figure 3 Energy-minimised structure of fentanyl. 
 
*Rotate the structure such that it is displayed as shown in figure 4. 
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 A   B 
Figure 4  A) Fentanyl viewed from above the piperidine ring. B) Selection of the bond to be 
rotated. 
 
2. Use the dihedral driver to generate conformations resulting from rotation of the 
head group.  
We wish to see what energy barrier there might be to rotation of the single bond connecting 
the head group (containing the aromatic ring and amide group) to the piperidine ring. 

*Choose the select tool . 
*Click on the bond between the amide nitrogen and the piperidine ring to select it (Fig. 4B).  
*From the File menu, choose Preferences, then click on the Dihedral Driver tab. Use the 
slider bar to set the resolution. This determines the number of degrees the bond will be 
rotated at each step of the process. Make it 5 degrees, then click on Apply and OK.  
*From the Calculations menu, choose Dihedral Driver, then Single Angle Plot. You will see 
the bond rotating then a chart should appear showing how the energy changes as rotation 
takes place round the central bond (Fig. 5). If the chart is not visible, reduce the size of the 
main window by dragging down the top margin. The conformation that is visible once the plot 
has been completed is the initial energy-minimised conformation 
*To identify conformations and steric energies for different minima on the plot, click the 
mouse on the relevant point of the plot.  
The x-axis of the chart measures the dihedral angle for the atoms C(1)-C(6)-N(15)-C(16), 
which are highlighted in figure 6A. This dihedral angle is -86.7o for the initial energy-
minimised conformation. However, the plot has a resolution of 5o, and so the closest relevant 
point is at -85o. This corresponds to the most stable point on the chart with a steric energy of 
26.49 kcal/mol. (Fig. 7). 
The next most stable energy minimum corresponds to a conformation with a dihedral angle 
of 115o and a steric energy of 36.15 kcal/mol (Figs. 6C and 8).  
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Figure 5  Dihedral Driver Chart. 
 
 
 

   
 A    B          C 
Figure 6 A) Atoms defining the dihedral angle measured in the chart.  B) Starting 
conformation corresponding to the minimum point of the chart (-86.7o). C) Conformation 
corresponding to dihedral angle 115o (steric energy 39.65 kcal/mol) 
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Figure 7  Location of the conformation with dihedral angle -85o.  
 

 
 
Figure 8  Location of the conformation with dihedral angle 115o.  
 
The highest peak on the chart corresponds to a conformation with a steric energy of 194.6 
kcal/mol and a dihedral angle of -155o when the groups are roughly in the same plane as the 
piperidine ring (Fig. 9 & 10).  
 

 
Figure 9  Location of the least stable conformation with dihedral angle -155o.  
 

        
Figure 10  The least stable conformation with dihedral angle -155o (with and without 
hydrogen atoms). 
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The energy barrier to rotation corresponds to the difference in steric energies between the 
most stable conformation (26.5 kcal/mol) and the least stable conformation (194.6 kcal/mol), 
which is equal to 168 kcal/mol. 
 
3. Build the analogue containing the methyl substituent. 
*Go to the window containing the original energy-minimised structure of fentanyl (steric 
energy 26.4 kcal/mol) 
*Copy and paste the energy-minimised structure of fentanyl into a new window (Fig. 11A). 
*Show the hydrogen atoms if they are not already visible. 
*Use the text tool  to change the relevant axial proton to carbon. 
 *Choose the Select tool. 
*Click on the carbon of the methyl substituent 
*Keep the mouse cursor over the atom and right click the mouse to produce a menu. 
*Select Color, then Choose color. Select green from the colour palette, then click on OK. 

*Energy minimize the structure . The energy-minimised structure (Fig. 11B) has a steric 
energy of 32.7 kcal/mol and a dihedral angle of –65.4o. This demonstrates that the dihedral 
angle for the energy-minimized structure of fentanyl has altered from -86.7o to -65.4o for the 
energy-minimised methyl-substituted analogue. 
 

    
  A   B   C 
Figure 11  A) Energy-minimised structure of fentanyl B) Methyl analogue of fentanyl C) and 
D) Dihedral angle for the methyl analogue shown from two persepectives with and without 
hydrogen atoms    
 
4. Repeat the Dihedral Driver Chart for the methyl-substituted analogue  
*Run the dihedral driver as before with a resolution of 5o  and without minimization. The 
resulting plot shows two large peaks (Fig. 12). The initial conformation corresponds to one of 
the minimum points on the plot at dihedral angle -65o. 
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Figure 12  Dihedral Driver Chart for the methyl-substituted analogue. 
 
The highest peak has a steric energy of 990.78 kcal/mol corresponding to a dihedral angle of 
70o. This corresponds to a conformation where the ethyl ketone clashes with the methyl 
substituent (Fig. 13). The energy barrier to rotation is now much greater at  990.8-32.7 = 
958.1 kcal/mol. Therefore, the introduction of the axial methyl group causes hindered bond 
rotation. 
 

   
Figure 13  Steric clash responsible for the high energy peak. 
 
The smaller peak with a dihedral angle of -120o and a steric energy of 673.51 kcal/mol (Fig. 
14) corresponds to a conformation where the aromatic ring clashes with the methyl 
substituent (Fig. 15). 
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Figure 14  Dihedral chart indicating the second highest peak. 
 
 

 
Figure 15  Unstable conformation corresponding to the one identified in figure 14. 
 
5. Repeat the Dihedral Driver Chart for the methyl-substituted analogue with energy 
minimisation  
*Energy minimize the structure. The conformation returns to the conformation having a 
steric energy of 32.7 kcal/mol. 
*Recalculate the Dihedral Driver Chart with minimisation at a resolution of 10o (Fig. 16). 
This carries out a localized energy minimization to remove the worst of the steric 
interactions. This diminishes the size of the energy hills and makes it easier to identify the 
most stable conformations for the substituted analogue. 
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Figure 11 Dihedral Driver Chart calculated with minimization and at 10o resolution. 
 
The conformations corresponding to the two minimum points on the plot have dihedral 
angles of -65o (32.67 kcal/mol) (Figs 12 and 14A) and 132o (32.05 kcal/mol) (Figs 13 and 
14B). 
 

 
Figure 12 Dihedral Driver Chart corresponding to stable conformation at dihedral angle -65o. 

 
Figure 13 Dihedral Driver Chart corresponding to the stable conformation at dihedral angle 
132o. 
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    A     B 
Figure 14 The stable conformations with dihedral angles A)  -65o and B) 132o   
 
The conformation (Fig. 14A) has the aromatic ring pointing in the same direction as the 
methyl group. The aromatic ring is also orthogonal to the piperidine ring. The other stable 
conformation (Fig 13B) has the ethyl ketone pointing in the same direction as the methyl 
group 
 
6. Different viewpoints of the stable conformations. 
The two stable conformations with dihedral angles -65o and 132 are shown in figure 15 (A 
and B respectively).  
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Figure 15  Viewpoints of stable conformations with dihedral angles -65o and 132o.  
 
To conclude, the introduction of an axial methyl substituent hinders bond rotation of the head 
group containing the amide and aromatic ring. Therefore, the molecule will spend more of its 
time in the two stable conformations identified by the dihedral driver plot. Since activity has 
increased when the methyl substituent was introduced, it implies that one of these 
conformations represents the active conformation of the structure. 
 
 
 
 
 
 
 


