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COMPUTATIONAL ANALYSIS OF 
  THE STEREOSELECTIVE SYNTHESIS 
    OF SUBSTITUTED PYRROLIDINES

Diamond T. Jones
Dr. Maria C. Milletti, Mentor

ABSTRACT

In this work we use computational methods to study the 
aza-Cope-Mannich tandem reaction of a substituted oxazolidine 
to form a formyl pyrrolidine. Pyrrolidine structural motifs 
are found in natural products, pharmaceutical compounds, 
and chiral catalysts. Often only one stereoisomer of these 
compounds is active, while the others are inactive or toxic. 
Our goal is to determine reaction conditions and substrate 
characteristics that lead to one stereoisomer preferentially over 
the others. We focus on an oxazolidine starting material with 
an electron-withdrawing group at the nitrogen center and a 
bulky substituent at the alpha position. The long-term objective 
is to delineate the energy profile for the multi-step reaction 
of this starting material, to form a specific enantiomer of the 
pyrrolidine product. This will allow us to determine the effect 
of the electron-withdrawing group and the bulky substituent 
on the stereoselectivity of the reaction. The results will aid 
the experimental group of our collaborators in determining 
appropriate reaction conditions. Results to date indicate that 
the presence of the electron-withdrawing group at the nitrogen 
center increases the activation energy of the first step of the 
reaction. If this is in fact the rate-determining step, poor 
product stereoselectivity is expected, as stereochemistry is not 
established in this step.
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INTRODUCTION

Pyrrolidines are chemical compounds whose structure 
incorporates five-member carbon rings that contain a nitrogen 
heteroatom. The general structure of a pyrrolidine ring is shown 
in Figure 1. The pyrrolidine moiety serves as one of the building 
blocks of natural products that occur in agricultural and medicinal 
compounds (1). A few examples of such compounds are shown in 
Figure 2. In addition, pyrrolidines are precursors to pyrrolizidine 
alkaloids, which have shown activity as anticancer and antiviral 
agents, as well as being important in plant-insect relationships (2).

There has been extensive research on manipulating 
pyrrolidines to adapt their properties for pharmaceutical purposes. 
Results indicate that substituted pyrrolidine derivatives are potential 
antidepressant agents (3). Pyrrolidines have also been shown to aid 
in the formation of antitubercular agents. As an example, a series of 
pyrrolidine derivatives synthesized using a Mannich reaction showed 
antitubercular activity against Mycobacterium tuberculosis H37Rv. 
Several other Mannich bases incorporating the pyrrolidine moiety 
were also found to be active antitubercular agents (4). 

In all of these compounds, the stereochemistry of 
the molecule (the spatial arrangement of atoms) is essential 
in determining whether the compound is biologically active. 
Specifically, these compounds contain one or more chiral centers 
that give rise to two possible spatial arrangements that are mirror 
images of each other (called enantiomers). In practice, one 
enantiomer is biologically active, while the other is either inactive 
or sometimes toxic. This is due to the nature of the interaction 
between the pharmaceutical compound and an enzyme in the 
biological system: enzymes usually bond with only one enantiomer 
because of the conformation of their binding site.
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HN
Figure 1. The general structure of an unsubstituted pyrrolidine ring.
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In addition to the pharmaceutical properties of pyrrolidine-
containing compounds, pyrrolidines and their derivatives are widely 
used as organocatalysts. In other words, they serve as catalysts 
for organic reactions in which one enantiomer is the target, at the 
exclusion of the other enantiomer. Again, the spatial arrangement of 
atoms in the catalyst is important in determining which enantiomer 
is formed. For example, Barbas has reported the use of β-L-proline 
and 2-methyl-β-proline (shown in Figure 2.(a) and (b)) as highly 
efficient organocatalysts for enantioselective anti-Mannich reactions 
(5). In addition, chiral imizolidinone catalysts have also been shown 
to provide enantioselectivity in the asymmetric conjugate additions 
of pyrroles and indoles to enals (6), and in the tandem conjugate 
reduction-Michael cyclizations of enal enones (7). 

The focus of this work is the multi-step reaction of an 
oxazolidine starting material to form a specific enantiomer of a 
substituted formyl pyrrolidine (see Scheme 1.). An oxazolidine 
is a five-membered carbon ring that contains two heteroatoms (a 
nitrogen and an oxygen), as shown in Figure 3. The oxazolidine 
under consideration has two chiral carbon centers (C

3 
and C

4
 in 

Computational Analysis of the Stereoselective  
Synthesis of Substituted Pyrrolidines

Figure 2. Examples of natural products containing a pyrrolidine moiety: (a) β-Proline, 
(b) Barbas’ catalyst, (c) Anisomycin, (d) Darifenacin, (e) Lincomycin. The pyrrolidine 
moiety is shown in red.

(a)

(d) (e)

(b) (c)
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Scheme 2.) and can therefore exist as one of four enantiomers, 
labeled cis or trans, and alpha or beta. The labels alpha and beta 
refer to whether the formyl group is facing away or toward the 
observer, respectively. The labels cis and trans refer to whether 
the groups at the C

3 
and C

4
 positions are in the same or opposite 

orientations, respectively. 

Here we consider the reaction of the substituted oxazolidine, 
shown in Scheme 1., with a Lewis acid to produce an iminium cation 
intermediate. In turn, the iminium cation intermediate can exist as 
one of eight stereoisomers, labeled alpha or beta, according to the 
pyrrolidine enantiomer it leads to, and boat or chair, according to 
its conformation. In addition, the iminium cation is labeled up if 
the phenyl substituent is in the same direction as the Lewis acid 
(BF

3
), and labeled down if the phenyl substituent is in the opposite 

direction from the Lewis acid. Each iminium cation undergoes a 
concerted reaction to form the pyrrolidine product. This is the 
tandem cationic aza-Cope rearrangement—Mannich cyclization, 
established and extensively studied by Overman, which is illustrated 
in Scheme 1. (8-11). In this reaction the (3,3) sigmatropic aza-Cope 
rearrangement is followed by a Mannich cyclization step, to form 
the pyrrolidine ring.

When the Lewis acid coordinates to the oxygen center 
of the oxazolidine, the C-O bond is broken, which leads to the 
formation of one iminium cation stereoisomer. This stereoisomer 
can follow one of two pathways: aza-Cope – Mannich reaction 
to the appropriate pyrrolidine product (Scheme 1.), or a series 
of C-C bond rotations that lead to three other iminium cation 
stereoisomers. The latter pathway is illustrated in Scheme 2.

The overarching goal of this project is to model the 
reactions shown in Schemes 1. and 2., to determine the experimental 
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Figure 3. The general structure of an unsubstituted oxazolidine ring.
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conditions that lead to optimum stereoselectivity. The reactions 
are modeled using quantum mechanical methods that allow us to 
determine the structure and relative stability of reactant, products, 
and all intermediates. In addition, we calculate activation barriers 
for each step in the reactions in order to delineate the complete 
energy profile. By comparing the energy profiles for each of the four 
oxazolidine enantiomers undergoing the transformation, it is possible 
to determine which factors favor formation of one pyrrolidine 
enantiomer over the other. This project is in collaboration with Prof. 
Harriet Lindsay in the Chemistry Department at Eastern Michigan 
University. The Lindsay group is developing a methodology for the 
stereoselective synthesis of substituted pyrrolidines; as our group 
models the reaction using a variety of oxazolidine starting materials, 
we determine the structural characteristics and reaction conditions 
that optimize stereoselectivity, thus aiding in their methodology 
development efforts.

 My project focuses on determining the effect of adding 
a bulky substituent at the C

4
 position of the oxazolidine starting 

material. In general, large groups are thought to increase the 
activation barrier to C-C bond rotations that lead to the scrambling 

Computational Analysis of the Stereoselective  
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Scheme 1.
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of stereoselectivity (cf. Scheme 2.) and influence the relative 
stability of iminium cation stereoisomers. Both of these factors 
would improve the degree of stereoselectivity. My hypothesis is that 
adding a phenyl (Ph) substituent at the C

4
 position is an advantageous 

modification to the starting material, which will increase the degree 
of stereoselectivity. I will test my hypothesis by modeling the 
reactions shown in Schemes 1. and 2. for the oxazolidine substrate 
shown in the Schemes. Note that in this substrate, boron trifluoride 
(BF

3
) is the Lewis acid that catalyzes the reaction; this acid has 

been proven to be effective in producing high yields when used in 
small amounts (12). The protecting group bonded to the nitrogen 
center is tosyl (Tos). This substituent is electron withdrawing, and 
there is some evidence that it can improve stereoselectivity (13). A 
long-term goal of this project is to model the reaction profiles for 
the substrate where R=H (secondary carbinol carbon), and R=Me 
(tertiary carbinol carbon). Past results suggest that the latter exhibits 
improved stereoselectivity (13).

RESULTS AND DISCUSSION
 
Using quantum mechanical electronic structure methods, I have 
optimized the structures of the four oxazolidine enantiomers, 
the eight iminium cation stereoisomers, and the four pyrrolidine 
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products (cf. Scheme 1.). Their total and relative energies are shown 
in Tables 1. and 2. It is clear from these data that the conversion 
from oxazolidine to pyrrolidine is highly exergonic, while the 
iminium cation intermediates are considerably destabilized with 
respect to the oxazolidine starting material. The latter is probably 
due to the tosylate protecting group, which draws electron density 
from the open ring and destabilizes it.
 The high energy of the iminium cation intermediates 
suggests that the activation barriers for the oxazolidine opening step 
are probably quite large. I have located two of the four transition 
states for this step, and they are shown in Tables 3. and 4. The 
calculated activation energies are 17.4 kcal/mol, for the trans beta 
oxazolidine opening to the alpha boat up iminium cation, and 21.9 
kcal/mol, for the cis alpha oxazolidine opening to the alpha boat 
down iminium cation. Note that each one of the four oxazolidine 
stereoisomers opens to one iminium cation conformation, as 
indicated in Tables 3. and 4. This has been confirmed by GSM 
calculations (see Details of the Calculations, below).

Oxazolidine Iminium Cation Pyrrolidine

trans beta                      
-1700.57635251

alpha boat up
-1700.552102 trans alpha                     

-1700.61448269alpha chair up
-1700.566085

cis beta                          
-1700.57875859

alpha chair down
-1700.550649 cis alpha                         

-1700.6074275alpha boat down
-1700.560290

trans alpha                      
-1700.5840558

beta boat down
-1700.553487 cis beta                          

-1700.61007708beta chair up
-1700.559708

cis alpha                        
-1700.586516

beta chair down
-1700.560351 trans beta                       

-1700.61016818beta boat up
-1700.563305

Computational Analysis of the Stereoselective  
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Table 1. Total energy values for all structures in Scheme 1. All energies are in hartrees.
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Table 2. Relative energy values for all structures in Scheme 1. All energies are in kcal/mol. 

Table 3. Total energies for relevant structures in the oxazolidine opening step. All values are in hartrees.

Table 4. Relative energies for structures in the oxazolidine opening step. All values are in kcal/mol.

Oxazolidine Iminium Cation Pyrrolidine

trans beta              
23.93

alpha boat up
39.15 trans alpha              

0.00alpha chair up
30.37

cis beta                    
22.42

alpha chair down
40.06 cis alpha                    

4.43alpha boat down
34.01

trans alpha             
19.10

beta boat down
38.28 cis beta                     

2.76beta chair up
34.38

cis alpha                 
17.55

beta chair down
33.97 trans beta              

2.71beta boat up
32.12

Oxazolidine TS Iminium Cation

trans beta                      
-1700.57635251 -1700.54869 alpha boat up

-1700.552102

cis beta                          
-1700.57875859 - beta chair up

-1700.559708

trans alpha                     
-1700.5840558 - beta chair down

-1700.560351

cis alpha                        
-1700.586516 -1700.55171 alpha boat down

-1700.56029

Oxazolidine TS Iminium Cation

trans beta                        
23.93 41.29 alpha boat up

39.15

cis beta                 22.42 - beta chair up
34.38

trans alpha            19.10 - beta chair down
33.97

cis alpha                17.55 39.40 alpha boat down
34.01
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I have also located two transition state structures for the aza-
Cope – Mannich step of the reaction, shown in Tables 5.-8. Previous 
work from our group suggests that, when the oxazolidine substrate has 
an electron withdrawing substituent at the nitrogen center, the tandem 
aza-Cope – Mannich reaction occurs in one step. This is indeed the 
case for the oxazolidine under consideration here, as I failed to locate 
any stable intermediates after the rearrangement step. Further results 
from our group established that, for oxazolidine substrates with 
electron donating substituents at the nitrogen center, the aza-Cope 
rearrangement is rate determining (i.e., it has the highest activation 
barriers). Based on the data in Tables 5.-8., the activation barriers for 
this step range from 8.2 kcal/mol, for the conversion from the beta 
chair down iminium cation to the trans beta pyrrolidine, to 18.0 kcal/
mol, for the conversion from the alpha boat down iminium cation to 
the cis alpha pyrrolidine. When compared to the activation barriers 
described above, it appears that the oxazolidine-opening step may be 
rate determining for at least some of the pathways.

Iminium Cation ACTS Pyrrolidine

alpha boat up
-1700.552102 -

trans alpha                     
-1700.61448269alpha chair up

-1700.566085 -

alpha chair down
-1700.550649 -

cis alpha                         
-1700.6074275alpha boat down

-1700.560290 -1700.53166

Iminium Cation ACTS Pyrrolidine

alpha boat up
39.15 -

trans alpha                     
0.00alpha chair up

30.37 -

alpha chair down
40.06 -

cis alpha                   4.43
alpha boat down

34.01 51.98

Computational Analysis of the Stereoselective  
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Table 5. Total energies for relevant structures in the aza-Cope - Mannich step leading to the alpha 
pyrrolidine product. All values are in hartrees.

Table 6. Relative energies for relevant structures in the aza-Cope - Mannich step leading to the 
alpha pyrrolidine product. All values are in kcal/mol.
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Iminium Cation ACTS Pyrrolidine

beta boat down
-1700.553487 -

cis beta                          
-1700.61007708beta chair up

-1700.559708 -

beta chair down
-1700.560351 -1700.54724

trans beta                       
-1700.61016818beta boat up

-1700.563305 -1700.54457

Iminium Cation ACTS Pyrrolidine

beta boat down
38.28 -

cis beta                    2.76
beta chair up

34.38 -

beta chair down
33.97 42.20

trans beta                2.71
beta boat up

32.12 43.88

 

Diamond T. Jones

Table 7. Total energies for relevant structures in the aza-Cope - Mannich step leading to 
the beta pyrrolidine product. All values are in hartrees.

Table 8. Relative energies for relevant structures in the aza-Cope - Mannich step leading 
to the beta pyrrolidine product. All values are in kcal/mol.

Scheme 3.
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As explained in the Introduction, an additional set of 
pathways that needs to be considered is the series of C-C bond 
rotations illustrated in Scheme 2. There are actually two sets of 
pathways, each with a different orientation of the phenyl substituent. 
These are shown in Schemes 3. and 4. There are three, single C-C 
bonds in the iminium cation structure that can freely rotate (these are 
shown as single lines in the Schemes). As a result of these rotations, 
the iminium cation stereoisomers can interconvert.

The optimized structures of the iminium cations in these pathways 
are shown in Figures 4. and 5. 

Figure 4. Three-dimensional optimized structures of 
the iminium cations in Scheme 3. interconverting as a result of 
C-C bond rotations. Hydrogen atoms are omitted for clarity.  The 
relative energies of iminium cations and transition states (TS) are 
shown in kcal/mol.

Figure 5. Three-dimensional optimized structures of 
the iminium cations in Scheme 4.  interconverting as a result of 
C-C bond rotations. Hydrogen atoms are omitted for clarity.  The 
relative energies of iminium cations and transition states (TS) are 
shown in kcal/mol.

Computational Analysis of the Stereoselective  
Synthesis of Substituted Pyrrolidines

Scheme 4.
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Figure 4.

Figure 5.
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Figures 4. and 5. also indicate the relative energies of the 
iminium cations that are interconverting, and the energies of the 
two transition state structures that I have located so far. Based on 
the data shown in the figures, activation barriers can be calculated 
for two of the rotations: 10.4 kcal/mol, for the interconversion 
between the alpha boat up and the alpha chair down iminium 
cations, and 1.8 kcal/mol, for the interconversion between the 
alpha boat down and the beta chair down iminium cations. 
These values are considerably lower than the barriers for the 
other steps discussed above, and therefore these pathways are 
not expected to influence stereoselectivity.
 In summary, I have presented preliminary data on the 
computational analysis of a multistep reaction leading to the 
formation of a substituted pyrrolidine. The data obtained so far 
suggest that the initial oxazolidine-step may be rate-determining. 
Since stereochemistry is not set in this step, the reaction is not 
likely to occur stereoselectively. However, a complete data set is 
required in order to make a final determination.

DETAILS OF THE CALCULATIONS

The Gaussian 09 suite of programs was used for all 
calculations (14). Structures were optimized to a minimum (for 
the intermediates) or a saddle point (for the transition states), 
using the Berny algorithm (15). Resulting force constants 
were used to calculate vibrational frequencies to confirm 
minima and saddle points. Intrinsic reaction coordinate (IRC) 
calculations were performed to verify that transition states are 
on the correct reaction pathway (16). Some of the transition 
state structures were located using the Growing String Method 
(17). All calculations were carried out using the M062X density 
functional (18). Gas phase geometry optimization calculations at 
the M062X/6-311G(d,p) (19) level of theory were followed by 
single point calculations using the cc-pVQZ basis set (20). Energy 
calculations were performed in solvent (dichloromethane) using 
the IEFPCM polarizable continuum model (21).

Computational Analysis of the Stereoselective  
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