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ABSTRACT 

 

 

MODELING STEREOSELECTIVE REACTIONS IN SOLUTION 

 

In this study, ring-chain-ring tautomerization and asymmetric desymmetrization 

reactions are investigated by taking the solvent effect into account. In the first part, ring-

chain-ring tautomerization mechanism is investigated by taking the effect of solvation into 

account in order to explain the enantiomeric interconversion of heterocyclic 2-

oxazolidinone derivatives which are isolated as single enantiomers and have potential to be 

used as axially chiral catalysts. Density functional calculations reveal that there are two 

possible pathways with two different intermediary species which are amido and imino 

intermediates. This part of the study sheds light on the mechanistic details of both possible 

pathways to be able to understand and predict the ring-chain-ring tautomerization 

mechanism of similar heterocyclic systems. In the second part, the asymmetric 

desymmetrization mechanism is subjected to a computational analysis in an effort to 

investigate the alcoholysis of cyclic meso anhydrides in the presence of cinchona alkaloids. 

In the first step of this part of the study, the conformational analysis of cinchona alkaloids 

is carried out since the conformation plays a crucial role in enantioselectivity. Then, the 

mechanism of methanolysis of cyclic meso anhydrides catalyzed by cinchona alkaloids is 

considered by studying both stepwise and concerted pathways.  
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ÖZET 

 

 

STEREOSEÇİCİ TEPKİMELERİN ÇÖZÜCÜ İÇİNDE 

MODELLENMESİ 

 

Bu çalışmada, halka-zincir-halka tautomerizasyonu ve asimetrik desimetrizasyon 

tepkimeleri çözücünün etkisi göz önünde bulundurularak incelenmiştir. Birinci kısımda, 2-

oxazolidinon türevlerinin enantiyomerik ara-çevirimlerini açıklayabilmek için halka-zincir-

halka tautomerizasyon mekanizması incelenmiştir. 2-oxazolidinon türevleri tek 

enantiyomer olarak izole edilebilirler ve aksiyal kiral katalist olarak kullanılabilirler. 

Yoğunluk Fonksiyonu Teorisi (DFT) ile yapılan hesaplamalar, bu mekanizma için ayrı ara 

ürünlere sahip olan iki olası yol olduğunu göstermiştir. Bu ayrı iki ürün, amido ara-ürünü 

ve imino ara-ürünü olarak adlandırılmıştır. Çalışmanın bu kısmı, benzer heterosiklik 

sistemlerin halka-zincir-halka tautomerizasyon mekanizmalarını anlayabilmek ve ön 

görülerde bulunmak için her iki yolun mekanizmasına ait ayrıntılarına ışık tutar. İkinci 

kısımda, siklik mezo anhidritlerin kınakına alkaloidlerinin varlığında alkoliz 

mekanizmasının incelenmesi amacıyla asimetrik desimetrizasyon mekanizması hesapsal 

analize tabi tutulmuştur. Çalışmanın bu kısmının ilk basamağında kınakına alkaloidlerinin 

konformasyonel analizi gerçekleştirilmiştir; bir sonraki adımda ise siklik mezo anhidritlerin 

kınakına alkaloidlerinin varlığında metanoliz mekanizması hem aşamalı yol hem de tek 

adımlı yollar dikkate alınarak incelenmiştir.  
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1. INTRODUCTION 
 

 

1.1. Ring-Chain-Ring Tautomerization 

 

Ring-chain-ring tautomerization is a process that involves a proton shift assisted 

ring-opening followed by a ring-closure, and is a significant step in the organic synthesis 

of five- and six-membered 1,3-heterocycles containing oxygen, nitrogen, or sulfur atoms 

[1].
 
In the past decade, the ring-chain tautomeric equilibria has been studied for 1,3-X, N-

heterocyclic systems (X = S, O) with great interest [2] and has also attracted attention in 

physical and medicinal chemistry [3]. 

 

Recent studies have shown that ring-chain-ring tautomerization is a key pathway 

for the synthesis of various important compounds. Thiazolidinyloxazolidines and 

spirothiazolidines, which are analogues of bisoxazolidines notably used as chiral catalysts 

[4], anticancer [5],
 
and neuroprotective agents [6],

 
have been obtained from the ring-chain 

tautomerization of mercaptomethyl bisoxazolidine [7]. Furthermore, this process has also 

been observed in the conversion of bicyclo[4.2.0]octane derivatives to trisubstituted 

enamines [8].
 

Two recent studies proved the existence of ring-chain tautomerization in simplified 

analogues of isoniazid–NAD(P) adducts, which are known for their prominent activity 

against Mycobacterium tuberculosis [9], and in 2-ferrocenyl-2,4-dihydro-1H-3,1-

benzoxazines [10].  

 

The ring-chain tautomerization process has been shown to occur in heterocyclic 

compounds, such as a novel 1,3-imidazolidine containing a vinyloxy group [2a], as well as 

pyrazolidine, pyridazine and oxazolidine derivatives, which are of particular interest in this 

study [11, 12].
 
 

 

Compounds comprising the oxazolidine ring, which are also the subject of the 

present study, have been introduced as drugs for the treatment of insuline resistance, 

hyperglycemia and some lipid disorders [13-15]. The chemical importance of these 
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compounds is not limited to medicinal chemistry, oxazolidine derivatives have also been 

used as directing groups in asymmetric synthesis [16, 17]. 

 

In this study, the mechanism of ring-chain-ring tautomerization and the prominent 

effect of the solvent environment have been computationally investigated, in an effort to 

explain the enantiomeric interconversion observed in 2-oxazolidinone derivatives –

heterocyclic analogues of biphenyl atropisomers– that were isolated as single stable 

enantiomers and have the potential to be used as axially chiral catalysts. This study sheds 

light on the identity of the intermediary species involved in the ring-chain-ring 

tautomerization process as well as the catalytic effect of polar protic solvents. These 

mechanistic details will prove very useful in predicting and understanding ring-chain 

tautomeric equilibria in similar heterocyclic systems and will further enable 

experimentalists to devise the proper experimental conditions where axially chiral catalysts 

remain stable as single enantiomers. 

 

1.2. Asymmetric Desymmetrization of Meso Anhydrides 

 

Asymmetric desymmetrization (AD) of meso anydrides which yield chiral products 

has attracted considerable attention in asymmetric synthesis, because formation of multiple 

stereogenic centers can be achieved in one symmetry-breaking operation [18-20] and meso 

anhydrides are easily accessible, either from commercial suppliers or by means of 

chemical transformations such as Diels-Alder reactions of maleic anhydrides. The optically 

active products of desymmetrization of cyclic meso anhydrides are valuable building 

blocks because they can be used in the synthesis of natural products or biologically active 

substances [21, 22]. There are numerous ways for diastereoselective and enantioselective 

anhydride openings with several nucleophiles and chiral catalysts yielding optically active 

products (Figure 1.1). 

 

The enantioselective asymmetric desymmetrization (AD) of meso compounds can 

be performed by either enzymatic [23] or nonenzymatic methods such as chiral reagents 

[20]. Desymmetrization of symmetrically substituted diesters or anhydrides with the help 

of enzymes or chiral reagents gives dicarboxylic acid monoesters that can be used in 

several synthetic applications (Figure 1.2).  However, most of the time only one 
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enantiomer of the product can be obtained directly when the process is performed 

enzymatically which can be considered as a disadvantage of the enzymatic method. On the 

contrary, anhydride openings with chiral nucleophiles are not limited with this restriction, 

often both enantiomers of the chiral reagent are available. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Diastereoselective and enantioselective anhydride openings [24]. 

  

 

Figure 1.2. General scheme of anhydride desymmetrization with enzymatic and 

nonenzymatic methods. 
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 If the chiral catalyst to be used in asymmetric desymmetrization of meso anhydrides 

fulfills all the criteria listed below, then the overall utility of the catalyst is ensured:  

 

(i) The variety of reactions that the catalyst can promote 

(ii) The availability of both enantiomeric antipodes of the catalyst at a reasonable 

price 

(iii) The stability of the catalyst.  

 

Cinchona alkaloids fulfill all of these criteria making them one of the most 

powerful catalysts to date. Cinchona alkaloid derived catalysts are central to many catalytic 

asymmetric reactions today, one of which is the asymmetric desymmetrization (AD) of 

meso cyclic anhydrides. However, the understanding of the principles of the stereoselective 

anhydride opening lacks a solid basis even though synthetically much progress has been 

achieved. In this study, the asymmetric desymmetrization of meso anhydrides in the 

presence of cinchona alkaloids will be investigated in order to clarify the mechanism of 

this reaction. 
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2. RING-CHAIN-RING TAUTOMERIZATION OF 2-

OXAZOLIDINONE DERIVATIVES IN SOLUTION 

 

 

2.1. Introduction 

 

N-(o-aryl)-5,5-dimethyl-2,4-oxazolidinedione derivatives 1, N-(o-aryl)-rhodanines 

(X=S) and oxazolidine-2-thiones (X=O) 2 (Figure 2.1) are heterocyclic compounds that 

have a chiral axis enabling the formation of thermally interconvertible enantiomers via 

hindered rotation around the N–Caryl bond [25-28]. The synthesis of atropisomeric 

compounds –molecules that bear a chiral axis rather than a stereogenic atom and have 

barriers to rotation that are high enough to allow isolation of enantiopure species– is of 

particular interest in many current studies. The best known atropisomeric systems are 

biaryl compounds with ortho substituents that hinder rotation and prevent racemization. 

Atropisomers are used as effective chiral catalysts enabling the transmission of chiral 

information during reactions [29]. Recent advances in this field include an effective 

method for the enantioselective construction of biaryl compounds devised by Thomson et 

al. [30]. Furthermore, Miller et al. have described a dynamic kinetic resolution of biaryl 

atropismers by peptide catalysis [31], and Cozzi et al. have applied organocatalysis to 

atroposelective reactions [32]. Moreover, in a combined experimental and computational 

study atropisomerism has been created by introducing ortho substituted aryl groups to 

peptoid backbones [33]. Nevertheless, Roussel et al. have claimed that internal rotation 

does not account for the trend in the activation barriers for some pyrimidine-2-thione 

derivatives, and has suggested a ring opening-ring closure mechanism rather than hindered 

rotation around the N–Caryl bond [34]. 

 

In a comprehensive study, Dogan et al. investigated the interconversion between 

SM and RP enantiomers of N-(o-aryl)-4-hydroxy-5,5-dimethyl-2-oxazolidinone derivatives 

3 (Figure 2.1) [11], and proposed a racemization that occurs through a “ring-chain-ring 

tautomerization” mechanism [11]. In order to clarify the mechanism, the interconversion of 

the collected enantiomer in ethanol was followed by HPLC and the activation barrier for 

the interconversion of SM to RP was reported as 25.3 kcal/mol [11]. The interconversion 

has been suggested to occur through an acyclic aldehyde intermediate formed via ring-
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chain tautomerization. The aldehyde intermediate, although not observed in the NMR 

timescale in CDCl3, was treated with benzyl amine in toluene and trapped in the form of an 

imine. The product was identified as a cyclic aminal structure formed by attack of the NH 

group to the formed imine. Thus the presence of the acyclic aldehyde intermediate was 

verified indirectly by 
1
H and 

13
C NMR characterization of the cyclic aminal product 

formed after its treatment with benzyl amine in toluene [11]. 2-oxazolidinone derivatives 3 

are heterocyclic analogues of biphenyl atropisomers and have been found to be resolvable 

by HPLC on a chiral column. These separated enantiomers have the potential to be used as 

axially chiral catalysts [11]. Thus, it is imperative to gain more insight into their 

racemization modes, in order to be able to set the conditions where they remain stable as 

single enantiomers.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Structures of N-(o-aryl)-5,5-dimethyl-2,4-oxazolidinedione 1, N-(o-aryl)-5,5-

dimethyl-rhodanine (X=S), oxazolidine-2-thiones (X=O) 2 and N-(o-aryl)-4-hydroxy-5,5-

dimethyl-2-oxazolidinone derivatives 3 (Z=F, Cl, Br, I or Me). 

 

On a purely experimental basis, it is difficult to assess the mechanism that governs 

the racemization process. However, theoretical methods have the potential to isolate 

various factors and, hence, a computational investigation on the mechanism of ring-chain-

ring tautomerization in N-(o-tolyl)-4-hydroxy-5,5-dimethyl-2-oxazolidinone 3 (where 

Z=methyl) has been carried out by Density Functional Theory (DFT) calculations to get an 

in-depth understanding of the mechanism involved. 
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2.2. Computational Methods 

 

Geometry optimizations and frequency calculations at  the B3LYP/6-31+G(d,p) 

[35] level of theory were performed using Gaussian 03 and Gaussian 09  program packages 

[36, 37]. The intrinsic reaction coordinate (IRC) [38] for the ring-chain-ring 

tautomerization path was traced to connect the transition structures and the corresponding 

reactants and products. Zero point energies and thermal corrections were obtained from 

vibrational frequencies, which were also used to confirm the nature of the stationary 

points. Energy values for rotational barriers include thermal free energy corrections at 

298.15 K and 1 atm, whereas those for the ring-chain-ring tautomerization mechanism 

were calculated at 323 K due to experimental conditions. The effect of a polar environment 

was taken into account via single point calculations by the use of the self-consistent 

reaction field (SCRF) [39] theory, utilizing the conductor like-polarizable continuum 

(CPCM) [40] model in ethanol. The UFF cavity model [41] in Gaussian 09 was used. 

Energy values for solvent calculations include thermal free energy corrections taken from 

gas phase optimizations. Single point energy calculations were carried out for all structures 

at the B3LYP [35], BMK [42], MPWB1K [43], MP2 [44], SCS-MP2 [45] and M06-2X 

[46, 47] levels using the 6-311+G(3df,2p) basis set on B3LYP/6-31+G(d,p) optimized 

structures. At each level of theory, the free energies include the thermal free energy 

corrections obtained from gas phase calculations at the B3LYP/6-31+G(d,p) level.)) 

 

2.3. Results and Discussion 

 

2.3.1. Rotational Mechanism 

 

The reduction of 1 with NaBH4 at C4 is expected to form four stereoisomers (RP, 

SM, SP and RM) of 3 due to the new chiral center at C4 (Figure 2.2). The kinetic products 

(SP and RM) that form via the Felkin-Anh model [48] i.e. hydride attack at the anti 

direction of the ortho phenyl substituent, are converted to the thermodynamic products (RP 

and SM) via a fast rotation around the N–Caryl bond. As a result, the hydroxyl group at C4 

and the ortho phenyl substituent are antiplanar with respect to each other (RP and SM) 

(Figure 2.2) [11]. 
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Figure 2.2. Rotation and ring-chain-ring tautomerization of 2-oxazolidinone 3. 

 

Initially, the rotation around the N–Caryl bond of 3 has been studied. The ground 

state configuration of RP and the corresponding rotational transition state between RP and 

RM are displayed in Figure 2.3. The rotational transition state (TS-Rot) around the N–Caryl  

bond has a dihedral angle of θa-b-c-d = 180.3
°
, where the four atoms are planar. The ground 

state of RP is at θ = 71.3
°
. In the kinetically favored product (RM, θ = -72.7

°
) the methyl 

and the hydroxyl groups face each other and are in a sterically unfavorable orientation, 

thereby increasing the energy. We were also able to localize a second rotational transition 

state which is also quasi planar (θ = -2.8
°
), but it was found to be higher in energy (Figure 

2.4) due to the lack of favorable interactions between the hydroxyl group at C4 and the 

methyl hydrogens of the ortho-phenyl substituent.  

 

In RP, the lone pair of the hydroxyl oxygen has a favorable interaction with the 

methyl hydrogens at C5. In TS-Rot, methyl hydrogens at the ortho position of the ring 

repel the hydroxyl unit at C4, however, a favorable hydrogen bond between the hydroxyl 

group and the nitrogen is present (Figure 2.3). The same situation holds for the SM-SP pair. 
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Figure 2.3. RP (lowest ground state) and TS-Rot (rotational transition state) of 2-

oxazolidinone 3) (B3LYP/6-31+G(d,p)). 

 

 

 

Figure 2.4. Rotational free energy profiles for RP-RM of N-(o-tolyl)-4-hydroxy-5,5-

dimethyl-oxazolidinone (B3LYP/6-31+G(d,p)). 

 

The results of the theoretical calculations for rotation are shown in Table 2.1. The 

experimentally hypothesized fast rotation is justified by the calculated low rotational 

barrier (ca. 10 kcal/mol), which leads to the formation of the thermodynamic products, SM 
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and RP. However, these rotational barriers do not correspond to the experimental barrier 

for tautomerization (25.3 kcal/mol) [11], moreover, rotation around the N–Caryl bond 

cannot explain the experimentally observed interconversion of SM to RP. 

 

Table 2.1. Rotational free energy barriers (298.15 K) at various levels of theory for 2-

oxazolidinone 3.
[a-c] 

 

Method 
ΔG

‡
Rotation (kcal/mol) 

RM-RP Rotation
 

SM-SP Rotation
 

B3LYP 9.4 [10.4] 9.6 [11.1] 

BMK 9.2 [10.4] 9.3 [10.9] 

M06-2X 9.0 [10.1] 9.2 [10.7] 

MPWB1K 9.0 [10.1] 9.1 [10.7] 

MP2 9.2 9.6 

SCS-MP2 9.9 10.3 

[a] Basis set: 6-311+G(3df,2p) [b] Values in brackets obtained from CPCM calculations 

with the same basis set. [c] Geometry optimizations: B3LYP/6-31+G(d,p) 

 

2.3.2. Ring-chain-ring Tautomerization Mechanism 

 

 After the formation of the thermodynamic products, heating the resolved single RP 

enantiomer to 323 K converted it to its counterpart, SM. This was proposed to occur via the 

ring-opening of the heterocyclic ring followed by re-closure, since the interconversion 

between SM and RP cannot be achieved by a rotational mechanism. The ring-chain-ring 

tautomerization mechanism of RP to SM proceeds with N3–C4 bond breakage and leads to 

the formation of an acyclic aldehyde intermediate
 
(Figure 2.5) [11]. The ring subsequently 

closes via the Si or Re face attack of the nitrogen leading to the formation of the 

corresponding enantiomer. 

 

The interconversion of RP to SM by the ring-chain-ring tautomerization mechanism 

could, in principle, occur both via an amido and/or imino intermediate (Figure 2.5). Herein, 

we investigate, by means of theoretical calculations, the mechanistic details of the 

tautomerization pathway of 2-oxazolidinone 3 to elucidate whether the amido or imino 

intermediate occur and whether both pathways are possible.   

 



11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Ring-chain-ring tautomerization of 2-oxazolidinone 3 via an amido or an imino 

acyclic intermediate. 

 

As the tautomerization takes place in ethanol, we investigated the effect of the 

environment by calculating the reaction profiles with and without the assistance of explicit 

solvent (ethanol) molecules. Bulk solvation effects were taken in to account as well. 

 

Microsolvation –solvating with explicit solvent molecules– is extensively used in 

modeling reaction mechanisms, where the solvent plays a particular stabilizing role [49]. 

The use of solvent molecules in the assistance of the proton transfer steps, as in the case 

here, has proven to be crucial, since the solvent serves as the proton conduit [50-53]. 

Furthermore, several studies have shown that reactions involving the carbonyl 

functionality, such as peptidic amides, first interconvert to their more reactive tautomer 

counterparts; these tautomerization steps were also shown to be facilitated by polar protic 

solvents [50-53]. 
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2.3.2.1. Ring-chain-ring Tautomerization Mechanism through Amido Intermediate. First, 

the amido mechanism (Figure 2.5) was investigated without the assistance of ethanol 

molecules. The potential energy surface for this pathway that illustrates the interconversion 

of RP to SM is displayed in Figure 2.6. The ground state RP yields the acyclic Amido 

intermediate 1 through the RP TS Amido No EtOH, in which bond breakage occurs by 

overcoming a barrier of 48.5 kcal/mol; this intermediate undergoes a rotation around the 

N–Caryl bond and gives the Amido intermediate 2. In this step the P configuration of aryl 

ring changes to M, then rotation around the C4-C5 bond occurs, which yields the Amido 

intermediate 3 and the configuration of the stereocenter R changes to S. Note that all amido 

intermediates are plausible conformers of each other. Finally, ring closure occurs to yield 

the SM enantiomer. The two ground states (RP and SM) and the ring-opening, ring-closure 

transition states (RP TS Amido No EtOH and SM TS Amido No EtOH, respectively) are 

mirror images of each other (Figure 2.6). 

 

The two rotational barriers are significantly lower than the first step in which bond 

rupture occurs, hence the ring-opening step for the RP enantiomer is identified as the rate 

determining step for the ring-chain-ring tautomerization. However, since the barrier for 

this step is unrealistically high, the effect of solvent assistance on this step has been 

explored. The transition state structures for the aforementioned ring-opening step are 

shown, with and without explicit (ethanol) molecules, in Figure 2.7. Visual inspection of 

the transition state structures clearly shows that the ring-opening step is prone to assistance 

by solvent bridges, in line with the Grotthus mechanism [54], which suggest proton 

transport occurs through molecular wires. The barriers for ring-chain-ring tautomerization, 

which correspond to the C4-N3 bond rupture, are summarized in Table 2.2 at various 

levels of theory.  The assistance of protic ethanol molecules lowers the barrier on average 

by about 10 kcal/mol, but still the barriers remain too high by at least 10 kcal/mol 

compared to experimental values (25.3 kcal/mol). 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Potential energy surface for the ring-chain-ring tautomerzation of RP through an acyclic amido intermediate (B3LYP/6-

311+G(3df,2p)//B3LYP/6-31+G(d,p)). 
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Figure 2.7. Optimized transition state geometries for ring-chain-ring tautomerization 

through “amido” acyclic intermediate (Critical distances given in Å.) (B3LYP/6-

31+G(d,p)). 

Table 2.2. Free energy barriers (323 K) at various levels of theory for the ring-chain-ring 

tautomerization for 2-oxazolidinone 3 through “amido” intermediate.
[a-d] 

 

Method
 ΔG

‡
Ring-opening (kcal/mol) 

Amido No EtOH
 

Amido 1 EtOH
 

Amido 2 EtOH
 

B3LYP 48.5 [47.8] 37.3 [36.6] 39.7 [37.7] 

BMK 50.8 [50.0] 40.3 [39.5] 41.4 [39.3] 

M06-2X 51.4 [50.7] 37.5 [36.7] 36.0 [33.9] 

MPWB1K 53.1 [52.3] 42.1 [41.3] 43.8 [41.7] 

MP2 48.5 35.8 35.2 

SCS-MP2 50.3 39.3 39.8 

B3LYP-PCM opt.
[e] 

50.6 [49.9] 37.9 [37.1] 40.8 [38.9] 

[a] Basis set: 6-311+G(3df,2p) [b] Values in brackets obtained from CPCM calculations 

with the same basis set. [c] Geometry optimizations: B3LYP/6-31+G(d,p) [d] 

Experimental value: 25.3 kcal/mol
 
at 323 K. [e] These energies refer to PCM optimized 

geometries with B3LYP/6-31+G(d,p). 
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2.3.2.2. Ring-chain-ring Tautomerization Mechanism through Imino Intermediate.  The 

interconversion of RP to SM was also explored through an “imino” form of the aldehyde 

intermediate, as shown in Figure 2.5. In case of the imino intermediate, it was impossible 

to locate the transition state without solvent assistance. This can easily be rationalized, by 

inspecting some critical distances between pairs of atoms involved in the reaction 

coordinate.  In this case, the distance between the carbonyl oxygen at the C2 position and 

the hydroxyl group at C4 is too large (3.833 Å) to allow a direct proton transfer between 

these two centers.  In the imino mechanism, one (RP TS Imino 1 EtOH) or two ethanol 

molecules (RP TS Imino 2 EtOH) act as a bridge in the proton transfer from the hydroxyl 

group at C4 to the carbonyl oxygen at C2 (Figure 2.8). Both the proton transfer and the C4-

N3 bond cleavage occur simultaneously, leading to the formation of the acyclic imino 

structure. Subsequently, with the attack of N3 from the opposite side, the SM isomer forms. 

The assistance of two ethanol molecules for the formation of an acyclic imino intermediate 

further lowers the barrier to ring-opening (Table 2.3). At all levels of theory the ring-

opening activation barrier with two ethanol molecules becomes remarkably close to the 

experimental value. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Optimized transition state geometries for ring-chain-ring tautomerization 

through “imino” acyclic intermediate (Critical distances given in Å.) (B3LYP/6-

31+G(d,p)). 
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Table 2.3. Free energy barriers (323 K) at various levels of theory for the ring-chain-ring 

tautomerization for 2-oxazolidinone 3 through “imino” intermediate.
[a-d] 

 

Method
 

ΔG
‡

Ring-opening (kcal/mol) 

Imino 1 EtOH
 

Imino 2 EtOH
 

B3LYP 35.5 [36.3] 27.0 [26.8] 

BMK 38.3 [39.0] 30.0 [29.7] 

M06-2X 35.5 [36.1] 27.0 [26.6] 

MPWB1K 38.2 [38.9] 31.0 [30.6] 

MP2 35.6 27.5 

SCS-MP2 39.2 30.8 

B3LYP-PCM opt.
[e] 

36.7 [36.7] 29.7 [27.4] 

[a] Basis set: 6-311+G(3df,2p) [b] Values in brackets obtained from CPCM calculations 

with the same basis set. [c] Geometry optimizations: B3LYP/6-31+G(d,p) [d] 

Experimental value: 25.3 kcal/mol at 323 K. [e] These energies refer to PCM optimized 

geometries with B3LYP/6-31+G(d,p). 

 

Based on the perfect agreement between the theoretically determined free energy 

barriers (Imino mechanism 27 kcal/mol) and the experimental value (25.3 kcal/mol), it can 

be concluded that the ring-chain-ring tautomerization occurs via the imino mechanism. 

Hence, an overview of the entire pathway that corresponds to the RP–SM interconversion 

through the “solvent-assisted imino mechanism” and the corresponding potential energy 

surface is shown in Figure 2.9. In short, the ground state RP (RP 2 EtOH) undergoes ring 

opening to yield the acyclic Imino intermediate 1, which then gives Imino intermediate 3 

by  overcoming two rotational steps, as previously shown in Figure 2.6. Finally, the Imino 

intermediate 3 converts to the SM (SM 2 EtOH) by ring closure. Compared to the “non-

assisted amido mechanism” (Figure 2.6), the rotational barriers for the imino mechanism 

with two ethanol molecules have been found to be slightly higher, however, it is again 

clearly seen that the rate determining step for the interconversion of RP to SM is the ring-

opening step for the RP enantiomer, as expected.  

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Potential energy surface for the ring-chain-ring tautomerzation of RP 2 EtOH through an acyclic imino intermediate (B3LYP/6-

311+G(3df,2p)//B3LYP/6-31+G(d,p)). 
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The amido and imino forms of the acyclic intermediate, which are formed by the 

ring-opening of the RP enantiomer, are shown in Figure 2.10 with two solvating ethanol 

molecules. The main difference between these intermediates is the C2 atom and its 

substituents. In the amido intermediate 1 there is a carbonyl group at the C2 position, 

whereas in the imino intermediate 1 this center is in its corresponding enol form. The 

amido intermediate is the result of the proton transfer between the hydrogen atom at N3 

and the carbonyl group at C4; the imino intermediate is the outcome of the proton transfer 

between the –OH group at C2 and the carbonyl group at C4. Solvent molecules are aligned 

to assist proton transfer. In the amido intermediate, the distance between N3 and C4 is 

2.796 Å, whereas in the imino intermediate, it is 2.532 Å. Although the barriers leading to 

the imino intermediate are lower, the intermediate itself is slightly higher in energy than 

the amido intermediate (Table 2.4).  

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Amido and imino acyclic intermediate structures of 2-oxazolidinone 3 with 

two ethanol molecules (Critical distances given in Å.) (B3LYP/6-31+G(d,p)). 

 

Table 2.4. Relative free energies of the amido and imino intermediates with/without 

solvent assistance in kcal/mol (B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d,p)). 

 

 Relative energies (kcal/mol) 

 No ethanol assistance Two ethanol assistance
 

Amido intermediate 0.0 0.0
 

Imino intermediate  16.0 4.0
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 In order to gain more insight into the intermediate structures in Figure 2.6 and 

Figure 2.9, all obtained intermediate geometries are displayed in Figure 2.11. For the 

amido mechanism case, amido intermediate 1 is obtained from ring cleavage of RP, amido 

intermediate 2 differs from amido intermediate 1 by rotation around the chiral axis and 

when rotation around C4-C5 bond of amido intermediate 2 takes place, amido intermediate 

3 forms. For imino mechanism case, the same story holds for formation of all intermediates 

but they also carry two ethanol molecules.  

 

Amido Intermediate 1 Amido intermediate 2 Amido intermediate 3 
  

 

 

 

 

 

 

 

Imino intermediate 1 Imino intermediate 2 Imino intermediate 3 

 

 

  

 

Figure 2.11. Geometries of amido intermediate 1, amido intermediate 2, amido 

intermediate 3 and imino intermediate 1, imino intermediate 2, imino intermediate 3 

(B3LYP/6-31+G(d,p)) (Figure 2.6 and Figure  2.9) (Critical distances given in Å.). 
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2.4. Conclusions 

 

In this study, the enantiomeric interconversion observed for 2-oxazolidinone 

derivatives 3 –heterocyclic analogues of biphenyl atropisomers with potential to be used as 

axially chiral catalysts– has been theoretically assessed; the mechanism of their 

interconversion as well as the environmental factors that contribute to their racemization 

has been thoroughly elucidated.  

 

This study has shown that the SM and RP enantiomeric pairs of N-(o-tolyl)-4-

hydroxy-5,5-dimethyl-2-oxazolidinone 3 interconvert to each other through a ring-chain-

ring tautomerization mechanism.  An acyclic aldehyde intermediate was previously 

suggested, although not experimentally isolated; this study reveals that the ring-chain-ring 

tautomerization occurs through an ‘imino intermediate’ rather than an ‘amido 

intermediate’.  

 

Solvent effects were found to be essential in the reaction mechanism, since proton 

hopping is facilitated by the presence of assisting ethanol molecules, in line with the proton 

transport suggested for hydrogen-bonded solvents in the Grotthus mechanism [54]. While 

kinetic functionals, BMK [42] and MPWB1K [43], slightly overestimated the ring-opening 

barrier, M06-2X [46, 47], known to perform well in organic systems with dispersive 

effects [49, 55], showed results that are consistent with experimental findings. 

 

Summarizing, this theoretical study sheds light on the conditions where 2-

oxazolidinone derivatives 3, which are potential chiral catalysts, remain stable as single 

enantiomers. The role of the solvent is crucial in the racemization process; hence, the use 

of aprotic solvents will likely suppress racemization. This information will prove very 

useful for similar heterocyclic analogues of biphenyl atropisomers that are used as axially 

chiral catalysts. 
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3. ASYMMETRIC DESYMMETRIZATION OF MESO ANHYDRIDES 

WITH CINCHONA ALKALOIDS 

 

 

3.1. Introduction 

 

Cinchona alkaloids have demonstrated widespread potentiality in the field of chiral 

molecular recognition, and have been successfully employed as chiral catalysts in 

asymmetric processes [56-58]. Their versatility is commonly attributed to the presence of 

several functionalities and their ability to act as multisite receptors. To understand the 

molecular basis of their strong performance, several conformational investigations have 

been carried out both with computational and NMR methods [59-63]. Assessing the 

dynamics of cinchona alkaloids is important in developing a comprehensive understanding 

of the mechanisms of enantiodifferentiation in catalytic reactions.  

 

The family of cinchona alkaloids consists of two pseudoenantiomeric pairs, 

cinchonine-cinchonidine and quinine-quinidine (Figure 3.1). Cinchona alkaloids consist of 

two rigid moieties, a quinoline ring which is the aromatic system and a quinuclidine ring 

which is the bicyclic ring system, coupled together by two carbon-carbon bonds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. The derivatives of cinchona alkaloids. 
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The relative position of the quinoline and quinuclidine rings determines the 

conformational diversity of the alkaloid. Mainly, the cinchona alkaloids are found in open 

and closed conformations. In open conformation, the lone pair of electrons on the 

quinuclidine N points away from the quinoline ring, whereas it points towards the 

quinoline ring in closed conformation (Figure 3.2).  

 

Figure 3.2. Open and closed conformations of quinidine. 

 

The first non-enzymatic process of asymmetric desymmetrization with cinchona 

alkaloids has been performed by Oda and co-workers in 1985 [64]  They have found that 

asymmetric desymmetrization (AD) reaction of cis-dimethylglutaric anhydride can be 

carried out with cinchona alkaloids [64]. Then Aitken and co-workers have reported that 

conversion of meso epoxy anhydride to a lactone can be catalyzed by cinchonine [65]. In 

1999, Bolm and co-workers built upon the findings reported by the groups of Oda and 

Aitken to develop a more enantioselective methanolysis protocol mediated by quinidine 

[66] Both enantiomers can be easily obtained with up to 98% enantiomeric excess by using 

either quinine or quinidine in that case. These reported procedures are summarized in 

Figure 3.3.  
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Figure 3.3. Reactions which are catalyzed by cinchona alkaloids [64-66]. 

 

 After various studies, it has been proposed that there are two possible mechanisms 

for the asymmetric desymmetrization of cyclic anhydrides these are nucleophilic and 

general base catalysis [22, 64, 65] In nucleophilic catalysis, the nucleophilic attack by the 

amine nitrogen on the anhydride forms a reactive chiral acylammonium salt. Nucleophilic 

attack on this salt by the secondary alcohol gives the ester product and regenerates the 

amine. Aitken and Bolm claim that the mechanism that operates for cyclic anhydride ring 

opening is the nucleophilic one. However, in the general base catalysis as proposed by Oda 

and co-workers the cinchona catalyzed ring-opening of meso anhydrides involves the 

quinuclidine nitrogen acting as a chiral general base rather than a nucleophile. Both 

mechanisms are shown in Figure 3.4. Recently, it has been demonstrated that the general 

base catalysis is preferred over the nucleophilic catalysis for AD of meso anhydrides with 

catalysts such as amino alcohols [67]. This finding has been extrapolated to the fact that 

the AD of meso anhydrides with quinine-quinidine pseudoenantiomeric pairs also occurs 

through general base catalysis mechanism. 

 

In this study, the alcoholysis of meso anhydrides in the presence of quinine and 

quinidine (Figure 3.5) has been subjected to quantum chemical calculations in order to gain 

insight into the mechanism. The conformational analysis of quinine-quinidine 

pseudoenantiomeric pairs has been performed to find the best conformations which then 

have been used to model the mechanisms. Bolm and co-workers have reported that 

addition of methanol to the anhydride 1 in the presence of quinidine yields the product 2,  
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whereas quinine, the pseudoenantioner of quinidine, generates ent-2 with the same 

enantiomeric excess [68]. The general base catalysis pathway has been explored for these 

addition reactions in the presence of both cinchona catalysts, quinidine and quinine. The 

effect of the solvent to the reactions has been also examined.  

 

 

Figure 3.4. The general base and nucleophilic catalysis of ring opening of meso cyclic 

anhydrides. 

 

Figure 3.5. Asymmetric desymmetrization of 1 with cinchona alkaloids [68]. 

 

3.2. Computational Methods 

 

 All gas phase geometry optimizations were performed using the Density Functional 

Theory [69] at the B3LYP/6-31+G(d,p)  level of theory [35]. Single point calculations with 
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M06-2X/6-31+G(d,p) [46, 47] have also been carried out for the energy refinements. The 

intrinsic reaction coordinate (IRC) [38] was used to connect the transition structures and 

the corresponding reactants and products. Zero point energies and thermal corrections were 

obtained from vibrational frequencies. At each level of theory, the free energies include the 

thermal free energy corrections obtained from gas phase calculations at the B3LYP/6-

31+G(d,p) level at 298.15 K and 1 atm. The effect of a polar environment was taken into 

account by use of Self Consistent Reaction Field Theory (SCRF) [39], utilizing the Integral 

Equation Formalism Polarizable Continuum Model (IEFPCM) [70] in toluene (ɛ= 2.3741) 

which is the solvent used in the experiments. The UFF cavity model [41] was used. All the 

calculations were carried out using Gaussian 09 program package [37]. 

 

3.3. Results and Discussion 

 

3.3.1. Conformational Analysis of Cinchona Alkaloids 

 

 Due to variety of the reactions that the cinchona alkaloids can promote, the 

availability of both enantiomeric antipodes in large quantities from most chemical 

suppliers and their stability, they are widely used as catalysts in synthetic chemistry [56-

58]. In asymmetric processes, their addition to the reaction provides the enantioselectivity 

that results from the specific interaction between the alkaloid and the reactant molecule 

which mainly depends on the specific conformation of the alkaloid: the conformation of 

the alkaloid plays a crucial role in determining the chirality of the product. Due to this 

important role, there have been many studies on the conformational behavior of cinchona 

alkaloids in the literature [59-63]. It has been found that there are three significant dihedral 

angles τ1, τ2 and τ3 which determine the conformation of the alkaloid and they are shown 

in Figure 3.6. τ1 represents the dihedral angle C1 – C2 – C3 – C4 ; τ2 represents the dihedral 

angle C2 – C3 – C4 – C5 and τ3 is the dihedral angle H3 – C3 – C4 – H4. 

 

After reporting the most stable conformations of the cinchona alkaloids-open and 

closed conformations- in 1998 Baiker et al. have investigated all the conformations of 

cinchonidine and found several stable conformations [59]. According to NMR and ab initio 

calculations, Open(3), Closed(1) and Closed(2) conformations have been found to be the 
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most stable conformations and Open(3) is the most stable one among these conformations 

in apolar solvents. However, when the polarity of the solvent increases, Closed(1) and 

Closed(2) conformations become more stabilized mainly due to their larger dipole 

moments. Overall, it has been suggested that Open(3) plays a crucial role in 

enantiodifferentiation [59]. In 2008, the same group has found additional stable conformers 

of cinchonidine by a combined NOESY-DFT analysis [63]. According to this study, 

Closed(7) and Open(10) conformations are also stable as the previously found 

conformations. All the conformations of cinchonidine are displayed in Figure 3.7 and their 

important dihedral angles and relative energies are summarized in Table 3.1. 

 

 

 

Figure 3.6. τ1, τ2 and τ3 dihedral angles. 

 

Table 3.1. Characteristic dihedral angles and relative energies (RE) (kcal/mol) of the 

various conformations of cinchonidine [63]. 

BLYP-PW 

Cinchonidine τ1 τ2 τ3 RE 

Closed(1) 248.9 50.1 175.0 1.11 

Closed(2) 60.1 59.9 180.1 1.45 

Open(3) 98.7 150.1 278.2 0.00 

Open(4) 260.2 139.7 271.8 2.57 

Open(5) 88.4 310.5 76.0 5.02 

Open(6) 260.1 309.8 78.5 4.90 

Closed(7) 17.3 52.8 172.7 1.29 

Open(8) 20.0 149.8 277.9 2.29 

Open(9) 10.1 270.0 41.9 6.07 

Open(10) 101.8 267.7 37.7 1.31 

Open(11) 279.2 272.5 46.4 3.87 
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Figure 3.7. Minimum energy conformations of cinchonidine with BLYP-PW method [63]. 
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 Because the conformation of the cinchona alkaloid has a very important role in 

enantiodifferentiation, the conformational analysis of quinine and quinidine has been 

carried out in details. The characteristic dihedral angles of 11 conformations of 

cinchonidine have been applied both to quinine and quinidine and the obtained geometries 

have been optimized with the method used in this study. Since cinchonidine and quinine 

have chiral carbons with same stereochemistry (Figure 3.1) and the only difference 

between them is the presence of the methoxy group attached to the quinoline ring in 

quinine, the characteristic dihedral angles were applied directly to quinine. However, as the 

differences between cinchonidine and quinidine are not only the presence of the methoxy 

group but also the opposite stereochemistry at their chiral carbons (Figure 3.1), dihedral 

angles of cinchonidine could not be directly applied to quinidine. If the presence of 

methoxy group is ignored, cinchonidine and quinidine can be treated as 

pseudoenantiomeric pairs, thus kind of mirror images of each other. At this point, 

characteristic angles of cinchonidine were converted to new angles that fit the quinidine 

structure by subtracting them from 360 degrees since they have opposite stereochemical 

properties. Therefore, the characteristic dihedral angles of cinchonidine were first 

subtracted from 360 degrees and then were applied to quinidine structure in order to obtain 

the proposed conformations. The newly obtained characteristic dihedral angles of quinine 

and quinidine and their relative energies are given in Table 3.2. For both quinidine and 

quinine, the most stable conformer has been found to be Open(3) as proposed in previous 

studies. Closed(1), Closed(2), Closed(7) and Open(4) conformations are the other most 

stable conformers for quinine. The suggested Open(10) conformation has been found to be 

5.12 kcal/mol energetically higher than Open(3), hence it doesn’t rank among the first five 

most stable conformers. Instead of Open(10), Open(4) has been found to be relatively 

lower in energy. For the quinidine case, the trend of the conformations is totally different. 

Firstly, it has been observed that all of the proposed conformations could not be obtained 

for quinidine, because the Open(8) conformation which differs from Open(3) with only τ1 

dihedral angle (Table 3.1) could not be located, it converted to Open(3) conformation as 

can be seen in Table 3.2. So, based on the relative energies of the obtained conformations, 

Open(5), Open(10), Closed(2) and Open(4) conformations are the ones that follow 

Open(3). It seems that Open conformations are more preferable than the Closed 

conformations for quinidine.  
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Table 3.2. Characteristic dihedral angles and relative energies (RE) (kcal/mol) of the 

conformations of quinine and quinidine.  

 

B3LYP/6-31+G(d,p) 

Quinine τ1 τ2 τ3 RE Quinidine τ1 τ2 τ3 RE 

Closed(1) 251.2 56.2 181.8 1.18 Closed(1) 107.1 299.3 173.4 3.08 

Closed(2) 72.8 60.8 183.0 1.32 Closed(2) 285.8 300.1 178.0 2.33 

Open(3) 99.2 157.7 285.6 0.00 Open(3) 261.2 204.5 76.8 0.00 

Open(4) 268.1 148.5 280.7 2.82 Open(4) 92.2 211.9 79.8 2.70 

Open(5) 83.2 314.6 79.1 5.13 Open(5) 260.1 87.9 318.5 1.85 

Open(6) 260.5 304.8 73.7 5.49 Open(6) 84.9 87.0 313.5 4.67 

Closed(7) 20.2 54.3 175.4 1.56 Closed(7) 345.1 302.7 181.1 3.26 

Open(8) 21.8 151.1 279.2 3.10 Open(8) 261.2 204.5 76.8 0.00 

Open(9) 7.5 271.1 43.0 8.29 Open(9) 352.2 89.4 317.6 9.02 

Open(10) 83.2 314.6 79.0 5.12 Open(10) 260.1 87.9 318.5 1.85 

Open(11) 260.4 304.8 73.7 5.49 Open(11) 84.9 87.0 313.5 4.67 

 

 The calculated geometrical parameters of quinine have been compared with 

previously the findings of cinchonidine as their stereochemistry is the same. When the 

characteristic dihedral angles of cinchonidine obtained with the BLYP-PW method and the 

characteristic dihedral angles of quinine obtained with the B3LYP/6-31+G(d,p) method are 

compared, it is seen that they do not change too much and therefore the relative energy 

trend of the conformations is almost the same except for the ranking interchange of 

Open(4) with Open(10). Based on the quinine conformations, the percent deviations of the 

τ1, τ2 and τ3 dihedral angles from the corresponding cinchonidine angles (Table 3.1) have 

been also calculated. These deviations and their averages are summarized in Table 3.3.  It 

seems that deviations of all conformations are within a range that proves there is no 

significant change except for Open(10) and Open(11).  
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Table 3.3 Percent deviations of τ1, τ2 and τ3 dihedral angles of quinine from corresponding 

angles of cinchonidine. 

 

Percent Deviations of Quinine 

Conformation τ1 τ2 τ3 

Closed(1) 0.9 12.2 3.9 

Closed(2) 21.1 1.5 1.6 

Open(3) 0.5 5.1 2.7 

Open(4) 3.0 6.3 3.3 

Open(5) 5.9 1.3 4.1 

Open(6) 0.2 1.6 6.1 

Closed(7) 16.8 2.8 1.6 

Open(8) 9.0 0.9 0.5 

Open(9) 25.7 0.4 2.6 

Open(10) 18.3 17.5 109.5 

Open(11) 6.7 11.9 58.8 

Average 9.8 5.6 17.7 

 

 According to the results of the conformational analysis of quinine and quinidine, 

the Open(3) geometry has been selected to be used in modeling the asymmetric 

desymmetrization mechanism of meso anhydrides. In addition, the choice of the Open(3) 

conformation has also been supported by the fact that the experimental solvent is toluene 

which is non-polar and Open(3) has been found to be more stabilized than closed 

conformations in apolar media which has been explained by larger dipole moments of 

closed conformations which have been obtained as 2.61 D and 2.89 D respectively, as 

compared to Open(3) whose dipole moment has been found to be 1.84 D [59]. The 

Open(3) conformations of both quinine and quinidine which are used in the next step of the 

study are displayed in Figure 3.8. As expected, the quiniclidine N points away from the 

quinoline ring for both pseudoenantiomers. In addition, when their characteristic dihedral 

angles are considered, the sum of each dihedral angle of quinine and quinidine is equal to 

approximately 360 degrees which results in being like a mirror image of each other as 

shown in Figure 3.8. 
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Figure 3.8. Open(3) conformations of quinine and quinidine (B3LYP/6-31+G(d,p)).  

 

3.3.2. Asymmetric Desymmetrization Mechanism 

 

 The next step of the study is to model the base catalysis mechanism of asymmetric 

desymmetrization of meso anhydrides with quinine and quinidine. As mentioned earlier, 

the cyclic meso anhydride 1 has yielded experimentally the product 2 in the presence of 

quinidine whereas product ent-2 is formed when quinine is used as catalyst with up to 99% 

of enantiomeric excess as shown in Figure 3.9 [68]. In this part of the study, the addition of 

methanol to meso anhydride has been modeled in the presence of both quinine and 

quinidine, both concerted and stepwise pathways have been considered and modeled.  

 

 

Figure 3.9. Addition of methanol to 1 with cinchona alkaloids [68]. 
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3.3.2.1. Concerted Mechanism. In this mechanism, the addition of methanol to meso 

anhydride in the presence of cinchona alkaloids and opening of the ring yields the hemi-

ester product, namely asymmetric desymmetrization, takes place in a single step.  

 

 First the methanol addition to meso anhydride 1 has been explored in the presence 

of quinidine. Although it is known that quinidine catalyzed reaction yields 2, both reaction 

pathways of which products are 2 and ent-2 have been modeled and their barriers have 

been calculated to compare with the experimental findings. The first step was locating the 

two transition states one of which gives the product 2 and the other yields ent-2. The 

difference between the two transition states is side of approach of methanol as displayed in 

Figure 3.10. If the methanol attacks the left carbonyl carbon of the anhydride, the product 

will be 2; if the methanol attacks the right side, the product will be ent-2.  

 

 

Figure 3.10. Addition of methanol to meso anhydride 1. 

  

In both cases the Open(3) conformation of the quinidine has been used. In both transition 

states, the oxygen of methanol attacks the carbonyl carbon; the bond between the carbonyl 

carbon and the anhydride oxygen breaks and the quinuclidine nitrogen (N) of the quinidine 

assists the proton transfer from methanol to the carbonyl oxygen (Figure 3.11). The role of 

cinchona alkaloid is not limited to assisting the proton transfer; it also stabilizes the system 

with its hydroxyl group which forms a hydrogen bond with the oxygen of the other 

carbonyl group. The anhydride whose left carbonyl carbon is exposed to methanol attack 

(TS-QD-left) is stabilized by a hydrogen bond between the hydroxyl group of the quinidine 

and the right carbonyl oxygen of the anhydride with 1.84 Å distance. For the other case 

where methanol attack takes place from the right side of the anhydride (TS-QD-right), 

stabilization is due to the hydrogen bond between the hydroxyl group of the quinidine and 

left carbonyl oxygen with 1.86 Å distance. In both transition states, the critical distance 
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between the carbonyl carbon and the anhydride oxygen is around 1.5 Å. During the 

location of the transition states, an additional transition state structure has been located for 

the right methanol attack. This transition state is similar to TS-QD-right except for the 

location of the hydrogen bond. In this structure, the hydroxyl group of the quinidine makes 

hydrogen bond with the anhydride oxygen (TS-QD-right2) with 1.96 Å distance as shown 

in Figure 3.11. This type of transition state could not be located for the left attack since the 

structure of the quinidine does not allow doing it.  

 

From the intrinsic reaction coordinate (IRC) calculations, the corresponding 

reactants and products have been located for quinidine catalyzed system. 3 reactants have 

been obtained from the 3 located transition states which are different conformations of 

each other. However, only one conformation of the reactants which is the most stable one 

has been taken into account during the calculations of activation barriers of the reactions. 

In addition, IRC analysis proved that TS-QD-left connects to product 2; TS-QD-right and 

TS-QD-right2 yield ent-2 as expected. 

 

The calculated activation barriers of the asymmetric desymmetrization of meso 

anhydride 1 in the presence of quinidine have been summarized in Table 3.4. The 

characteristic dihedral angles of quinidine in the transition state structures have been also 

reported in Table 3.4 and it has been found that the dihedral angles are almost same with 

the angles of the previously located Open(3) conformation of quinidine (τ1: 261.2, 

τ2:204.5, and τ3:76.8) which indicates that quinidine has preserved its Open(3) 

conformation in the transition state structures.  

 

Table 3.4. Gibbs free energy barriers (ΔG
‡
) of asymmetric desymmetrization of meso 

anhydride 1 with quinidine and characteristic dihedral angles of quinidine. 

 

TS Product 
Quinidine ΔG

‡
 (kcal/mol) 

τ1 τ2 τ3 B3LYP/6-31+G(d,p) M06-2X/6-31+G(d,p)
a 

TS-QD-left 2 256.7 198.9 69.8 21.3 17.1 

TS-QD-right ent-2 254.3 194.5 66.8 24.2 25.7 

TS-QD-right2 ent-2 255.6 190.1 62.4 23.7 19.8 
a
The values are obtained from single point energies on the  B3LYP/6-31+G(d,p) optimized 

geometries 
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TS-QD-left TS-QD-right 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TS-QD-right2 

 

Figure 3.11. Quinidine catalyzed transition state structures. 

 

 The activation barrier of the reaction whose product is 2 is ~ 2 kcal/mol lower than 

the one for the other reactions that yield product ent-2 according to both methods (Table 

3.4). This result is in accordance with the experimental findings; since it is known that 

quinidine catalyzed reaction gives the product 2 enantioselectively [68]. Comparison of the 

activation barriers of TS-QD-right and TS-QD-right2 asserts that the hydroxyl group of 

quinidine prefers to make hydrogen bond with the anhydride oxygen than the left carbonyl 

oxygen in reaction yielding ent-2. Hence, TS-QD-left and TS-QD-right2 should be 

considered to discuss the energy barrier difference between the reaction of 2 with ent-2. 

When charges of the methanol oxygen and the carbonyl carbon to be attacked in these 
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transition structures are taken into account,   the charge distribution between these atoms 

has been found to be better in TS-QD-left (C: -0.912 and O: -0.435)  than TS-QD-right2 

(C: -1.219 and O: -0.351) structure which can be the reason of energy difference between 

these transition state structures. This difference is about 2.4 kcal/mol according to B3LYP, 

whereas it is 2.7 kcal/mol with M06-2X method. On the other hand, M06-2X results are 

lower than the ones obtained from B3LYP which can be due to the fact that M06 

functional performs better in estimating noncovalent interactions such as hydrogen bonds 

[46, 47]. Overall, it can be deduced that the quinidine catalyzed reaction yielding 2 is 

energetically preferred and this result is consistent with experimentally determined 

enantioselectivity [68]. 

 

 The next step was to model the asymmetric desymmetrization of meso anhydride 1 

in the presence of quinine. As in the case of quinidine, the transition states of addition of 

methanol from both left and right sides of 1 have been located with the Open(3) 

conformation of quinine (Figure 3.12). In this way, both reaction pathways whose products 

are 2 and ent-2 and their barriers have been considered and compared with experimental 

findings which have shown that the quinine catalyzed reaction prefers to yield ent-2 [68]. 

Similar to quinidine transition structures, when addition of methanol takes place from the 

left side (TS-QN-left), the hydroxyl group of quinine makes a hydrogen bond with the 

right carbonyl oxygen with 1.87 Å distance, and for the attack of methanol to right 

carbonyl carbon (TS-QN-left), the hydrogen bond forms between the hydroxyl group of 

quinine and the left carbonyl oxygen with 1.88 Å distance. Like quinidine, quinine assists 

in the stabilization of the system and the proton transfer between methanol and the 

anhydride oxygen. In both transition structures, the critical distance between the carbonyl 

carbon and the anhydride oxygen is around 1.5 Å. It has been found that the left attack of 

methanol to the anhydride 1 with quinine can occur through another structure (TS-QN-

left2) in which hydrogen bond forms between the hydroxyl group of quinine and the 

anhydride oxygen with 1.98 Å distance (Figure 3.12). Due to the structure of quinine, such 

additional transition state has not been found for the right attack of methanol.  
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TS-QN-left TS-QN-right 

 

 

TS-QN-left2 

 

Figure 3.12. Quinine catalyzed transition state structures. 

 

 IRC calculations have verified that TS-QN-left and TS-QN-left2 gives the product 

2, meanwhile TS-QN-right connects to product ent-2. The most stable reactant for quinine 

catalyzed system has been chosen from the obtained 3 reactants and activation barriers 

have been calculated (Table 3.5). The characteristic dihedral angles of quinine in the 

transition state structures have also been displayed in Table 3.5 to show their similarity 
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with the angles of the previously located Open(3) conformation of quinine (τ1: 99.2, 

τ2:157.7, and τ3:285.6). 

Table 3.5. Gibbs free energy barriers (ΔG
‡
) of asymmetric desymmetrization of meso 

anhydride 1 with quinine and characteristic dihedral angles of quinine. 

 

TS Product 
Quinine ΔG

‡
 (kcal/mol) 

τ1 τ2 τ3 B3LYP/6-31+G(d,p) M06-2X/6-31+G(d,p)
a 

TS-QN-left 2 106.0 166.4 294.0 25.2 21.9 

TS-QN-left2 2 104.8 171.0 299.2 24.1 18.8 

TS-QN-right ent-2 103.4 161.4 291.0 21.7 16.4 
a
The values are obtained from single point calculations on the B3LYP/6-31+G(d,p) 

optimized geometries 

 

 The activation barrier of the reaction whose product is ent-2 is 2.4 kcal/mol lower 

than the other reactions that yield product ent-2 according to both methods as expected 

from experimental findings [68] (Table 3.5). When methanol attack takes place from the 

left hand side, the hydroxyl group of quinine prefers to make a hydrogen bond with the 

anhydride oxygen. Hence, this time, TS-QN-left2 and TS-QN-right have been taken into 

account to compare the energy barrier difference between the reaction of 2 with ent-2. 

Upon checking the charges of the methanol oxygen and the carbonyl carbon to be attacked, 

charges are found to be distributed better in TS-QN-right (C:-0.865 and O: -0.439) than 

TS-QN-left2 (C:-1.199 and O: -0.362) which explains the energy difference between these 

transition structures. The difference between M06-2X and B3LYP results are similar with 

the ones obtained for quinidine; the M06 results are slightly lower. To sum up, it has been 

found that the quinine catalyzed reaction yielding ent-2 is energetically preferred and this 

result is consistent with experimentally determined enantioselectivity [68]. 

 

 After modeling the transition states and finding the best transition structures for 

both quinine (TS-QN-left2 and TS-QN-right) and quinidine (TS-QD-left and TS-QD-

right2) and best reactants, the effect of solvent to the activation barriers has been 

investigated. Although the experiments were performed in a toluene/CCl4 mixture and 99% 

enantiomeric excess of both products were obtained, Bolm et al. have emphasized that the 

use of toxic CCl4 can be avoided, since the reactions have also been carried out in pure 

toluene and almost the same enantioselectivities have been obtained [68]. Thus, toluene 
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has been considered as solvent in calculations of the solvent effect.  The obtained results 

are summarized in Table 3.6. 

Table 3.6. Gibbs free energy barriers (ΔG
‡
) of asymmetric desymmetrization of meso 

anhydride 1 with quinine and quinidine in toluene.
a
  

 

TS Product 
ΔG

‡
toluene (kcal/mol) 

B3LYP/6-31+G(d,p) M06-2X/6-31+G(d,p) 

TS-QD-left 2 20.2 16.0 

TS-QD-right2 ent-2 22.0 18.1 

TS-QN-left2 2 22.6 17.4 

TS-QN-right ent-2 20.8 15.4 
a
Values are obtained from single point PCM calculations on the B3LYP/6-31+G(d,p) 

optimized geometries. 

 

 The obtained barriers of the reactions are slightly lower than the gas phase results. 

The energy difference between the barriers of the reactions of 2 and ent-2 also decreases 

for both quinine and quinidine; however they are in accordance with the experimental 

results. In order to perform comparison of calculated results with experimental findings 

accurately, the enantiomeric excess percent of the products in the presence of quinine and 

quinidine have been calculated by using Boltzmann distribution equation which is:  

  

      
   

      
                                                               (5.1) 

 

where ∆(ΔG
≠
) is the energy difference between 2 and ent-2, R is the gas constant and T is 

the temperature which is 298.15 K in this case.  The experimental and calculated 

enantiomeric excess percentages are given in Table 3.7. It has been found that, the 

experimental and calculated results are in accordance with each other and they follow the 

same trend.  

 

In this part of study, the concerted mechanism of the asymmetric desymmetrization 

of meso anhydride 1 in presence of both quinine and quinidine has been explored 

seperately. It has been shown that, quinidine catalyzed methanolysis of 1 has lower energy 

barrier when the product is 2 and when it is ent-2, quinine catalyzed reaction has been 

preferred energetically. In summary, the preferred reaction pathways which are the 
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reaction through TS-QD-left to give product 2 for quinidine and the reaction through TS-

QN-right to give product ent-2 for quinine are shown in Figure 3.13 and Figure 3.14.  

 

Table 3.7. The experimental and calculated enantiomeric excess percentages of the 

products in toluene. 

 

ee (%) of product 
Quinine Quinidine 

Experimental Calculated Experimental Calculated 

2 1
a 

3 96
b 

97 

ent-2 99
a 

97 4
b 

3 
a
Solvent: Toluene/CCl4 mixture; 

b
Solvent: Toluene 

 

Figure 3.13. Potential energy surface for asymmetric desymmetrization of cyclic meso 

anhydride 1 with quinidine (Energies correspond to PCM calculations with M06-2X/6-

31+G(d,p)//B3LYP/6-31+G(d,p)). 
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Figure 3.14. Potential energy surface for asymmetric desymmetrization of cyclic meso 

anhydride 1 with quinine (Energies correspond to PCM calculations with M06-2X/6-

31+G(d,p)//B3LYP/6-31+G(d,p)). 

 

3.3.2.2. Stepwise Mechanism. In the stepwise mechanism, the addition of methanol to 

meso anhydride in the presence of cinchona alkaloids and opening of the ring that yields 

the hemi-ester product takes place in steps. Instead of the hemi-ester product formation, a 

tetrahedral intermediate is formed in the first step. Then this intermediate gives the final 

product after ring opening step (Figure 3.15) 

 

Recent studies have shown that the rate determining step of stepwise mechanism of 

the methanolysis of cyclic meso anhydrides is the first step which is addition of methanol 

that connects to intermediate [67]. For this reason, only activation barrier of addition of 

methanol has been calculated by modeling first step in order to compare it with the 

concerted activation barriers.  Since it has been proved in the previous section that left 
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addition of methanol to cyclic meso anhydride 1 is preferred in the presence of quinidine 

through TS-QD-left, and right addition takes place with quinine through TS-QN-right, 

their stepwise transition state structures have been located as a first step in this section. The 

intermediate products and reactants have been verified with IRC calculations and all of 

these structures are given in the potential energy surface diagrams (Figure 3.16 and Figure 

3.17). The located transition states differ from the concerted transition structures in two 

points which are the critical distance which is shorter in stepwise case (1.45 Å) and the 

location of the hydrogen bond that has a stabilizing role. In stepwise transition states, the 

hydroxyl group of the cinchona alkaloid makes a hydrogen bond with the carbonyl oxygen 

at the side of methanol attack. To be more precise, in S-TS-QD-left, hydroxyl group makes 

a hydrogen bond with the left carbonyl oxygen with 1.89 Å distance and in S-TS-QN-right, 

this hydrogen bond takes place at right side with 1.84 Å distance.  

 

Figure 3.15. Stepwise mechanism of methanolysis of meso anhydride 1 with quinidine. 

 

 All activation barriers with both methods are summarized in Table 3.8. For 

comparison purposes, the corresponding concerted barriers are also given in brackets. The 

obtained activation barriers for the first step of the stepwise mechanism are higher than the 

concerted barriers which prove that the asymmetric desymmetrization of cyclic meso 

anhydride 1 prefers to take place in concerted pathway. 

 

Table 3.8. Gibbs free energy barriers (ΔG
‡
) of stepwise mechanism with quinine and 

quinidine. 

 

TS Product 
ΔG

‡
 (kcal/mol) 

B3LYP/6-31+G(d,p) M06-2X/6-31+G(d,p)
a 

S-TS-QD-left 2 22.8 [21.3]
b 

17.9 [17.1]
b 

S-TS-QN-right ent-2 23.0 [21.7]
b 

17.0 [16.4]
b 

a
The values are obtained from single point calculations on the B3LYP/6-31+G(d,p) 

optimized geometries. 
b
Values in brackets are corresponding concerted barriers. 
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Figure 3.16. Potential energy surface for stepwise mechanism with quinidine 

(Energies correspond to PCM calculations with M06-2X/6-31+G(d,p)//B3LYP/6-

31+G(d,p)). 

 

Nevertheless, the solvent effect to the mechanism has also been taken into account 

in order to check results against the concerted barriers which include solvent effect. The 

results which are shown in Table 3.9 show that barriers of concerted pathway are lower 

than the stepwise barriers in case of solvent effect, too.  

 

Table 3.9. Gibbs free energy barriers (ΔG
‡
) of stepwise mechanism with quinine and 

quinidine in toluene. 

 

 

TS 
Product 

ΔG
‡

toluene (kcal/mol) 

B3LYP/6-31+G(d,p) M06-2X/6-31+G(d,p)
a 

S-TS-QD-left 2 22.2 [20.2]
b 

17.2 [16.0]
b 

S-TS-QN-right ent-2 22.4 [20.8]
b 

16.4 [15.4]
b 

a
The values are obtained from single point calculations on the B3LYP/6-31+G(d,p) 

optimized geometries 
b
Values in brackets are corresponding concerted barriers. 
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Figure 3.17. Potential energy surface for stepwise mechanism with quinine 

(Energies correspond to PCM calculations with M06-2X/6-31+G(d,p)//B3LYP/6-

31+G(d,p)). 

 

 When all results obtained from stepwise mechanism are compared with concerted 

mechanism results, it is seen that the concerted pathway is energetically favored over the 

stepwise pathway since its barriers are higher than the concerted barriers in both gas phase 

and solvent.     

 

3.4. Conclusions and Future Work  

 

 In this study, the asymmetric desymmetrization of cyclic meso anhydrides in the 

presence of cinchona alkaloids (quinine and quinidine) has been subjected to a 

computational analysis. The conformational analysis of quinine and quinidine 

pseudoenantiomeric pairs has been carried out.  Then, the concerted and stepwise pathways 

have been explored for the addition of methanol to the anhydride in the presence of the 

cinchona catalyst.  
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 Among all the previously proposed and currently studied geometries of cinchona 

alkaloids, Open(3) conformation has been found to be the most stable structure for both 

quinine and quinidine. Therefore, this conformation has been used during modeling the 

mechanisms.  

 

 The stepwise mechanism is shown to be energetically less plausible than the 

concerted mechanism. By this fact it can be proposed that, the addition of methanol to the 

meso anhydrides and the ring-opening of the anhydride occurs in a single step in the 

presence of quinine and quinidine. The obtained activation barriers of concerted 

mechanism and calculated enantiomeric excess percentages of the products in the presence 

of both catalysts reveal that quinidine catalyzed reaction yields product 2 since the barrier 

increases when it yields product ent-2, and when the catalyst is changed to quinine, the 

reaction whose product is ent-2 is energetically favored as experimentally proposed [68]. 

The importance of the cinchona alkaloids in this reaction can be correlated with their 

stabilizing role in transition state structures and assistance to proton transfer between 

methanol and anhydride.  

 

 As a future work, the quinine and quinidine catalyzed stepwise mechanisms will 

also be investigated for the attacks which are found to be unfavorable in the concerted 

pathways (TS-QD-right and TS-QD-left). All located structures; transition states, reactants 

and products will also be optimized with M06-2X/6-31+G(d,p) method to obtain more 

accurate geometries in terms of non-covalent interactions.  All geometries will be also 

subjected to PCM optimizations for better understanding of the solvent effect to reaction 

pathway. In addition, the reactions will be modeled with the other obtained most stable 

conformations of the cinchona catalysts which are Closed(1) and Closed(2) in order to 

explore the importance of the conformation of the catalyst.  
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