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Abstract. We report the detailed mechanistic insights of L-proline catalyzed, solvent-controlled, regiose-

lective Mannich reaction. Different solvation models were employed to understand the formation of critical

intermediates. The seminal difference in the nature of H-acceptor solvents and H-donor solvents leads to

variation in the attachment site on the reactant molecule. Our calculations suggest that the H-acceptor solvent

exhibits selective non-covalent interaction with a-hydrogen atoms of the iminium group, facilitating the

reactivity at the more hindered site, which results in the formation of a branched isomer. On the other hand,

the H-donor solvent preferentially binds to the carboxylate group, thus enabling the reactivity to proceed from

the less hindered carbon chain, leading to a linear isomer. The above distinct interactions force a regiose-

lective generation of enamines. Thus, the iminium ion’s site-specific solvent interaction has been observed to

cause a switch in the regioselectivity. These enamines subsequently react with cyclic ketone to produce

Mannich base with excellent enantioselectivity ([99%ee).
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1. Introduction

The foray of L-proline as an alternative strategy to

the domain of metal-catalyzed chiral reactions

gathered rapid recognition of its natural availability,

eco-friendly, and cost-effective attributes.1 The bur-

geoning applications of L-proline conspicuously

prove the efficacy of this organocatalyst in the

flourishing field of asymmetric organocatalysis.2 The

versatility offered by L-proline in the realm of

organic chemistry has triggered much attention

among chemists.3 Extensive literature is available

regarding the L-proline catalyzed enamine forma-

tion.4–7 The formation of enamine constitutes the

preliminary step of prominent organic reactions,

such as aldol reaction, mannich reaction, etc.8,9 The

enamine catalysis is considered to be among the

main activation mechanisms in organocatalysis and

has emerged as a particularly potent technique for

the enantioselective a-functionalization of carbonyl

compounds.9,10

The earliest instances of enamine formation were

found in the experimental work of Hajos et al. and List
et al. which was subsequently followed by the theo-
retical work of Houk and co-workers.11–14 Following
are the pathways suggested for the formation of
enamine. According to the mechanism proposed by
List, the reaction commences with the forming of a
carbinolamine intermediate, followed by the loss of a

water molecule to produce a zwitterionic intermediate,
which proceeds through an intramolecular proton
transfer to produce enamine.12,13 In the second path-
way, the carboxylic acid group of L-proline stabilizes
the formal charges in the transition state and increases
the interaction between the reacting partners through

hydrogen bonding.14–16 This particular mechanism is
energetically feasible relative to the formation of the

carbinolamine intermediate. Houk and co-workers
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have computationally rationalized that the enamine

process catalyzed by carboxylic acid is preferred by

around 30 kcal mol-1 over the mechanism involving

the zwitterionic form of the enamine. Consequently,

this energetically viable approach is referred to as the

Houk–List pathway. Seebach et al. proposed an

alternate oxazolidinone pathway, which quickly

became prominent as oxazolidinones could be detec-

ted experimentally in various circumstances.17 Later,

Sunoj and co-workers probed the factors affecting the

stereoselectivity caused by the enamines and oxazo-

lidinones. They observed that the stereoselectivities

are linked to the electrophile’s preferred approach

during the subsequent formation of the C–C bond

between the enamine and the imine, leading toward

the Mannich base formation.18 The computationally

derived results of the oxazolidinone-led mechanism

resulted in different diastereomers compared to the

experimentally observed products, while the enamine-

led mechanism produced the diastereomers as

obtained experimentally.19 Similarly, Gschwind and

co-workers investigated the subtleties of enamine

production.20 They investigated the rate of enamine

production in basic additives, and the results were

supported by theoretical analysis. According to their

findings, the Houk-List pathway is preferable to See-

bach’s hypothesized oxazolidinone pathway. Based on

energetics and experimental observations, there is a

general consensus that the mechanism proposed by

Houk and List operates for the enamine formation, and

the Seebach mechanism for enamine formation can be

ruled out.18–20

Experimental parameters alter the effectiveness of

organocatalytic reactions. For instance, the choice of

appropriate solvent causes a variation in the reaction

rate, enantioselectivity, regioselectivity, etc.5 The

effect of acids and hydrogen bond acceptors on the

reaction rates and equilibria of enamine production

have been well investigated.5 Acids can speed up the

process, but they do not alter the equilibrium of the

reaction. For instance, when p-toluene sulfonic acid

was added to CDCl3, the enamine formation using

pyrrolidine and cyclohexanone was enhanced. The

hydrogen bond acceptors, for example, dimethyl sul-

foxide (DMSO), support the production of enamine

through their potent hydrogen bonding interaction

with the water produced during the process, unlike

solvents such as benzene.5 High enantioselectivity is

observed in polar aprotic organic solvents like DMSO

and dimethylformamide (DMF) in the case of proline-

catalyzed Mannich reactions.19–21 Additionally, the

pioneering contribution from Barbas has revealed that

amine-derived chiral catalysts induce excellent

enantiocontrol in the presence of excess water in an

aldol reaction, and there is no requirement for acid

additives; this is because the reactants are more mis-

cible in water.22

The formation of regioisomers based on the use of

solvent in the case of enamines proves to be effective.

The regio-enantioselectivity of the Mannich base

holds significant potential in the formulation of pre-

cursors used in the pharmaceutical industries. There-

fore, multiple research groups exploit the factors that

fetch the best output from Mannich-type reactions.

Unsurprisingly, researchers have been concentrating

their efforts in recent years on synthesizing cyclic

imines and improving the efficiency of the Mannich

process.23 The formation of branched product in

DMSO and linear product in CHCl3 in a reaction

between benzoxazinone and 2-hexanone using L-pro-

line is shown in Scheme 1.24 The role of solvent in

such reactions is unclear and not well explored, which

thereby caused curiosity within us to conduct a com-

prehensive mechanistic analysis to link the experi-

mental study and interpret the experimental data.25–27

This paper should be useful in exploring the role of

solvent in controlling the regio-, stereo-, and enan-

tioselective organic synthesis and, hence, in the prag-

matic design and development of new organic

synthesis.

2. Methodology

The Gaussian 09 quantum chemistry software was

used to perform the geometry optimization of all

reactants, intermediates, transition states, and products

in this study.28 The xB97X-D functional in conjuga-

tion with the 6-311G(d,p) basis set predicts energy

estimates that are in close agreement with the existing

experimental data for numerous reactions.29–31 As a

result, all of the computations in this paper were done

at the same theoretical level. The effect of solvent on

the reaction mechanism was evaluated by performing

the calculations using the above-mentioned theory and

an implicit CPCM model at the same level of theory.32

The explicit solvation model was employed in the

critical transition state (TS) to study the interaction of

solvents and their effect on the reaction process. A

single imaginary frequency was observed in all of the

transition structures generated, and this was confirmed

using an intrinsic reaction coordinate (IRC) scan to

ensure that the TS interlinks the reactant and inter-

mediate/product. The supporting information (SI)

includes cartesian coordinates for the optimized

structures of the reactants, transition structures, and
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intermediates (Figures S1–S40 of SI). Multiwfn was

used to produce the NCI plot, enabling us to study the

interaction between the solute and the solvent,33 and

VMD was used to improve the visualization of struc-

tures exhibiting non-covalent interactions.34

3. Results and discussion

Based on the suggested mechanism by multiple

research groups, as discussed in Section 1, the ener-

getics of the enamine formation involved in the pre-

sent reaction system are discussed herein.12,18–20,35–37

The Houk-List pathway involves the nucleophilic

attack of L-proline onto the carbonyl of the ketone

(requires 10.35 kcal mol–1), leading to proton

abstraction from the carboxylic acid group.38 A con-

certed mechanism was observed for the above nucle-

ophilic attack, and proton abstraction occurs via TS (1-
2)�0 to form 20. The carboxylic anion in 20 abstracts the

proton from the ammonium cation, forming 2, and the

reaction proceeds with the loss of a water molecule, as

shown in Scheme 2.20,39 In the List mechanism, the

reaction involves the concerted nucleophilic attack of

L-proline onto the carbonyl carbon of the ketone fol-

lowed by abstraction of proton attached to nitrogen of

L-proline by the carboxylate ion, requiring 39.61 kcal

mol–1 via TS (1-2)� to form 2.12

This is followed by the loss of a water molecule to

yield a zwitterionic intermediate with subsequent

intramolecular proton transfer, resulting in the for-

mation of enamine 4/40. The formation of a zwitteri-

onic intermediate is confirmed through charge analysis

employing the Charges from Electrostatic Potentials

using a Grid-based method (ChelpG) and natural bond

orbital (NBO) analysis (see Table S1 of SI).40–42 The

formation of enamine isomers was crucially consid-

ered as it paves the way for the regioselective gener-

ation of the final products. The energetics indicate that

the Houk-List pathway is feasible. This observation is

in line with the observations of other research

groups.18,20

3.1 Mechanistic insights of the formation of linear
and branched enamines

3.1.1 Energetics of enamine formation in the gas
phase: The stereochemistry of the final product is

largely influenced by the isomerization of enamine. In

reaction Scheme 2, intermediate 3 can undergo

rearrangement to form branched (4) or linear isomers

Scheme 1. Branched and linear Mannich bases formed via the regioselective organocatalyzed Mannich reaction between
benzoxazinone and 2-hexanone in the presence of DMSO and CHCl3.

Scheme 2. Formation of enamine using DMSO and
CHCl3 resulting in branched and linear isomer.
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(40). The generation of branched and linear isomers of

enamine 4/40 from the iminium ion via a-proton

transfer was examined in the gas phase. It becomes

pivotal to compute the energy barrier of all possible

isomers to identify the most feasible reaction pathway

leading to the generation of the product. The energy

barrier for the formation of syn/anti-linear and syn/

anti-branched isomers and the relative stability of each

isomer have been listed in Table S2. Figure 1 depicts a

potential energy surface of reaction Scheme 2. It can

be seen that the anti-branched enamine is

thermodynamically stable but requires the highest

activation energy. Thus, the kinetically favored syn-

linear enamine is formed, which subsequently

undergoes conversion via a low energy-assisted

rotational transition across the C–N bond to generate

the anti-linear enamine. This suggests that the anti-

linear enamine is the favored product, which is in line

with the experimentally obtained product in CHCl3.

However, in DMSO, the product obtained is anti-

branched, which could not be rationalized through gas

phase calculations. Hence, to investigate the role of

solvent, we have subsequently performed the

calculations using an implicit solvation model.

3.1.2 Energetics of enamine formation using implicit
solvation model: To evaluate the energetics for the

effect of solvent on enamine formation, we employed

a CPCM model at xB97X-D with 6-311G(d,p) level

of theory.29–32,43 The energies were computed in two

different solvent environments, i.e., DMSO and CHCl3
(see Table S3). Figures S41 and S42 represent the

potential energy surface in the presence of DMSO and

CHCl3, respectively. It is evident that the anti-

branched product is thermodynamically stable in

both DMSO and CHCl3. However, the energy barrier

required for the formation of an anti-branched product

is large in DMSO (35.21 kcal mol–1) and CHCl3
(33.64 kcal mol–1). Hence, the formation of the

branched product is highly unfavorable in both

solvents. As per kinetic consideration, a syn-linear

and syn-branched product is expected to be formed.

This is in sharp contrast to experimental findings

wherein the anti-branched and anti-linear product is

formed in the presence of DMSO and CHCl3,

respectively.24 This strongly suggests there is

solvent-specific interaction behind the

regioselectivity, which needs to be investigated.

Therefore, we continued to study the role of solvent

using an explicit solvation model.

3.1.3 Energetics of enamine formation using explicit
solvation model: We probed the mechanism of

enamine production using an explicit solvation

model to check for any difference in enamine

formation preference between DMSO and CHCl3.

The electronic energies used to account for the

formation of these enamine isomers are depicted in

Table 1. In the presence of DMSO, the syn-branched

enamine has the lowest energy barrier for formation,

and thus, the branched isomer gets formed in

preference to the linear enamine. Likewise, in the

presence of CHCl3, the syn-linear enamine has a

minimum energy barrier of formation, so the linear

isomer is formed over the branched enamine.

From Table 1, we can interpret that in the DMSO

environment, the lowest energy barrier was observed

for the formation of branched-syn enamine, but the

anti-branched enamine is more thermodynamically

stable than the syn-branched enamine. Therefore, the

syn-branched enamine formed as the kinetic product

later rotates to form the thermodynamically

stable anti-branched enamine, requiring 7.43 kcal

mol–1. This step has a substantially lower energy

requirement as compared to the reaction barrier

involving direct anti-branched enamine formation

(17.61 kcal mol–1).44 Hence, the former pathway is the

feasible approach towards forming anti-branched

enamine in DMSO. Figure 2(a) illustrates the energies

required to form all possible enamine isomers. Fig-

ure 2(b) depicts the relaxed rotation potential between

syn- and anti-enamine using DMSO as an explicit

Figure 1. A potential energy surface for the formation of
enamine using electronic energies performed at
6-311G(d,p) level of theory using xB97X-D functional in
the gas phase. The blue dotted line represents the formation
of a syn-branched isomer; the brown dotted line represents
the formation of an anti-branched isomer; the green dotted
line represents the formation of an anti-linear isomer, and
the pink dotted line represents the formation of a syn-linear
isomer, respectively.
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solvent. Similarly, in the presence of CHCl3, as shown

in Figure 2(c), the lowest energy barrier for forming

linear-syn enamine was observed at 18.91 kcal mol–1.

Nonetheless, the anti-linear enamine is thermody-

namically more stable than the syn-linear enamine. As

a result, the kinetic product is syn-linear enamine,

which then rotates to form the thermodynamically

stable anti-linear enamine with a rotation barrier of

6.93 kcal mol–1. This barrier is significantly lower than

the reaction barrier for anti-enamine production (31.44

kcal mol–1).45 We can confirm this as the preferred

pathway for forming anti-linear enamine in CHCl3.

Our calculations suggest that a more substituted

enamine isomer forms preferentially in DMSO (i.e.,

Table 1. Theoretically, estimated energies for the formation of enamine using explicit solvation model in the presence of
DMSO and CHCl3 at xB97X-D/6-311G(d,p) level of theory.

DMSO CHCl3

Linear Branched Linear Branched

syn anti syn anti syn anti syn anti

Energy barrier (kcal mol–1) 4.91 32.69 3.36 17.61 18.91 33.17 19.76 31.44
Enamine (kcal mol–1) -10.06 -3.99 -15.91 -16.62 -2.83 -4.65 0.28 0.17

Figure 2. (a) A potential energy surface for the formation of enamine using electronic energies obtained at xB97X-D/6-
311G(d,p) level of theory. The brown dash line represents the formation of an anti-linear isomer in DMSO, the brown
dotted line represents the formation of a syn-linear isomer in DMSO, the blue dash line represents the formation of anti-
branched isomer in DMSO, the blue dotted line represents the formation of syn-branched isomer in DMSO, the green dash
line represents the formation of anti-linear isomer in CHCl3, the green dotted line represents the formation of syn-linear
isomer in CHCl3, the pink dash line represents the formation of anti-branched isomer in CHCl3 and the pink dotted line
represents the formation of syn-branched isomer in CHCl3, respectively, using xB97X-D/6-311G(d,p) level of theory
(explicit solvation); (b) The C–N bond rotation potential energy performed using xB97X-D/6-311G(d,p) for branched syn-
enamine to anti-enamine in presence of DMSO; and (c) The C–N bond rotation of linear syn-enamine to anti-enamine in
presence of CHCl3.
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H-acceptor solvent), while a less substituted enamine

isomer forms preferentially in CHCl3 (i.e., H-donor

solvent). Based on our calculations, we could envisage

that the formation of enamine isomers differs

depending on the solvent environment, and so, to

validate this, we performed the analysis using two

H-donor and two H-acceptor solvents to gain a deeper

understanding and to validate this factor as a cause for

the induced regioselectivity. We employed tetrahy-

drofuran (THF) and DMF as H-acceptor solvents and

dichloromethane (CH2Cl2) and chloromethane (CH3-

Cl) as H-donor solvents. In the case of H-acceptor

solvents like THF and DMF, the syn-branched enam-

ine formation is favored over syn-linear enamine. The

energy barrier for syn-branched enamine was lower by

1.41 and 1.99 kcal mol–1 in the presence of THF and

DMF, respectively. On the other hand, the formation

of syn-linear enamine was favored in the presence of

H-donor solvents. Solvents such as CH2Cl2 and CH3Cl

favored the syn-linear TS over the branched TS by

1.77 and 0.07 kcal mol–1, respectively. In general, the

above calculations suggest that the H-acceptor solvent

forms a branched isomer, and the H-donor solvent

leads to the formation of a linear isomer, thereby

confirming that the regioselectivity is induced due to

the solvent. The interaction of solvents has been crit-

ically explored in the next part to gain better insights

into the role of solvents in stabilization.46 Such sta-

bilizing interactions would have gone undiscovered if

our study had not utilized an explicit solvation

model.47

3.1.4 Non-covalent interactions between solvent
and enamine: As discussed in the earlier section,

the role of solvent during the current reaction stage is

extremely vital in forming the regioselective

enamines. DMSO and CHCl3 are the two solvents

employed in this study, so we delved into the

interactions caused by these solvents over the solute.

DMSO acts as an H-acceptor due to the presence of

lone pairs on its two oxygen atoms.48 On the other

hand, the three chlorine atoms in CHCl3 exert a -I

effect, which generates a large fractional positive

charge (0.216) on the H atom.49 Hence, CHCl3
behaves as an H-donor (see Figure S43)—the

solvent-dependent stabilization results in the

generation of regioselective isomers. The interaction

of the solvent with solute in the TS (3-4)� and (3-40)�

are presented in Figure 3.

DMSO can approach the iminium ion by main-

taining a distance from the carboxylate ion to mini-

mize repulsive forces. Further, there are two probable

modes of interaction of DMSO with iminium ion,

which can generate either branched or linear enamine.

Figure 3. NCI plot showing the interaction of solute in the presence of DMSO and CHCl3 in TS (3-4)� and (3-40)�,
respectively.
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To form branched enamine, DMSO needs to orient

itself away from the larger C chain and exhibit

stronger C–H���O interaction of 2.16 Å between O(41)

and H(4) and 2.14 Å between O(41) and H(21) (Fig-

ures 3a, S22 and S23). Because of the involvement of

H(4) and H(21) in H-bonding, their chemical reactivity

is hindered. This forces the carboxylate oxygen, i.e.,

O(15), to abstract 46(H), forming branched enamine.

To form linear enamine, DMSO needs to orient itself

towards the larger C chain, leading to C–H���O inter-

action with 2.23 Å between O(42) and H(4) and 2.29

Å between O(42) and H(18) (Figure 3b). These non-

covalent interactions are weaker than the former due to

steric reasons. Overall, this results in the generation of

relatively stable TS for forming branched enamine

over linear enamine when DMSO is used as a solvent.

Likewise, as discussed in Section 3.3.3, the H-ac-

ceptor solvents like DMF and THF are likely to pro-

duce the branched enamine in preference to the linear

enamine. The mode of interaction between iminium

ion and respective solvent molecules (DMF, THF) is

identical to DMSO. That is, (DMF/THF) approaches

iminium ions by maintaining maximum distance from

carboxylate ions to minimize the repulsive electro-

static interactions. As discussed earlier, the carboxy-

late ion arm abstracts a proton that is not involved in

non-covalent interactions, resulting in the preferential

generation of branched enamine (see Figures S44 and

S45).

In sharp contrast to H-acceptor solvents, the

H-donor solvents, like CHCl3, approach the iminium

ion such that it is in close proximity to the carboxylate

ion, as it offers attractive dispersive interactions

between the H atom of CHCl3 and the carboxylate ion.

As seen in the case of H-acceptor solvents, the

H-donor solvents also show two modes of interaction

with iminium ions, forming either branched or linear

isomers. The branched isomer shows a hydrogen bond

(HB) length of 2.48 Å (Figure 3c), whereas the linear

isomer (Figure 3d) exhibits a stronger (HB) of 2.04 Å

when CHCl3 was used as solvent. The stabilization in

linear isomer is due to the lower steric crowding as HB

is far from the larger C chain. The branched isomer

has a relatively larger steric crowding, where the HB is

close to the larger C chain. This stabilization of HB in

H-donor solvent leads to the preferential formation of

linear isomer over branched isomer. The weak HB in

branched isomer results from the repulsive forces

caused by the comparatively larger C chain over the

hydrogen of CHCl3. The syn-linear TS in CHCl3
exhibits stronger HB as there are no repulsive forces

since the HB is far from the larger C chain. Likewise,

in the case of CH2Cl2, the branched isomer exhibits

HB of 2.29 Å, and the linear isomer (Figure S46a)

shows hydrogen bonding (HB) of 2.21 Å, thereby

providing stabilization compared to the branched iso-

mer. The weak HB in branched isomer results from the

repulsive forces caused by the comparatively larger C

chain over the hydrogen of CH2Cl2. The syn-linear TS

in CH2Cl2 (Figure S46b) exhibits stronger HB as there

are no repulsive forces since the HB is far from the

larger C chain. Similar stabilization of linear isomer is

observed in the presence of CH3Cl, as seen in (Fig-

ures S47a and b). From these analyses, it could be

inferred that H-acceptor solvents favor branched iso-

mers, while H-donor solvents generate linear isomers.

Natural bond orbital (NBO) analysis can be used to

estimate these stabilizing effects theoretically. NBO

analysis was used to calculate the second-order per-

turbation energy E(2) to explain the solvent’s stabi-

lization effect over all possible enamine conformers.50

The NBO analysis is a useful tool for determining not

only bonding and anti-bonding interactions but also

charge transfer and inter and intramolecular bonding

interactions.51 This can be accomplished by taking

into account all possible interactions between filled

donor and empty acceptor NBOs, occupied lewis-type

(donor) NBOs, and unoccupied non-lewis-type (ac-

ceptor) NBOs (see Table S4). Equation (1) gives the

stabilization energy E(2) associated with electron

delocalization between donor (i) and acceptor (j).

E 2ð Þ ¼ DEi j ¼
qiF

2
ij

ei � ej
� � ; ð1Þ

where qi represents donor orbital occupancy, Ei and Ej

represent the donor and acceptor orbital energies,

respectively, and Fij is the off-diagonal NBO Fock

matrix element. Table S4 displays the results of the

second-order perturbation theory analysis of the Fock

matrix at the xB97X-D/6-311G(d,p) level of theory.

The prominent interactions between Lewis and non-

Lewis orbitals of all TS in the solvent phase are

thoroughly investigated for a representative H-donor

solvent (DMSO) and H-acceptor solvent (CHCl3). The

prominent interactions in the DMSO solvent phase

show that the syn-branched conformer has the highest

E(2) value at 2.09 kcal mol–1. The most prominent

interaction in the solvent phase was from a lone pair

orbital on O(41) to the anti-bonding acceptor BD * (1)

C2-H4 orbital. In the CHCl3 solvent, the syn-linear

conformer has the highest E(2) value at 5.06 kcal

mol–1, causing higher stabilization energy to these

transition states. The most prominent interaction in the

solvent phase was from a lone pair orbital on O(19) to

the antibonding acceptor BD * (1) C1–H2 orbital.
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3.2 Formation of enantioselective Mannich base
from enamine

The enamine formed in the earlier step generates an

H-bonded complex 5 with the cyclic imine benzox-

azinone. The intermediate 5 undergoes a conjugate

addition to the benzoxazinone, thereby making the

nitrogen of benzoxazinone highly nucleophilic. This

nitrogen of the benzoxazinone efficiently abstracts the

proton from the carboxylic acid group contained in the

enamine. Both the above steps are obtained as con-

certed steps and lead to the formation of zwitterionic

moiety 6 as depicted in Scheme 3 concerning the

formation of branched product and Scheme S1 of SI

associated with the formation of the linear product.

The carbocation formed in 6 is stabilized by the lone

pairs of nitrogen, resulting in the formation of an

iminium ion. Hydrolysis of iminium ion 6 leads to

forming 7, followed by a proton transfer, which

enables the formation of the Mannich base 8 along

with the regeneration of the L-proline organocatalyst

(Figure 4).

The conjugate addition of 5 to the benzoxazinone,

followed by the proton abstraction from the carboxylic

acid group contained in the enamine, is the stereose-

lective step of the reaction. The origin of

stereoselectivity is based on the mode of addition of

enamine to the benzoxazinone. The backside attack

forms the R enantiomer, whereas the front-side attack

leads to the generation of the S enantiomer. On

exploring the energies involved in the reaction in the

presence of DMSO, we observed the R-isomer of 5 to

be stable over the S-isomer. The energy barrier

involved in forming this stereoselective step is for the

R-path with 11.97 kcal mol–1, whereas 15.3 kcal mol–1

for the S-path. The TS for the R-isomer is stable over

the TS for the S-isomer by 7.96 kcal mol–1. According

to the Curtin–Hammett principle, a stable conformer

leads to the major or exclusive product if the reaction

rate of the stable conformer is higher than that of the

less stable one.52 Therefore, the R-conformer of the

product is formed as the major product as the barrier

involved in its formation is less, and the rate of for-

mation is also high as compared to the S-conformer.

This stabilization of TS of R-isomer is due to the

stronger C–H���O interaction of 2.34 Å between O(47)

and H(24) as compared to 2.55 Å between O(47) and

H(24) of TS of S-isomer as seen in Figure S48(a) and

(b), respectively.

Moving on to investigate the energies for the reac-

tion involving the formation of a linear Mannich base,

we observed the R-isomer of 50 to be stable over the

Scheme 3. Formation of branched Mannich base.
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S-isomer. The energy barrier involved in forming this

stereoselective step for the R-path is 10.51 kcal mol–1,

whereas 18.99 kcal mol–1 for the S-path (see Fig-

ure S49). The TS for the R-isomer is stable over the

TS for the S-isomer by 7.57 kcal mol–1. Fig-

ure S48(c) and (d) depict the relatively stable C–H���O
interaction with H-bond length of 2.84 Å between

O(49) and H(21) in the TS of the R-isomer, compared

to 2.93 Å in the TS of the S-isomer, contributes

towards the stabilization of the TS of the R-isomer.

Since the barrier involved in forming the R-conformer

of the product is less and the rate of formation is also

high compared to the S-conformer, the R-conformer

gets formed as the major product.

3.3 Estimating percent enantiomeric excess
for generation of Mannich base

Enantiomeric excess is a quantitative measure of the

excess of one enantiomer over the other in a mixture of

enantiomers. The following mathematical equation is

used to estimate the percent enantiomeric excess

(%ee):53

% ee ¼
exp � dDG6¼

RT

� �
� 1

exp � dDG6¼

RT

� �
þ 1

� 100; ð2Þ

where dDG 6¼ ¼ DG 6¼
RHS � DG6¼

LHS.

The Gibbs free energies listed in Table 2 are con-

sidered to compute the percent enantioselectivity

(%ee). The TS involved in the formation of the

R-enantiomer is stable as compared to the S-enan-

tiomer of the branched Mannich base by 2.34 kcal

mol–1. Likewise, in the case of the formation of linear

Mannich base, the TS involved in the formation of the

R-enantiomer is stable as compared to the S-enan-

tiomer by 8.68 kcal mol–1. The calculated %ee for the

formation of the R-enantiomer of the linear Mannich

base is[99%. The above-calculated values of %ee are

in close agreement with the experimentally reported

values of Viji et al.24 Also, our calculations predict the

greater yield of formation of linear product as

Figure 4. The potential energy figure for the formation of the branched Mannich base, obtained through the electronic
energies performed at xB97X-D/6-311G(d,p) level of theory. The black line indicates the formation of the Mannich base
through the S-path, and the brown line represents the formation of the Mannich base through the R-path.

Table 2. Theoretically, estimated %ee when DMSO and
CHCl3 are obtained at xB97X-D/6-311G(d,p) level of
theory when DMSO and CHCl3 are used as the solvent.

Parameters
Branched

Mannich base
Linear

Mannich base

DG 6¼
R

13.21 10.44

DG 6¼
S

15.54 19.13

dDG 6¼ -2.34 -8.68

Theoretically
computed %ee

96 99

Experimentally
observed %ee

9924 9924

Note: Energies reported in the above table are in kcal mol
–1.
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compared to branched product, which is in line with

the experimental findings.

4. Conclusion

The origin of stereo-selectivity, the reaction mecha-

nism, and the role of solvent in the L-proline-catalyzed

reaction between benzoxazinone and 2-hexanone have

all been computationally explored. The switching of

regioselectivity has been displayed due to site-specific

solvent interaction with iminium ions. Solvents such

as DMSO, THF, and DMF participate as H-acceptors

and bind to a-hydrogen atoms of the iminium group.

This facilitates the reactivity at the more hindered site,

resulting in the formation of a branched isomer. On the

other hand, solvents such as CHCl3, CH2Cl2, and

CH3Cl participate as H-donors and bind to the car-

boxylate group of iminium ions. This enables the

reactivity to proceed from the less hindered C-chain,

leading to a linear isomer. The kinetically

stable enamine further reorganizes to form the ther-

modynamically favored enamine by rotating syn to

anti-enamine isomer. Thus, the regioselectivity is

induced in the enamines due to solvent-specific inter-

actions. Hence, we observe the formation of anti-

branched enamine in H-acceptor solvents and anti-

linear enamine in H-donor solvents. These enamines

later undergo a conjugate addition with benzoxazi-

none, leading to an enantioselective Mannich base.
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