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ABSTRACT: The recently developed artificial force induced
reaction (AFIR) method was applied to search systematically all
possible multicomponent pathways for the Biginelli reaction
mechanism. The most favorable pathway starts with the
condensation of the urea and benzaldehyde, followed by the
addition of ethyl acetoacetate. Remarkably, a second urea molecule
catalyzes nearly every step of the reaction. Thus, the Biginelli
reaction is a urea-catalyzed multicomponent reaction. The reaction mechanism was found to be identical in both protic and
aprotic solvents.

1. INTRODUCTION

Multicomponent reactions (MCRs) are reactions of three or
more reactants in one pot leading to a product that ideally
contains all atoms of the reactants.1−10 These reactions have
had great impact in organic synthesis due to atom and energy
economy compared to linear synthesis.11 Among these
reactions, there are several types of MCRs such as MCRs
involving isocyanide (Passerini12−15 and Ugi coupling16−18)
and MCRs involving acetoacetate (Biginelli19,20 and Hantzsch
reactions21,22).
The Biginelli reaction is one of the most essential MCRs23−25

and known for the biological activities of its products,25−27 such
as anticancer,28 antimalarial,29 anti-HIV agents,30 and
others.31−39 Discovered in 1893,19,20 this reaction results in
the condensation of three components: a urea, an aldehyde, and
a β-keto ester to form the 4-aryl-3,4-dihydropyrimidin-2(1H)-
one (DHP) as shown in Scheme 1.
To enhance the efficiency of the process, different variations

of the experimental conditions23 were proposed: the use of
catalysts such as Brönsted40−44 or Lewis acids,10,45−48 ionic
liquids,49−54 or an excess of one reactant.45,49,55−58 Soon after
its discovery, various mechanisms involving protonated
intermediates were proposed, as shown in Figure 1. The first

mechanism, the so-called iminium route,55 considers the
condensation of the aldehyde and urea to form a C−N bond
to give the iminium followed by a nucleophilic addition of the
β-keto ester. The second mechanism, an enamine route,9 starts
from a urea and a β-keto ester to form a C−N bond to give the
enamine, which reacts with the aldehyde. The third mechanism
is a Knoevenagel type reaction8 between the aldehyde and the
β-keto ester to form a C−C bond before a reaction with the
urea.
The reaction mechanism was discussed in various exper-

imental and theoretical studies.3,10,45,49,50,57−61 De Souza et
al.62 performed infusion electrospray ionization mass spectrom-
etry (ESI-MS) to identify intermediates involved in the
reaction. Different intermediates from all three routes were
found. They complemented their study with a theoretical
investigation for the C−C and C−N bonds formation steps and
concluded that the iminium route was favored over the two
others. The C−C bond formation, which corresponds to the
nucleophilic addition of the β-keto ester on the iminium, was
found to be the rate-determining step (RDS) of the process.
More recently, Clark et al.63 showed that the solvent ability to
promote the tautomeric equilibrium for the β-keto ester
impacts the process efficiency and that the proticity and
polarity of the solvent are not critical, as the yields were found
to be similar in ethanol and toluene for instance.
Various experimental findings mentioned above convinced us

to clarify the preferred reaction pathway or pathways for a deep
understanding of this important reaction. Are the three routes
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Scheme 1. Biginelli Reaction
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presented above the only possible pathways leading to the
dihydropyrimidine? Is the mechanism strictly identical in protic
and aprotic solvents? Does one of the reactants play the role of
a catalyst? Unbiased and systematic studies of all possible
reaction pathways involving various reactant molecules in
different order (sometimes the same molecules two or more
times) need to be performed to resolve these essential
questions. The artificial force induced (AFIR) method
developed recently by our group is ideally suited for this
purpose.64,65 In this method, an artificial force is placed
randomly between reactants to find automatically all approx-
imate transition states (TSs) and intermediates (local minima,
LMs) of low-energy reaction pathways. From these approx-
imate stationary points, true TSs and LMs are fully optimized
without artificial force. This approach was used to investigate
the 3-MCR, Passerini coupling,66 which consists of the reaction
between an aldehyde, an isocyanide, and a carboxylic acid to
give an α-acyloxy amide. The AFIR approach demonstrated,
contrary to the commonly accepted mechanism, that an
additional carboxylic acid molecule is directly involved in the
reaction and catalyzes the reaction.14,15

Herein, the mechanism of the Lewis acid catalyzed Biginelli
reaction will be studied systematically using the AFIR method.
The counterion will not be considered, as it is not directly
involved in the reaction. Therefore, our search is not restricted
to the proposed three mechanisms discussed above. For each
pathway, we searched multicomponent pathways to examine
possible involvement of additional components as catalysts. A
preliminary search for three-body concerted pathways all seemed
to converge to the two-body pathways, and thus, we did not
pursue this approach further. In this research, we looked for all
possible pathways including the C−C, C−N, or C−O bond at
first from any one protonated reactant molecule and another
unprotonated reactant molecule. We may note that reactions
between two neutral reactants are not considered, as they have
been found to have high barriers.67 For instance, when the
reaction starts from urea and aldehyde, the activation energy for
the first condensation step was found to be 43.0 kcal mol−1.

2. COMPUTATIONAL DETAILS
Urea, benzaldehyde, and ethyl acetoacetate are used to model the
three reactants of the coupling. The detailed AFIR calculation scheme
is as follows. As the first bond formation step (Step I), alternately
choosing one protonated reactant and another neutral reactant, an
artificial force is placed between all intermolecular atom pairs since we
still have no idea on how the reaction really occurs. Additionally,
concerted processes with simultaneous bond forming and breaking are
also considered. At first, approximate reaction paths (AFIR paths)
were searched extensively for all approach directions and orientation,

and approximate local minimums (LMs) and transition states
structures (TSs) were located.64,65,68 The relative orientations and
approach directions of the two reactants were generated randomly.65

The artificial force (AF) energy parameter used was γ = 200 kJ mol−1,
which suggests that pathways with a barrier of more than 50 kcal mol−1

will not be searched. The initial AFIR search was made using the M06-
2X/3-21G level of theory. The AFIR search was terminated when no
new AFIR LM was found for Nmax consecutive AFIR paths. Here,
different conformations of LMs are of course considered to be new
and different. In this study, Nmax = 10 was used; although not
exhaustive nor guaranteed because of the nature of the method, past
experiences64,68 suggest that essential pathways are not likely to be
missed using this value of Nmax. The obtained pathways are always
inspected manually for obvious omission. Then, from these
approximate structures, true LMs and TSs were reoptimized without
artif icial force at the M06-2X/6-31+G(d) level. It is important to
emphasize that, in order to clarify the possible catalytic role of extra
reactant molecules, many multicomponent pathways involving extra
reactant and solvent molecules were searched with the AFIR method
and will be presented in the Results and Discussion section.

We report in the Results and Discussion section the Gibbs free
energy (at 1 atm and 298.15 K; no change in conclusions at 348.15 K,
the boiling point of ethanol) and the electronic energy with zero-point
correction (ZPE, in parentheses). There are different arguments
concerning the entropy contributions in solution, some suggesting
scaling and others suggesting truncation; the reality seems to lie
between the two extremes.69−81 Since we plan to compare mainly
different potential energy profiles with the same number of reactant
molecules, the difference between the Gibbs free energy and electronic
energy with ZPE is rather small. In the text, we mainly use the Gibbs
free energy.

For Step II, the dehydration from the first intermediates takes place
in two steps. Whatever the pathway, no concerted pathway was found.
For the proton transfer sub-Step IIA, we apply the AF (γ = 200 kJ
mol−1) repulsively (negative value of γ) between the atoms where a
bond is expected to be broken and attractively between the atoms
where a bond is expected to be formed. The same principle was used
for the dehydration sub-Step IIB and for Steps III and IV discussed
below.

In all calculations, the solvation Gibbs free energy was included by
the polarized continuum model (PCM). For the initial AFIR search
with M06-2X/3-21G, a PCM model using the dielectric constant of
24.9 for ethanol was employed. Then, all approximate TSs and LMs
were reoptimized at M06-2X/6-31+G(d) using the same PCM model.
In section 3.5 (Solvent Dependency), the pathways of Route A, B, and
C in PCM toluene were optimized from the most favorable pathways
obtained in ethanol. Moreover, the effect of solvent proticity was
considered in the proton transfer steps by considering explicit solvent
molecule(s) in ethanol.

After optimization of a TS, the intrinsic reaction coordinate
(IRC)82,83 was calculated to confirm the reaction pathway. IRC from a
TS structure leads to a reactant or product complex, which is not
necessarily the lowest conformation. Usually, the barrier from these

Figure 1. Three major possible mechanisms of the Biginelli reaction.
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IRC derived conformations is not very high, and we just connected the
lowest and less stable conformers without calculation of the TS
between them. All these AFIR searches, optimizations, and IRC
calculations were performed with the Global Reaction Route Mapping
(GRRM)84−86 program using energies, first, and, second, energy
derivatives computed with the Gaussian09 program.87

3. RESULTS AND DISCUSSION
In the following sections, we will discuss three routes
separately: Route A starts the reaction with the protonated
urea and benzaldehyde, Route B with the protonated urea and
ethyl acetoacetate, and Route C with the protonated ethyl
acetoacetate and benzaldehyde. In each route, we followed the
initial bond formation step between two reactants (Step I),
dehydration step (Step II), bond formation step with the third
component (Step III), and final transformation step into DHP
(Step IV). It is important to emphasize that, for all steps, we
considered multicomponent pathways carefully to examine
possible involvement of the additional reactant or solvent
molecule as catalysts.
3.1. Route A, Starting with Reaction of Protonated

Urea and Benzaldehyde. 3.1.1. Step I: Initial Bond
Formation. At first, the initial protonation always takes place
on urea because of its high proton affinity (see Figure S1 in the
Supporting Information (SI)). All calculations starting with
protonated benzaldehyde result in the same reaction pathways
as those with protonated urea.
The first step of this route is the reaction between the

protonated urea and benzaldehyde. Three pathways (A1−A3)
were found as shown in Figure 2. Among them, the C−O bond

formation (A2) has the lowest TS (A2-2) with a 20.2 kcal
mol−1 activation barrier. The IRC from this TS leads to the
reactant complex (A2-1), higher in energy than the complex
(A1-1) because of a smaller proton affinity of benzaldehyde
than urea. The second lowest pathway is the C−N bond
formation (A1) to give an iminium intermediate. This TS A1-2
is only 0.6 kcal mol−1 higher than A2-2. IRC shows that, in this
path, the proton transfer from the urea oxygen to the
benzaldehyde oxygen takes place concertedly with the C−N

bond formation between the urea amine group and the
benzaldehyde carbonyl carbon. The pathway A3 is much higher
in energy and can be ignored.
To form the final product DHP, a C−N bond between these

two partners has to be formed. The AFIR search found no
concerted process to form the C−N bond from A2-3. In order
to consider a possible catalytic process, a second urea was
added to react with A2-3 (see Scheme 2 and Figure S2 in the

SI). The reaction proceeds in a stepwise process. The C−O
bond originally formed has to dissociate before forming the
new C−N bond between the second urea and benzaldehyde.
The lowest TS for this pathway is 5.5 kcal mol−1 higher than
the TS of the direct C−N bond formation (A1-2). Therefore,
we conclude that the best path for Step I of pathway A is the
direct C−N bond formation (A1) from the resting stage (A1-
1) of the reactant complex.
In order to consider the possible involvement of additional

components in this reaction step, we further examined their
effects on the pathway A1. Figure 3 shows the most stable
conformations for three- and four-component reactions; other
less stable conformations are shown in the Supporting
Information (Figures S3−S4). For the three-component
reaction, an extra urea, benzaldehyde, and β-keto ester,
respectively, were added to the LMs and TS of pathway A1,
as shown as pathway A1U, A1Z, and A1E. With the
benzaldehyde or ethyl acetoacetate as a third component
(A1Z and A1E), the resulting TS structures are essentially
similar to the ones without an extra reactant but stabilize the
acidic proton on the benzaldehyde. This results in an increase
of the nucleophilicity of the urea and electrophilicity of the
benzaldehyde involved in the C−N bond formation. Surpris-
ingly, an additional urea lowers the energy of the resulting TS
(A1U-2), compared to A1-2. The Gibbs free energy of this TS
is 15.5 kcal mol−1, which is 5.3 kcal mol−1 lower than that of
A1-2 without the extra urea. The main difference resides in the
position of the proton. While in A1 the proton was bonded to
the reacting urea, it is now bonded to the additional urea in the
A1U pathway. The hydrogen bonding with the extra
protonated urea stabilizes the system, and the urea nitrogen
involved in the C−N bond formation becomes more
nucleophilic, compared to pathway A1, and explains the
stabilization of the TS. We can conclude that an extra urea
molecule catalyzes this step of the Biginelli reaction. This is
consistent with the observation that an excess of urea is often
used experimentally.
To consider the effects of ethyl acetoacetate on the LM and

TS in pathway A1U, the four-component reaction pathway
(A1UE), which considers all three reactants and the extra urea,
is then investigated. We found that the barriers of A1U and
A1UE are similar and that the ethyl acetoacetate just stabilizes
the proton on the nitrogen, which is not directly involved in the
reaction. In addition, a third urea (A1UU) or a second
benzaldehyde (A1UZ) in the four components step was also
considered (see Figure S5 in the SI). Their role is similar to

Figure 2. Intermediates and transition states between protonated urea
and benzaldehyde (Step I in Route A). Gibbs free energies (1 atm,
298.15 K) (electronic energies with ZPE correction in parentheses), in
kcal mol−1 relative to the isolated reactant molecules, were obtained at
the M06-2X/6-31+G(d) level in PCM ethanol.

Scheme 2. Proposed Catalytic Process with a Second Urea
(in Red Circle)
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that of the additional ethyl acetoacetate in A1UE. Thus, we can
say that the fourth component is not directly involved in the
reaction.
3.1.2. Step II: Dehydration. Now, we consider the

dehydration step (Step II) from the intermediate A1-3, which
results in formation of the iminium cation observed in ESI-
MS.62 The direct dehydration of A1-3 without the “catalyst” did
not take place in the AFIR search. Possible participation of
protic molecules, water, one, and, two, ethanol molecules, has
also been examined. However, water or ethanol has been found
not to participate positively in the reaction, if compared to urea.
The pathways are 6.5, 4.1, and 3.9 kcal mol−1 higher than the
urea-catalyzed pathway, as shown in Figure S6 and Table S1 in
the SI. As shown in Figure 4, we found that the extra urea
catalyzes this pathway and the reaction takes place stepwise.
Starting from the most stable conformer A1UE-3′ of the
intermediate of Step I, the proton transfer from the tertiary
nitrogen of the reacted urea part to the extra urea carbonyl
oxygen takes place with a very low barrier to give A1UE-5. This
intermediate then isomerizes easily to give A1UE-5′, which
goes over the TS A1UE-6 to give the iminium ion A1UE-7
coordinated with the water, ethyl acetoacetate, and urea
products.
We conclude this section by saying that the extra urea

molecule catalyzes Step II, as well as Step I discussed above.

3.1.3. Step III: Bond Formation with Ethyl Acetoacetate.
After the dehydration step, the C−C bond formation between
the intermediate A1-4 (Figure S6) and ethyl acetoacetate was
considered. In solution, the β-keto ester can tautomerize into
the corresponding enol, as shown in Figure 5. Although the

keto form is more stable (∼4 kcal mol−1), the enol form is
needed for the C−C bond formation with A1-4. This is
consistent with the experimental fact that the reaction efficiency
is proportional to the diketo−enol tautomerization equilibrium
constant (KT).

63 The most stable TS (A1UE-10) for the C−C
bond formation including an extra urea (see Figure 6) is only
1.9 kcal mol−1 lower than the TS without extra urea (Figure
S7). However, the addition of the extra urea stabilizes the
product of this step by 12.5 kcal mol−1. In summary, while the
extra urea is not directly involved in this step, it stabilizes the
resulting product as it works as a strong proton acceptor from
the ethyl acetoacetate part.
An alternative reaction pathway including the extra urea was

examined. Indeed, according to the ESI-MS analyses,62 a diurea
derivative (A1-6 in Figure 7 and Figure S8 in the SI) formed by
a benzaldehyde and two urea molecules was observed. We
found that the energies of A1-6 and its formation TS are 10.4
and 20.8 kcal mol−1, respectively. Thus, the formation of A1-6
can take place, but the product DHP cannot be formed from it.
The energy of the TS for the C−C bond formation with ethyl
acetoacetate is 36.7 kcal mol−1, too high if compared to A1UE-
10. Thus, the diurea intermediate A1-6 is a dead-end side
product, which cannot be converted to the DHP product
without going back to A1-4.

3.1.4. Step IV: Transformation into DHP. The trans-
formation of A1UE-11 into DHP consists of several steps as
shown in Figure 6. First, the cyclization takes place, which is
followed by a proton transfer from the extra urea to the enol

Figure 3. Two-, three-, and four-component Step I (C−N bond
formation) for Route A. See Figure 2 for computational details.

Figure 4. Most favorable pathways of Step II (Route A). See Figure 2
for computational details. The straight dashed line shows inter-
mediates that are not connected by IRC.

Figure 5. Diketo−enol tautomerization of an ethyl acetoacetate.
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part. Then the dehydration step and the deprotonation step by
the extra urea result in the formation of DHP. The RDS of
Route A is the cyclization substep in step IV, whose reaction
barrier through the TS, A1UE-12, is 21.5 kcal mol−1. This
result is different from the results of the previous theoretical
study.62 In this study, it was concluded that the C−C bond
formation (Step III) was the RDS, but the cyclization step, the
real RDS, was not investigated in the calculation. The TS of the
RDS, A1UE-12, is modestly stabilized by the extra urea as
shown in Figure 6 (and Figure S9 in SI). The energy of the

Figure 6. Most favorable pathways of Step III and IV (Route A) starting from A1UE-7 to DHP. Figure 2 for computational details. The straight
dashed line shows intermediates that are not connected by IRC.

Figure 7. C−N bond formation leading to diurea derivative (A1-6).
See Figure 2 for computational details.

Figure 8. Best overall pathway for Route A. See Figure 2 for computational details.
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cyclization TS without an extra urea, A1E-12, is 2.2 kcal mol−1

higher than that of A1UE-12. The extra urea also promotes the
succeeding proton transfer and dehydration steps. The
concerted pathway leading to A1UE-15 from A1UE-12′ was
also considered during AFIR process but requires a 1.7 kcal
mol−1 higher barrier in Figure 8 (and Figure S10 in SI) than the
stepwise pathway. As already discussed in the Step II, the
additional urea mediates proton transfer and dehydration steps
better than protic solvent molecules such as water and ethanol.
The TS for dehydration with the extra urea (A1UE-16) is 4.7
kcal mol−1 more stable than that with ethanol (A1E-
16+EtOH). We conclude this section by saying that the extra
urea molecule catalyzes Step IV.
3.1.5. Overall Pathway in Route A. Figure 8 shows the best

overall pathway for Route A. The additional urea lowers the
energies of nearly all the TSs along Route A. This explains why
an excess of urea is sometimes chosen experimen-
tally.9,10,58,59,88−90 Urea acts as an ef f icient oraganocatalyst in
this reaction. This is consistent with the experimental fact that
the proticity and polarity of the solvent are not critical.63

Moreover, the cyclization step is the RDS of this route. While
ΔGr is very small for the reaction, the Biginelli reaction product
is not soluble under these conditions and is obtained as a solid.
Therefore, we consider this reaction as irreversible and consider
the higher TS structure (A1UE-12) as rate-determining. Before
this step, the tautomerization of the β-keto ester into the enol,
followed by the C−C bond formation step, has to occur. This
pathway is thus consistent with experimental results that the
efficiency of this reaction is affected by an enolization of the β-
keto ester.63

The electronic effects of the aryl group of the aldehyde were
also considered by adding an electron-withdrawing group
(EWG, −NO2) or an electron-donating group (EDG, −OMe)
in the para position of the benzaldehyde for all three pathways.

As detailed in Table S2, pathway A remains the best pathway
and the RDS barriers are similar regardless of the substituents.
Thus, the aryl ring substitution of the aldehyde has a small
influence on the reaction. This result is consistent with the
experiments.63

3.2. Route B, Starting with Reaction of Protonated
Urea and Ethyl Acetoacetate. For Route B, urea and ethyl
acetoacetate were considered for the initial condensation and
each reactant was protonated alternatively. Additional compo-
nents were considered at each step of the process to ensure that
the best pathway is obtained. All AFIR pathways are
summarized in the Supporting Information (Figures S11−S14
and Table S3). The best pathway in Route B is B1 as shown in
Figure 9. The lowest pathway for the initial C−N bond
formation is stabilized by the additional urea and benzaldehyde,
whose energy of the TS, B1UZ-2, is 14.8 kcal mol−1. The
resulting intermediate, B1UZ-3, is then dehydrated in a two-
step process. The dehydration is promoted by the extra urea
again. The energy of the TS is 21.4 kcal mol−1, which is lower
than the same step catalyzed by other molecules (see Figure
S13 and Table S3). After tautomerization of this intermediate
into the enamine B1UZ-9, the C−C bond formation occurs
with a 18.2 kcal mol−1 barrier to reach B1UZ-11. During this
step, the extra urea activates the aldehyde. The barrier with the
extra urea is 8.7 kcal mol−1 lower than that without the extra
urea. The consecutive dehydration is promoted by urea to form
B1UZ-16. The cyclization step is the RDS for Route B, as in
Route A. Various conformations and catalysts were considered
to promote this cyclization (see Figure S15 in the SI). The
lowest transition state structure shown in Figure 9 involves an
extra urea to increase the nucleophilicity of the nitrogen
involved in the C−N bond formation to provide B1UZ-18. A
31.2 kcal mol−1 overall barrier was found for this key step. After
isomerization, the expected product is obtained.

Figure 9. Best pathway for Route B. See Figure 2 for computational details.
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3.3. Route C, Starting with Reaction of Protonated
Ethyl Acetoacetate and Benzaldehyde. For Route C, the
benzaldehyde and ethyl acetoacetate (alternatively protonated)
are considered as the first reactants for the condensation. All
AFIR-searched pathways are summarized in Supporting
Information (Figures S16−S20, Table S4 in SI). With a similar
approach to the one used in routes A and B, only the best
pathway is discussed here in Figure 10. The best four-
component pathway leading to the C−C bond formation is
through TS C1UU-2, with a 23.4 kcal mol−1 activation energy.
Among all tested extra molecules, urea remains to be the best
one to catalyze the dehydration steps. When ethanol molecules
(the solvent) or two molecules of urea are used, the energy of
the process is increased. The highest point along Route C is the
C−O bond breaking TS C1UU-6, with an overall Gibbs free
energy of 28.0 kcal mol−1, which is rate-determining for Route
C. In this case, a concerted pathway leading to C1UU-9 from
C1UU-6′ was considered but requires a higher barrier (32.8
kcal mol−1) (Figure S19). The next step consists of the
condensation of the urea with the dehydrated intermediate
C1UU-7 to lead to A1UE-11, which is a common intermediate
with Route A. Thus, the final steps, which consist of the
cyclization and dehydration steps, were already discussed in
section 3.1.4.
3.4. Comparison of All Routes. All the routes, A

(iminium), B (enamine), and C (Knoevenagel), found by
using the AFIR exploration method are similar to the ones
proposed over the past decades, and no new route was found.
However, it is noteworthy to mention that the participation of
an extra urea is essential to lower the barriers for nearly all the
steps. The best four-component pathways for three routes can
be seen individually in Figures 8, 9, and 10, for Routes A, B,
and, C, respectively. They are all combined and systematically
compared in Figure S21 in the SI. The analysis of the two first
steps shows that Routes A and B are in competition. While
Route B has the lowest TS energy for this first step, one can
notice that the dehydration process of the resulting
intermediate (B1UZ-3) is much higher than that in Route A.
Table 1 summarizes the highest point on the reaction pathway
or the RDS of each route. Route A is 6.5 and 9.7 kcal mol−1

lower in energy than Routes C and B, respectively. It is
interesting to note that the RDSs are different from those
proposed in the previous studies in which not all the steps have

been examined. The RDSs for Routes A and B correspond to
the cyclization step at the end of the process, while it is the
dehydration step for Route C. In this work, the lowest reactant
is common for all the routes A, B, and C. Thus, we can discuss
the rate based on the ΔG‡ of the TSs.

3.5. Solvent Dependency. As already mentioned, ethanol
and toluene provide similar yields despite their different
polarity and proticity properties.63 As detailed in the previous
section, ethanol is not directly involved in the mechanism, as
urea is more efficient for all the proton transfers. To confirm
that the reaction proceeds with a similar mechanism in toluene
and ethanol, the three routes were reoptimized in toluene from
the pathways optimized in ethanol (see Figures S22−S24 and
Table S5). Intermediates and transition state structures were
found to be qualitatively close to the ones obtained in ethanol.
As the lowest reactant is common for all the Routes A, B, and
C, we can discuss the rate based on the ΔG‡ of the TSs. Table
S5 summarizes the highest point on the reaction pathway or the
RDS of each route. Route A is still the most favorable pathway,
which is 9.6 and 1.8 kcal mol−1 lower in energy than Route B
and C, respectively. Even though, the RDSs of Route C is
different from those proposed in ethanol in which C−N bond
formation (step III) become the RDS, while the RDSs for
routes A and B corresponds to the cyclization step, the
conclusion remains still the same. Thus, the reaction proceeds
with a similar mechanism in ethanol and toluene, as the
proticity of the solvent is not involved in the minimum
energetic pathway (especially in the dehydration steps). A 22.0
kcal mol−1 activation barrier was calculated in toluene for Route
A, which is close to the 21.5 kcal mol−1 one calculated in
ethanol. This result is consistent with experimental results,63

and we conclude that a similar mechanism is followed in
ethanol and toluene.

Figure 10. Best pathway for Route C (Step I−IV) leading to A1UE-11. See Figure 2 for computational details.

Table 1. Energies (in kcal mol−1) of the Transition States of
the Rate-Determining Step for the Different Routes

Route: Rate-Determining Step ΔG‡

Route A: Cyclization/C−N bond formation (A1UE-12) 21.5
Route B: Cyclization/C−N bond formation (B1UZ-17) 31.2
Route C: dehydration step/C−O bond breaking (C1UU-6) 28.0

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b00407
J. Org. Chem. 2015, 80, 6959−6967

6965

http://dx.doi.org/10.1021/acs.joc.5b00407


4. CONCLUSIONS

In this study, we investigated for the first time the entire
reaction mechanism of the Biginelli reaction starting from
benzaldehyde, urea, and ethyl acetoacetate as reactants by using
the recently developed artificial force induced reaction (AFIR)
method,64,65 combined with DFT calculations. Among all
possibilities, three main routes were found to be suitable to lead
to the expected product, the dihydropyrimidinone (DHP). The
first route, the iminium Route A, starts with a reaction between
the benzaldehyde and urea followed by the condensation of the
ethyl acetoacetate. The rate-determining step of this reaction is,
contrary to common belief,62 the C−N bond formation during
the cyclization step with a 21.5 kcal mol−1 overall barrier. The
second route, the enamine Route B, results in the condensation
of the urea with ethyl acetoacetate before the condensation of
the benzaldehyde. While the RDS is still the cyclization step,
the resulting barrier was found to be about 10 kcal mol−1 higher
in energy than that in Route A. The last route, the so-called
Knoevenagel Route C, starts with the condensation between
the benzaldehyde and ethyl acetoacetate. However, the
formation of the corresponding intermediate is the RDS and
is about 6.5 kcal mol−1 higher in energy than the RDS of Route
A.
The most important finding here is that nearly all steps of all

the routes are catalyzed by an extra urea. The role of the extra
urea is to stabilize the Lewis acid, as well as to reserve a proton;
the urea accepts and releases protons as needed during the
process. Therefore, the Biginelli reaction is a urea-catalyzed
multicomponent reaction. Overall, the urea-catalyzed iminium
pathway A is the most favorable pathway for the Biginelli
reaction.
Solvent molecules are not involved in the reaction

mechanism as much as urea is involved, even when a protic
solvent is considered (e.g., ethanol). In ethanol, the RDS is still
the C−N bond formation step with a very similar TS structure
and energy, as this result explains why similar yields can be
obtained experimentally both in protic and aprotic solvents.63

In the present study, we used the simplest reactants, namely,
urea, benzaldehyde, and ethyl acetoacetate. However, we expect
these three routes to remain the major ones with modestly
substituted reactants. With very bulky substituents, the best
pathway may change because of close contacts among reactants.
Consequently, designing Biginelli reactions with different
substituents and catalysts would be an interesting and
challenging subject.
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(5) Ugi, I.; Werner, B.; Dömling, A. Molecules 2003, 8, 53−66.
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