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ABSTRACT: One of the most widespread synthetic routes to
coumarins is the condensation of esters and phenols via the
Pechmann reaction. Despite the industrial and technological
importance of the reaction, its mechanism is still poorly under-
stood. We have explored several possible reaction paths by
DEFT calculations at the M0S—2X/6-31+G* level. Amphoteric
groups and the solvent have a crucial role in the frequent
proton-transfer steps of the mechanisms; therefore, we have
employed a mixed solvent model, where we combined the
implicit PCM model together with an explicit water molecule
placed at the actual proton transfer region. The Gibbs free-
energy profiles of the possible routes suggest that three parallel

electrophilic attacy

Water eliminatio™

channels (featuring water elimination, trans-esterification, and electrophilic attack) operate simultaneously. Enolic routes have
prohibitively high activation barriers rendering these paths untenable. The calculated profiles indicate that in each feasible route the
first elementary step has the highest activation energy. Reaction intermediates identified on the free-energy profiles can explain

several experimental observations.

1. INTRODUCTION

Coumarin and its derivatives are widely occurring natural
compounds in plants, in micro-organisms, and in animals.' >
Since their first isolation in the 1820s, they have been obtained
from over 800 plant species and more than 1000 derivatives have
been investigated.* Coumarins have recently gained increasing
importance due to their technological potential in pharmaceu-
tical, agrochemical and fragrance industries. For instance, cou-
marin derivatives show remarkable activities in various medical
problems (HIV, blood coagulation, tumors, infections, inflamma-
tions),”>* many of them have favorable antioxidant and anti-
microbial effects and enzyme inhibition properties.’ ® Besides
their biological activity, coumarin derivatives are also widely
applied in food and cosmetic industry” and in color technology as
optical brightening agents or laser dyes."*®

One of the possible synthetic routes for coumarins is the
condensation reaction by Hans von Pechmann.” In the Pech-
mann reaction (Figure 1), activated phenols and ethyl acetoace-
tate yield coumarins and the byproducts ethanol and water.

Since the reactants are cheap and easily available, this process
is the most widely applied synthetic route for coumarins.>'%""
The original reaction is conducted at elevated temperature. As it
employs strongly acidic conditions, the reaction produces harm-
ful, acidic wastewater. In addition, the harsh conditions imply limita-
tions on the possible reactants or necessitate the application of
protective groups. Various improvements have been suggested
employing either Bronsted-acids (free, or solid-supported):
HCIl, HCI/CH;COOH, HCl/CH;CH,OH, H;PO,,'* HCIO,,"*
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Figure 1. Pechmann reaction.
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CF3;COOH,"* CF;SO;H,"* (COOH),,'® heteropoly acids,"”
aqueous solution of ionic-liquids,'® ion-exchange resins' as well
as Lewis acids, such as AlCl;, ZnClL,'"* or InCl3.20

Despite the importance of coumarins and the technological
significance of their production, the underlying mechanism is
poorly understood. Two different mechanisms have been put
forward earlier'>*" which have been later adapted albeit often
with minor modifications. The mechanism proposed by Robert-
son et al. (Figure 2) starts with an electrophilic attack by the
B-carbonyl group of the ethyl acetoacetate to the aromatic ring.
They supported their proposal by isolating cinnamic acid as an
intermediate, and they could convert cinnamic acid derivatives to
coumarins.'>*" Recently another intermediate (2,4-dihydroxy-
ethyl-trans-$-methylcinnamate) has also been observed, sup-
porting this sequence.22

The proposal by Ahmed and Desai (Figure 3) features the
esterification as the first step, followed by the electrophilic attack
for ring closure.'” Their mechanism can also account for the
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Figure 2. Mechanism proposed by Robertson at al. The lower route indicates the proposed side-reaction.
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Figure 3. Mechanism proposed by Ahmed and Desai. The lower route indicates the proposed side-reaction.

formation of chromone side-product, by assuming that Fries-
migration can take place after the esterification step.

Both proposals have been often claimed to be “the mechanism
of the reaction” in literature. Some papers prefer the mechanistic
proposal by Robertson et al,'* others have referred to the
mechanism of Ahmed and Desai,"*'”**** while there are also
a few papers invoking both.'>** A further complication in the
mechanistic views is whether the electrophilic attack occurs via
the oxo'>'*'7?%* or the enol form'>**** of the B-keto-aryl
ester. This issue has not been resolved either.

Clearly, a detailed experimental investigation of the mecha-
nism and in particular the kinetics has been hampered by the
conditions usually employed for the Pechmann condensations,
although recently promising results have been obtained using in situ
Raman technology.”® Therefore to obtain detailed insight into the
Pechmann reactions and to identify the most likely reaction routes
we have performed density functional calculations. Curiously, to the
best of our knowledge this is the first study aimed at investigating
the Pechmann mechanism theoretically. We have selected the
7-hydroxy-4-methylcoumarin as a typical and technologically re-
levant product of the Pechmann condensation to study. We have
calculated the full free energy profiles of the possible reaction
channels. Our main motivations are to identify the feasible reaction
paths, to select intermediates that can be promising candidates
for experimental detection and to provide a detailed mechanistic
picture of the process that may then help to develop more effective
and environmentally benign versions of the Pechmann reaction.

2. COMPUTATIONAL DETAILS

The calculations have been carried out at the M05—2X/6-31+G*
level, applying ultrafine grid with the Gaussian 09 package.”® The basis
set convergence has been verified by comparing the results obtained with
the 6-31G*, 6-31+G*, and 6-311+G* basis sets. The functional applied in
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this study has been shown to provide accurate geometries, thermo-
chemistry and kinetics.”” The methodology has been tested against
MP2/6-311++G** for the full B path. The mean unsigned energy
difference between the successive structures of the mechanism was
1.1 kcal/mol while the largest discrepancy was 2.6 kcal/mol. The basis
set superposition error has been estimated to be around 2 kcal/mol. All
stable molecules and transition state (TS) structures have been verified
by vibrational analysis. Additional IRC and normal optimization calcula-
tions always showed that the calculated TS-s connect the two minima
characterizing the elementary step in question. Solvent effects have been
taken into account by employing a mixed solvent model: we have applied
an explicit, strategically placed water molecule to enhance proton
transfers, and the SMD implicit continuum solvation model.>® The
SMD method for cations has an average error of 3.1 kcal/ mol;*® hence,
we consider this as the main source of error in our methodology. As
solvent models for the most important acids were not available in
Gaussian 09, we have employed the water parametrization. In addition,
we do not take into account the temperature dependence of the
parametrization. Although the present solvation model is not rigorously
complete, we expect that solvation effects are treated sufficiently to
distinguish between the mechanisms. The Gibbs free energy contribu-
tions to the electronic energy contribution have been calculated employ-
ing the harmonic oscillator, rigid rotor, ideal gas approximation at
110 °C and 1 mol/dm?, and including the solvation free energy changes.
Note that for some of the elementary steps we had to alter the position of
the explicit water molecule to properly describe the subsequent step and
the two configurations necessarily have different energies (2—4 kcal/
mol). In such cases, we give the deeper level on the free energy diagrams.

3. RESULTS AND DISCUSSION

The starting point of our investigation is a retrosynthetic
analysis of the Pechmann reaction, which revealed three essential
transformations constituting the pathways: water elimination,
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Figure 4. Retrosynthetic analysis of coumarin.
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Figure 5. Gibbs free energy diagram for “A” mechanism (upper panel), “B” mechanism (middle panel) and “C” mechanism (lower panel).

trans-esterification and an electrophilic attack of the acetyl group.
Since electrophilic attack has to precede water elimination, the
possible six different combinations of these steps can be reduced
to three possible reaction sequences (see Figure 4):
A) trans-esterification; electrophilic attack; water elimination
B) electrophilic attack; water elimination; trans-esterification
C) electrophilic attack; trans-esterification; water elimination

The reaction routes also involve various conformational
changes, which we have explored in detail. Nevertheless, on
the free energy profiles (Figure S), we have plotted only those
that have activation barrier higher than $ kcal/mol.
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3.1. Oxo Routes. The free energy profiles calculated for the A,
B and C oxo routes are displayed in Figure 5. The corresponding
reaction schemes with the most important stationary structures
can be seen on Figures 6—8. We note that all free energy profiles
are referenced to Al. The initial configuration of routes B and C
(B1) is 6.9 keal/mol higher in energy and can be reached from Al
via simple proton transfer. Inspection of the diagrams reveals
common motifs. The most striking feature of the profiles is that
the first step of each route requires the highest activation free
energy. The stoichiometry of the Pechmann reaction suggests
bimolecular mechanism, although stoichiometry and molecularity
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Figure 7. Reaction scheme of the “B” mechanism.

are not directly related. Indeed, the reaction schemes show that
all routes start with the association of the two reactants. Hence,
the large energy differences seen at the beginning of each path are
partly due to the entropy loss associated with the bimolecular-
unimolecular transformation. In the gas-phase, this entropy
contribution can amount to 10—14 kcal/mol;* hence, a domi-
nant part of the activation energy for the Pechmann reaction can
be explained by the bimolecularity of the mechanism. The next
steps forward can be considered unimolecular reactions. It is
important to note that the trans-esterification and water elimina-
tion yield byproducts, that is, the number of molecules increases
at these steps. Hence, they give rise to entropy gains, which

contribute significantly to the overall exergonicity of the Pech-
mann reaction (—11.4 kcal/mol). An important experimental
observation is that the Pechmann condensation is exergonic,
but not spontaneous in short time-scales (i.e., does not take place
in measurable amounts at ambient temperature). In fact, it
requires initialization, and various energy sources have been
employed. Besides the most frequent thermal induction,
ultrasound®® and microwave irradiations*® have also proved to
be very efficient. We conclude therefore that our calculations
are in agreement with the experimental observations indicat-
ing a reasonable barrier and exergonicity for the Pechmann
condensation.
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Another important aspect of the reaction paths is the frequent
proton transfer emerged from the calculations. This is in agree-
ment with the acid catalysis but poses a technical problem: the
migrating proton represents a concentrated charge region that
cannot be sufficiently stabilized by the implicit solvent tech-
niques. Introducing a single explicit water molecule at the close
vicinity of the proton transfer region has a 2-fold role: it catalyzes
the proton migration via H-bond relay and screens the proton
charge efficiently. Similar combined explicit—implicit appro-
aches have been already suggested and applied successfully.”"
As our calculated mechanisms show, the explicite water molecule
plays an important role in several steps and the corresponding
activation energies associated with these proton migrations are
always small (1—10 kcal/mol).

Intermediates that can transform with relatively high activa-
tion energy in either the forward or backward directions can be
candidates for experimental detection. All of the paths feature
such structures, namely A3 on route A, B3 and B6 on route B, and
B3 on route C. The higher activation energies resulting in the
stability of these intermediates correspond to C—C, C—O bond

formations and aromatizations. In contrast, the acid—base steps
are always faster and produce more reactive intermediates having
presumably very short lifetime.

Turning to the individual profiles first we start with the
discussion of route A. As Figure 6 shows the first step here is
the trans-esterification. The [-keto-ester intermediate (A3)
resulted from this steps can be identified as expectedly the
longest-lived intermediate, owing to the high (~14 kcal/mol)
activation energies in either direction. This prediction is in
accordance with the experimental observations supporting the
mechanism by Ahmed et al. Proceeding along the reaction path
the next step is the electrophilic attack on the aromatic ring and
the C—C bond formation. At this step the system goes through
the highest point of the free energy profile (27.0 kcal/mol).
Reaching the AS stage yields substantial energy by restoring the
aromaticity. A couple of proton scramblings and water elimina-
tion lead to the final product, protonated coumarin. The last step
is highly exergonic, due to the formation of the extended electron
delocalization in A8.

The reaction scheme for the B mechanism can be seen in
Figure 7. The initial step of this path is the electrophilic attack of

OH, % ethyl acetoacetate to resorcinol leading to B2. After its deproto-
B H “y nation, the relatively stable B3 intermediate is formed by passing
B3 gD j OH O b2 oH the highest free energy state of the profile (30.0 kcal/mol). As the
H/Q7 CeHs 51" subsequent step requires quite high activation free energy (11.5
HO™ H o kcal/mol), this intermediate may have a lifetime long enough to
be observed. The following steps are water elimination and fast
C1 C2 proton migrations yielding B6. Its relatively high stability implies
Ho that along route B this intermediate can be another long-lived
7 Cels species. In fact, within the free energy well-defined by the B3 and
H o o OH B6, the intermediates can rearrange into each other in the
R - . .
%O‘H” CAHOH, A6 presence of water. These intermediates are structurally related
HO™ to cinnamic acid, which is an important side product of the
Pechmann condensation.'” This implies that the calculated
o3 free energy profile for route B is in accord with the experi-
mental proposal of Robertson et al. We also note that B6 is the
Figure 8. Reaction scheme of the “C” mechanism. compound recently identified by GC-MS among the side products
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Figure 9. Gibbs free energy diagram for A, mechanism (upper panel) and B, mechanism (lower panel).
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.-OHz downbhill free energy profile. It follows therefore that the B and C
CoHs~O CoHs—Q_ 1 routes cannot be distinguished on the basis of their kinetics.
(,:)’ H0 u—’/ Comparison of the three possible routes shows that the overall
f—0 free energy barriers are very similar for each mechanism. In fact,
@ HO they agree within the margin of error of the methodology. Hence,
we conclude that the three routes can operate simultaneously and
Be2 additional experimental factors could determine the dominant
path. All three calculated routes can account for the experimen-
B ,OHz_ tally observed intermediates and side-products by predicting
CoHs=0_  Hop CHs-0 /H" the3rr; t(E be felatlvely stable on the reaction free energy surfaces.
) =G HO OH .2. Enolic Routes. :I'o decide whether the enolic or oxo for@
H © T H of the 3-keto-ester moiety can perform the electrophilic attack in
OH OH + an energetically more favorable way, we have also computed the
\_ free energy profiles for the possible enolic routes. Figure 9
displays the calculated free energy curves for mechanisms A
- Be3 - and B with enol tautomers. Since route C is identical with route B
. H at the electrophilic attack stage, there are only two possible enolic
0.00” OH routes.
CaHs™ | The enol alternative of path A is shown in Figure 10. Along this
- - H ® B6 path, intermediate A3, after a conformational change, enolizes to
OH OH Ae2. This solvent-assisted tautomerism requires high, 19.4 kcal/
H.. mol activation energy. The electrophilic attack is preceded by an
‘OHz additional conformational change (Ae3). Note the positive
Bed charge on the ester group which was essential to stabilize the inter-

Figure 11. Reaction scheme of the B, mechanism.

of the Pechmann reaction.”” In a substantially endergonic step,
B6 rearranges to B7 featuring already the coumarin skeleton. The
high energy investment is required by the formation of the
unstable orthoester group, which subsequently transforms to the
product by losing an ethanol molecule.

Route C follows route B until B3, then C diverges from path B
and reaches path A (Figure 8). Along route C, intermediate B3
undergoes trans-esterification by closing the lactone ring. In the
subsequent steps, proton migrations and the ethyl alcohol
dissociation take place and then route C combines with route
A at stage A6. The most stable intermediate of this path is
predicted to be B3 again. The highest transition state level with
respect to the reactants’ level is 30.0 kcal/mol, connecting B3 and
Cl1 intermediates. After this stage, route C features an overall

mediate. The C—C bond formation via the enolic form (Ae3—Ae4)
requires again high activation free energy (~23 kcal/mol). Overall,
this route requires 45.4 kcal/mol activation free energy. On the basis
of the very high barrier, this route can be excluded.

Figure 11 shows the enol version of mechanism B (B..). Along
this path the enolization takes place at the reactant stage with
quite high, ca. 30 kcal/mol activation energy. After a conforma-
tional change, the electrophilic attack occurs with extremely high
activation energy (48 kcal/mol). The overall free energy barrier is
even higher, more than 50 kcal/mol. Clearly, this process is again
highly unfavorable; hence, we can discard this mechanism as well.

4. CONCLUSIONS

We have performed density functional calculations to calculate
the reaction free energy profiles for various possible routes for
the Pechmann condensation. We have obtained that the three
possible oxo routes can operate simultaneously. In contrast, the
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mechanisms suggesting that the electrophilic attack can occur via
the enol tautomer of the f3-keto-ester moiety could be excluded
on the basis of their very high free energy barriers. Stable reaction
intermediates have been identified on the free energy profiles for
the oxo routes, namely [3-keto-ester intermediate on route A and
cinnamic-acid derivatives along B and C routes. They can explain
experimental observations and can assist in further experimental
characterizations of the Pechmann-type reactions.
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