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Mechanism of Pd-catalyzed Formation of Coumarin. A

Theoretical Study.

S. Nedd? and A. N. Alexandrova*®?

The mechanism of formation of coumarin via the Pd-catalyzed intramolecular hydroarylation of the C-C
triple bond is elucidated computationally, in corroboration with experimental data. It is shown that the
reaction follows the concerted metalation-deprotonation (CMD) mechanism. The typically suspected
mechanisms of ambiphilic metal ligand activation (AMLA), electrophilic aromatic substitution (EAS),
and oxidative addition (OA) are suggested to be non-competitive, based on predicted conformations and
energetics. Two forms of the Pd catalysts are used: Pd(OAc),, and Pd(TFA),. The predicted activation
free energy barrier for the TFA-based catalyst is lower, both in the gas phase and in the CH,ClI, solvent,
in agreement with the experimental observations. Adding electron-withdrawing groups to the catalyst
assists the first and rate-limiting step of the reaction, deprotonation of the aromatic ring, as understood

through charge analysis.

Introduction

Catalytic activation of aromatic C-H bonds, which may be
directed to new and useful reactions including C-C bond formations,
remains a long-term challenge to chemists,™® and it is of
considerable interest for the chemical and pharmaceutical
industries.*® Of a particular note are coumarins (Fig. 1.1) and also
quinolinones, which have many applications as novel therapeutic
agents and prompt the development of general and efficient methods
for their preparation.>*® For example, coumarin derivatives such as
furocoumarins show many biological (photobiological activity in
particular) and industrial applications.®® Thus, there is great need for
the identification and confirmation of feasible mechanisms and
catalysts for the efficient production of these compounds.

The efficient intermolecular and intramolecular hydroarylation of C-
C triple bonds in the presence of Pd and Pt catalysts by simple
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arenes (according to equation 1) has already been reported towards
the formation of coumarins via experiment.1%%°

H

Ar—H + R1

—— _,  Pd(OAc), rt

R1
TFA/CH,CI, A,: - :

R2

)

The production of coumarins and quinolinones according to
this reaction starts from the typical precursors shown in Fig. 1.2.
When X = O and R = H in Fig. 1.2, the result is the vanilla version
of coumarin precursor. The catalyzed reaction of the formation of
coumarin from this vanilla precursor is schematically shown in Fig.
1.3, and it is the subject of the present study. It has been indicated®
that the palladium(Il) acetate (Pd(OAc),) catalyst gives 90% yield in
the reaction of catalyzed cyclization of 4’-tert-butylphenyl
phenylpropiolate to form the coumarin analog, 4-phenyl-6-tert-
butylcoumarin. In this reaction, the intramolecular coordination of
the aryl carbon and the ethynyl group by the palladium catalyst was
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Figure 1. (1) The general structure of coumarin, (2) selected
quinolinones and coumarin precursor derivatives, and (3) the
reaction of the coumarin formation from the vanilla precursor,
phenylpropriolate, used in this study.

exploited, giving yields greater than those based on the
intermolecular mechanisms. The catalytic alkyne hydroarylation in
C-H activation mechanism was suggested for this intramolecular
coordinated system. However, a follow up paper indicated from
experiment that the electrophilic aromatic substitution (EAS)
mechanism may be preferred.? Thus, the mechanism in the
production of coumarin is unsubstantiated where several potential
mechanisms have been identified. It is noted that the rate of reaction
is increased with the addition of the electron-withdrawing group,
trifluoroacetate (TFA), to the catalyst, in dichloromethane. In this
paper, the mechanism of this Pd-catalyzed reaction (Fig. 1.3), and
the effect of adding TFA to the Pd(ll) catalyst (Pd(TFA),) are
explicated. First, however, the four potential mechanisms are
introduced in some detail.

In Fig. 2, the two possible coordination forms for the Pd(Il)
catalysts to the studied substrate are depicted. These two possible
coordinations are due to cis-addition and trans-addition of Pd(ll),
which form the necessary starting points in the mechanisms studied.
Cis-addition is the Pd(Il) coordination to the triple C-C bond and
aryl C-H bond, as shown in Fig. 2 in panel 1. Trans-addition is the
Pd(Il) coordination to the triple C-C bond in the trans position
relative to the aryl C-H bond, as shown in Fig 2, in panel 2.

R= CH,, CF,

Figure 2. Schematic representation of Pd(Il) catalyst bound to the
reactants in the EAS production of coumarin. The cationic forms of
the catalysts, Pd(OAc)" (R=CH), and Pd(TFA)",(R=CF;) are
shown. Panel 1 shows the cis-addition, and panel 2 shows the trans-
addition typically used in the literature.

Electrophilic aromatic substitution mechanism. EAS
catalyzed by Pd(ll) has been cited as the possible mechanism for
coumarin production.? The EAS mechanism consists of four
primary parts: (1) alkyne coordination to Pd(Il) via trans-addition,
(2) nucleophilic attack by the aryl C-H on the ethynyl group forming
a Wheland intermediate (ring closure occurs, however the aryl
hydrogen shown in bold in Fig. 2 is uncleaved), (3) protic cleavage
of the aryl hydrogen, and (4) protonolysis of the resulting Pd-vinyl
complex.? In this paper, only part 1 of the EAS mechanism is
studied, because it is sufficient in assessing the feasibility of this
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mechanism. It is connected to how energetically feasible the two
addition forms are.

Oxidative addition mechanism. The OA mechanism outlined in
Fig. 3 is a commonly used mechanism for the insertion of low
valence transition metals.*? In the intramolecular hydroarylation
reaction of formation of coumarin, this metal insertion involves the
cleavage of the aryl C-H bond by attaching a Pd(Il) catalyst to
phenylpropiolate (o0NC to oC, Fig. 3), followed by a six-membered
ring closure and then the attachment of a hydrogen to the ethynyl
group, toward the products, oRP.

Figure 3. Schematic representation of the OA mechanism using the
cationic Pd(OAc)* catalyst as an example. The mechanism for
PA(TFA)" is analogous. The labels represent the different states of
the systems, including the separated Pd catalyst and
phenylpropiolate (ol), starting complex (oNC), cleaved aryl C-H
(oC), and separated Pd catalyst from coumarin product (oRP).

Concerted metalation-deprotonation mechanism. The CMD
pathway is signified by the cleavage of an aryl C-H by a metal
catalyst with the assistance of a base.” There is already support for
this mechanism borne out by Kinetic Isotope Effect (KIE) data,
which suggests that this mechanism may be the most probable
option in the production of coumarin.??* The CMD mechanism in
the formation of coumarin is shown in Fig. 4, for the Pd(OAc),
catalyst, with the stationary points shown in the following order:
non-bound Pd(OAc), and phenylpropriolate (cl), minima of bound
Pd(OAc), and phenylpropriolate with non-cleaved aryl C-H (cNC),
intermediate formed upon cleavage of the aryl C-H bond (cC),
intermediate where the coumarin product is still bound to the
Pd(OAc), catalyst (cP), and the final state corresponding to the
unbound Pd(OAc), and coumarin product (CRP). The same terms are
used for the Pd(TFA), catalyst. Again, a pinnacle aspect of this
CMD reaction mechanism is the usage of the acetate as a base in
order to assist in the removal of the hydrogen from the aryl C-H; the
usage of this acetate has been suggested to be necessary for the
feasibility of the process.”® There is already some evidence in
previous CMD-related papers that indicate that the typically
considered alternative oxidative addition mechanism offers an
intermediate that is too high in energy, and would not be the most
feasible mechanism.?%

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Schematic representation of the CMD mechanism for the
palladium-catalyzed  intramolecular  hydroarylation ~ forming
coumarin. The system labels, which represent the various CMD
model systems, are: cl - non-bound Pd(OAc), and phenylpropriolate,
cNC - bound Pd(OAc), and phenylpropriolate with non-cleaved aryl
C-H, cC - cleaved aryl C-H intermediate, cP - Coumarin product
with attached Pd(OAc), catalyst, cRP - removed coumarin product.

Ambiphilic metal ligand activation. The AMLA mechanism??®
is similar to the CMD mechanism in that it is also signified by the
cleavage of an aryl C-H by a metal catalyst with the assistance of a
base. However, for our system, the AMLA mechanism is represented
by one acetate, Pd(OAc)" instead of Pd(OAc),. The AMLA
mechanism is shown in Fig. 5, with the labels assigned as follows:
non-bound Pd(OAc)" and phenylpropriolate (al), the initial bound
complex of Pd(OAc)* and phenylpropriolate with non-cleaved aryl
C-H bond (aNC), intermediate corresponding to the cleaved aryl C-
H (aC), the complex of the product with the catalyst Pd(OAc)" (aP),
and finally the unbound product and restored Pd(OAc)* catalyst
(aRP).

In this theoretical work, the four mechanisms of Pd-catalyzed
formation of coumarin are studied: CMD, AMLA, EAS, and OA.
There are limitations in the experimental approaches in the attempts
to identify the correct mechanism.2%# The gas phase free energy
profiles and condensed phase (dichloromethane) energy profiles for
all mechanisms are computed here. We will show that the CMD
mechanism is the most feasible one. It is also noted that these
hydroarylation reactions have been shown to increase their yield
upon the addition of electron withdrawing groups to the catalyst. As
mentioned above, in the case of the intramolecular hydroarylation
reaction, trifluoroacetate (TFA) was used'®®3! in dichloromethane
as the solvent.

Thus, the effects of TFA and dichloromethane on the reaction free
energy barrier will be elucidated as well. The analysis of the
electronic structure will be presented to shed light on the effect of
the electron withdrawing groups on the rate of the reaction.

Computational Details

All calculations were done using the TURBOMOLE® computational
program package. Structural optimizations and vibrational frequency
calculations were done at the level of theory of RI-TPSS/def2-SVP

This journal is © The Royal Society of Chemistry 2012

S

© aRP aP

Figure 5. Schematic representation the AMLA mechanism for the
palladium-catalyzed  intramolecular  hydroarylation ~ forming
coumarin. The system labels are: al - non-bound Pd(OAc)" and
phenylpropriolate, aNC - bound Pd(OAc)" and phenylpropriolate
with non-cleaved aryl C-H, aC - cleaved aryl C-H, aP - Coumarin
product with attached Pd(OAc)* catalyst, aRP - removed coumarin
product.

level of theory, where the Pd metal was treated with RI-TPSS and
the effective core potential basis set, def2-TZVPP.3® TPSS is a
nonempirical meta-generalised gradient approximation functional
and is a commonly used functional that gives a high quality
description of various systems including Pd systems.®4%#! The
combination of def2-SVP for all atoms (def2-TZVPP for Pd) in the
Pd systems defined in this work, is considered quantitative. The
usage of the def2 basis sets, requires the use of ECPs for atoms in
the range of Rb-Rn.*? These ECPs have been rigorously optimized to
ensure accurate and faster calculations and values relative to the
analogous all-electron basis set.*> All intermediates were confirmed
to be true minima, and all transitions states to be the first-order
saddle points with the imaginary frequencies aligned with the
reaction coordinate. RI-TPSS/ single point energy calculations were
done for the optimised structures of the stationary points on the
reaction profiles, and those energies were used in the construction of
the free energy profiles of the reactions.*3 All density functional
theory (DFT) calculations employed the Grimme’s D3 correction,
which further improves the quality of results obtained from the
TPSS functional level of theory.*® The transition state searches were
the Linear Synchronous Transit, where at least ten structures were
sampled between energy minima structures. Saddle point energy and
structural relaxation calculations were done on these 10 structures,
followed by a vibrational frequency analysis to confirm the presence
of transition state. A charge distribution analysis was performed
using the natural-population analysis (NPA) method.** In order to
determine the solvent effects of CH,Cl,, single points total energies
at zero Kelvin were performed using TURBOMOLE’s version of the
Conductor-like Screening Model (COSMO).*®* The dielectric
constant for the dichloromethane solvent used was 8.93.%47 The
coordinates for all stationary state structures are given in the
Supporting Information.

Results and Discussion
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All species along the four reaction profiles were found to be
spin-singlets, with the exception of the oC species in Fig. 3 (the OA
mechanism), which is a triplet. We do not explicitly calculate the
state-crossing points on the OA reaction profiles, because it appears
to be unnecessary. However, it is anticipated that for a metal like Pd,
the spin-orbit coupling is significant to make state-crossing
energetically-accessible.  Cartesian coordinates of all stationary
points on the reaction profile are given in the Supporting
Information.

Electrophilic Aromatic Substitution. The EAS mechanism
requires a trans-addition of the Pd(ll) catalyst as shown in panel 2
in Fig. 2. The EAS mechanism has been suggested based on the
experimental evidence coming from Kinetic Isotope Effect (KIE)
analysis, calculated elsewhere.?! The same reference concedes that
Pd(11) catalysts prefers to bind in the cis form in general,?* and it has
been already shown that in most cases the cis-addition of the Pd(II)
catalyst is preferred.®*3 Thus, in order to clarify the plausibility of
the EAS mechanism, the relative energies of the two forms of bound
Pd(Il) catalyst (the cis-addition form (panel 1 in Fig. 2) and the
trans-addition form (panel 2 in Fig.2)) have been determined.

For the cationic Pd(OAc)" catalyst, the cis-addition form is the lower
energy form by AGpeg=12.6 kcal/mol in the gas phase compared to
the trans-addition form, whereas in dichloromethane solvent the cis-
addition form is lower in energy by the AEq«=15.1 kcal/mol. For the
cationic Pd(TFA)" catalyst, structural optimizations revealed a
rearrangement of the trans-addition form into the cis-addition form,
indicating that trans-addition form is not a minimum, and solidifying
the preference for cis-addition. Since the trans-addition form is
required for the EAS mechanism, this simple set of structural
relaxations indicates that formation of coumarin via the formation of
the characteristic wheland intermediate of the EAS mechanism, most
likely follows another pathway, initiated by the Pd(Il) catalyst
binding in the cis-addition form.3*

Oxidative Addition Mechanism. For the alternative mechanism
of OA, the calculated free energy (298K) reaction profiles in the gas
phase and condensed (dichloromethane) phase are shown in Fig. 6.
In the gas phase, for the cationic forms of both catalysts, Pd(OAc)"
and Pd(TFA)", the lowest point on the free energy profile is
Pd(OAc)" bound to phenylpropiolate (oNC). It is 14.8 kcal/mol
lower than the final product of coumarin and unbound Pd(OAc)*
(0RP) (24.3 kcal/mol lower for Pd(TFA)"). The trends outlined in
the gas phase free energy reaction profile change very little in
dichloromethane as shown in parentheses in Fig. 6.. Both gas phase
and solvent phase results suggest that the system will get trapped in
the oNC intermediate, essentially terminating the OA mechanistic
pathway. The energy span of this reaction is just too large.
Furthermore, the problem is most apparent for the Pd(TFA)* catalyst
in dichloromethane, and that disagrees with the effect of fluorination
being beneficial for the catalysis.

The oC structure also has the cleaved hydrogen on the
opposite side of the Pd(Il). This suggests a high barrier to the
formation of oC from oNC exists, and here it is estimated to be
greater than 62.1 kcal/mol. The full search for the transition states on
the OA reaction profiles was found unnecessary. From the presented
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considerations, the OA pathway is unlikely to be used in the
formation of coumarin from phenylpropiolate.

keal/mol

Figure 6. Gas Phase and condensed phase (dichloromethane)
relative free energy (298K) profile diagram showing the OA
mechanism in Pd-catalyzed intramolecular hydroarylation forming
coumarin. The solid line represents the cationic Pd(OAc)* catalyst,
and the bold dotted line represents the cationic Pd(TFA)* catalyst.
Condensed phase (dichloromethane) relative total energy values are
given in parentheses. The atom colours are black (C), white (N), red
(0), and green (F); the large black atom (Pd).

Concerted metalation-deprotonation. For the CMD mechanism,
in Fig. 7, the gas phase free energy (298K) and the condensed phase
(dichloromethane) total energy (298K) reaction profiles are shown.
Let us first focus on the gas phase results. The initial binding free
energies, AGyggk, for the formation of cNC are 25.7 kcal/mol with
Pd(OAC),, and 1.0 kcal/mol with Pd(TFA),). The rate-determining
step in this reaction is the formation of the intermediate cC via the
transition state, c1TS (Fig. 7). The corresponding free energy barrier
is AG'=25.3 kcal/mol with Pd(OAC),, and AG'pgec=13.9
kcal/mol with Pd(TFA),. Thus, the fluorination of the Pd(Il) catalyst
has a major effect of lowering the barrier height at standard
conditions of room temperature and atmospheric pressure, in an
agreement with the experiment. The barrier with Pd(TFA),
corresponds to the very reasonable turnover frequency of ~3600,
which is based on the energy span approximation.”® This TOF was
also calculated for the OA mechanism, where the oC free energy
was used to approximate the barrier height. In the OA mechanism
the determination of the barrier height between oNC and oC (01TS)
involves an analysis of spin crossing states, which is beyond the
scope of this paper, however, it is reasonable to suggest that the oC
species would give close to the lowest possible value for the 01TS
species. Hence, the TOF for OA is 4.37x10™%°, which is effectively 0.
The TOF value for AMLA is discussed in a later section. The second
low-energy transition state, c2TS, corresponds to the concerted ring
closure and proton transfer. The forming intermediate, cP, then
dissociates with a small barrier (in ¢c3TS) to yield the final products,
cRP. The relative free energy of the separated final coumarin
product and the Pd(II) catalyst is AG,ggc=-53.2 kcal/mol, indicating
the highly exothermic character of the reaction, as expected.

The CMD reaction profiles in dichloromethane (bold numbers in
parentheses in Fig. 7) are incomplete, however this condensed phase
data suggests similar trends to those found in the gas phase. Also, all

This journal is © The Royal Society of Chemistry 2012



of these condensed phase values are consistently lower than their gas
phase counterpart in the CMD mechanism. Here, the initial binding
energies for cNC were lower than those in the gas phase, for both
catalysts. The reaction barrier heights are lowered to 22.1 kcal/mol
for the Pd(OAc), and to -3.7 kcal/mol for Pd(TFA),. The already
published®® experimental data suggests that the dichloromethane
solvent aids in the increase in reaction rates. This should be
replicated in our results via the reduction of the barrier heights,
which is indeed observed. It is thus clear that via the reduction of the
reaction barriers, the dichloromethane solvent is involved promoting
a greater reaction rate in the CMD mechanism.

keal/mol

Figure 7. CMD reaction pathways with relative free energy values
(298K) for the formation of coumarin in gas phase and
dichloromethane. The solid line represents the Pd(OAc), catalyst,
and the bold dotted line and bold numbers represents Pd(TFA),.
Condensed phase (dichloromethane) relative total energy values are
given in parentheses. Units are kcal/mol. The zoomed-in structures
of the optimised minima are (from left to right) NC, C, and P. The
atom colours are black (C), white (N), red (O), and green (F); the
large black atom (Pd). Due to problems associated with SCF
convergence and vibrational analysis of COSMO job, there are
several missing free energy values for the condensed phase
(dichloromethane).

kcal/mol

Figure 8. Gas Phase free energy (298K) profile diagram showing the
ambiphilic metal ligand activation mechanism in palladium-
catalyzed intramolecular hydroarylation forming coumarin.

This journal is © The Royal Society of Chemistry 2012

Condensed phase (dichloromethane) relative total energy values are
given in parentheses. The solid line represents the cationic Pd(OAc)*
catalyst, and the bold dotted line represents the cationic Pd(TFA)*
catalyst. al, aNC, aC, aP, and aRP refer to the structures indicated
in Fig. 5. Units are kcal/mol. alTs is the transition state between
aNC and aC. The atom colours are black (C), white (N), red (O),
and green (F); the large black atom (Pd).

Ambiphilic metal ligand activation. The AMLA mechanism is
similar to the CMD mechanism. The results for AMLA are shown in
Fig. 8. The gas phase and condensed phase (dichloromethane) free
energy (298K) reaction profiles are shown. These reaction profiles
have been limited to show primarily the barrier associated with alTS
(the transition state between aNC and aC from Fig. 5), which is
analogous to the rate determining transition state identified in the
CMD mechanism (c1TS). The stationary states for the coumarin
product are also included.

From Fig. 8, AMLA looks unfeasible due to the trapping
intermediate aP, which is 64.8 kcal/mol lower in energy than the
final product, aRP.. Also, using the energy span approximation,
AMLA has a turnover frequency of 3.73x10*, and like in the case
of OA is effectively 0. It is also noted that condensed phase results
are higher in energy, which suggests a destabilizing effect of the
solvent, where the opposite should be true based on the mentioned
experiment data®. These flaws are sufficient to discount the ALMA
mechanism; it is evident that another base must be involved, as is the
case in the CMD mechanism.

On the effect of catalyst fluorination and solvation. Based on
the presented results, the CMD mechanism is the most likely one for
the formation of coumarin. It has the most feasible energetics, and it
is the only mechanism that fully agrees with the experiment in the
predicted effect of solvation and catalyst fluorination. In order to
explicate these effects further, we focus on the cleaved aryl C-H
intermediate (cC), which immediately follows the rate-limiting
transition state in the CMD mechanism. The geometric and
electronic structures of cC for the two catalysts are analyzed in order
to shed light on the benefit of having the electron-withdrawing
group, TFA, on the catalyst for this reaction.

Fig. 9 presents several characteristic bond lengths and atomic
charges for intermediate cC. One thing to notice is the dramatic
difference in the distance between the phenyl ring and the abstracted
hydrogen attached to acetate group of the Pd(ll) -catalyst.
Furthermore, the acidity of the abstracted hydrogen attached to the
carboxyl group is lower in the case of Pd(TFA),, as assessed from
the dipole moment of the formed O-H bond. The dipole moment
(units of C-A) should decrease with a system that more favorably
abstracts the aryl H. The dipole moment for Pd(OAc), is 1.184 and
for PA(TFA), is 1.148, a decrease of 0.04 and a further confirmation
that Pd(TFA), improves the catalytic efficiency of the CMD
mechanism. Thus, the effect of fluorination on the efficiency of the
catalysts is clear, since this H-transfer to the fluorinated ligand of
Pd(Il) is the rate-limiting step of the reaction in the CMD
mechanism. This aspect also differs CMD from the other most
frequently suspected mechanism, OA, where the rate-determining
transition state involves H-transfer to Pd(I1) (Fig. 6).

Both cC and the preceding transition state, c1TS, are more
polarised in the case of Pd(TFA),. The polar solvent,
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dichloromethane, used in this reaction further favors these polar
structures, lowering the barrier, in agreement with the experiment.

12

20.98A @ 9-9:‘;
b3.17A k4.l

£ 2.00A c2.00A
42.87A d 3.87A
e1.36A e 1.34A
q1-0.715 q1-0.671
q2 0.493 q2 0.500
g3 -0.189 q3-0.182
q4 0.725 q4 0.715
q5 0.846 q5 0.748

Figure 9. Optimised structures of the Intermediate cC in CMD,
showing a few characteristic bond lengths and NPA charges on
atoms, for 1. the Pd(OACc), catalyst, and 2. the Pd(TFA), catalyst.
The atom colours are black (C), white (N), red (O), and green (F);
the large black atom (Pd).

Conclusions

This DFT study shows that the CMD mechanism is
preferred in the Pd-catalyzed intramolecular hydroarylation leading
to the formation of coumarin. The other alternative mechanisms
suggested previously, AMLA, EAS and OA, are suggested to be
unfeasible. For AMLA, the possibility of using one acetate for
activation of the aryl hydrogen as opposed to two acetates in CMD
was tested. It was shown that the AMLA pathway has an
exceedingly low TOF, as well as a trapping intermediate along the
reaction profile, indicating that AMLA is not a feasible mechanism.
For EAS, the trans-addition to the ethynyl group (the required first
step in electrophilic aromatic substitution) is less energetically
favoured than the cis-addition form or the intramolecular attachment,
which suggests that any mechanism should originate from the cis-
addition form and immediately discounts EAS as a possible
mechanism. For the OA reaction, the cleavage of the aryl C-H on
phenylpropiolate has been shown to produce the cationic Pd(ll)
catalyst strongly bound to the phenylpropiolate, and that does not
support the plausibility of the production of the relatively higher
energy coumarin product. Coupled with the low approximate TOF
value, the OA mechanism is not feasible.

The Pd(ll) catalysts with trifluoroacetate (TFA)
consistently showed lower barrier heights than that with acetate, in
agreement with the experimental results showing greater yields when
using TFA. In the case of the CMD mechanism, the dipole moment
associated with the abstracted hydrogen and the acetate group
oxygen of the Pd(TFA), catalyst was shown to decrease, indicating a
lower acidity and thus a more favoured hydrogen abstraction with
the presence of TFA. The electron-withdrawing effect of TFA causes
this improvement in the rate of the reaction. This electron-
withdrawing effect leads to the overall greater polarization of the
transition state of the rate-determining step on the CMD reaction
profile, and of the intermediate following it, leading to their
stabilization. A more polar transition state is also favoured in the
polar solvent, dichloromethane, which goes in line with the
experimentally observed enhanced yield of the reaction in
dichloromethane. CMD could be the preferred mechanism for other
similar reactions of intramolecular hydroarylation, such as the
production of other coumarin and possibly quinilinone compounds.
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The formation of coumarin via the Pd-catalyzed intramolecular
hydroarylation of the C-C triple bond is shown to proceed via concerted

metalation-deprotonation (CMD) mechanism.
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