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I.INTRODUCTION

The palladium catalyzed cross-coupling reactions have been very important in
organic chemistry since their discovery in 1970s. This has been recently ac-
knowledged by the Royal Swedish Academy of Sciences by awarding the Nobel
prize in chemistry to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki in
2010 for palladium-catalyzed cross-couplings in organic synthesis. These C-C
bond formation reactions have changed organic chemistry by allowing the
parallel synthesis of precursor components, which are later linked by cross-
coupling reactions (as opposed to the linear synthesis of desired molecule, used
earlier).' Nowadays, there are a number of palladium-catalyzed cross-coupling
reactions capable of C-C bond formation, which are usually distinguished on
the basis of the used co-catalyst or transmetalating agent.

The Sonogashira reaction (palladium-catalyzed sp-sp” coupling between aryl
or alkenyl halide and terminal alkynes in the presence of Cu') was first
described in 1975.% This was based on the earlier work of Heck et al.,* Cassar et
al.* (palladium-catalyzed alkenylation of alkenes) and Stephens-Castro reaction’
(coupling between copper acetylides and vinyl or phenyl halides). Although the
use of copper co-catalyst greatly increases the reaction rate in the Sonogashira
reaction, it can also induce Glaser-type homocoupling of the terminal alkyne.
To supress the formation of this side-product, series of copper-free versions of
the Sonogashira coupling have been developed.®’

Although the Sonogashira reaction is well-known and extensively used for a
long time, its proposed mechanism is mainly based on the similarity with the
other cross-coupling reactions and the detailed reaction mechanism is unknown.
This is mainly caused by the difficulties in isolation and characterization of the
reaction intermediates, which are often unstable and present in very low con-
centrations.

Computational modeling of this cross-coupling reaction can provide useful
information about important reaction intermediates and the role of various
molecular species (base, solvent, ligand, etc.) in the reaction mixture. This
thesis presents computational analysis of the Sonogashira cross-coupling re-
action mechanism to get an insight into the possible reaction pathways of
palladium-catalyzed cross-coupling between phenylacetylene and bromoben-
zene resulting in diphenylacetylene. Potential energy surfaces of possible re-
action routes are analyzed and a revised reaction mechanism is proposed, based
on these results. Computational data about the multiple mechanistic pathways,
responsible for this cross-coupling reaction and the role of various additives in
the reaction mixture, are vital for the future experimental studies on this field.
The deeper understanding of the Sonogashira cross-coupling can be used to
design more effective catalytic systems and, therefore, increase the rate, yield,
and scope of the overall reaction.



2. LITERATURE OVERVIEW

2.1. General mechanism
of the Sonogashira cross-coupling

The Sonogashira cross-coupling offers a relatively simple route for the
synthesis of arylalkynes and conjugated enynes from terminal alkynes and aryl
or alkenyl halides or triflates (Figure 1).*

Pd catalyst
Cu catalyst
R'-X + R2—=——H Base > R-——R?

R' = aryl, hetaryl, vinyl
R? = aryl, hetaryl, alkenyl, alkyl, SiR3
X =1, Br, Cl, OTf

Figure 1. Net reaction of the Sonogashira cross-coupling.

The rate of the Sonogashira reaction depends heavily on the nature of aryl
halide or triflate and the order of reactivity with respect to the leaving group is:
I > OTf = Br > Cl. Vinyl halides are usually more reactive than aryl halides.
Alkynes, which are substituted with electron-withdrawing groups, tend to react
slower than unsubstituted alkynes.” The Sonogashira cross-coupling reaction is
catalyzed by zerovalent palladium complex and copper(I) halide. Pd” can be
directly introduced to the reaction mixture or generated from Pd" complex.
There are a number of zerovalent Pd complexes that can be used as a source for
Pd’: e.g. Pd(PPh;), and Pd,(dba);. While Pd(PPh;)4 can be used as a catalyst for
a number of cross-coupling reactions, Pd,(dba); is treated with suitable ligands
to form the desired catalyst. Although these palladium complexes are extensi-
vely used in synthetic organic chemistry, they are usually not suitable for
kinetic experiments, as they can contain considerable amount of Pd nano-
particles.'” Relative instability of Pd’ complexes is one of the reasons why Pd"
precatalysts are used to generate catalytically active Pd species in situ.
Pd(PPh;),Cl, and Pd(OAc), are examples of widely used catalyst precursors,
which can be reduced to Pd’ by amines or phosphanes.®

The mechanism of the Sonogashira cross-coupling reaction (Scheme 1)*
consists of cycles A and B. The catalytic cycle A starts with the oxidative
addition of an aryl halide RX to a palladium catalyst PdL,, which is followed by
the isomerization of the oxidative addition product. The role of copper in the
Sonogashira cross-coupling is believed to be the formation of copper acetylides
from copper(I) salt and terminal acetylene in the presence of base.® In general,
the amines, used in the reaction, are not basic enough to deprotonate acetylenes
and the involvement of -alkyne-Cu complex is presumed. Cycle B in Scheme 1
describes the formation of copper acetylide, which reacts with the palladium
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complex in the transmetalation step. The product of the Sonogashira coupling
(RC=CR’) is formed in the reductive elimination step and the palladium catalyst
is also regenerated.

I PdL, R—P‘d—L
R L
\ Cycle A 1]
[ [
R—=—Pd—L R—Pd—X
\ 1T \
R?ﬂ_
H CuX R'—==—-T2~Cu
f Cycle B
BHX
R
QuX
R—=—H B

Scheme 1. Mechanism of the Sonogashira cross-coupling reaction. I: oxidative addition,
II: cis-trans isomerization, III: transmetalation, IV: reductive elimination.

As in other cross-coupling reactions, a wide range of phosphane ligands are
used for the Sonogashira coupling. Although the phosphorus(Ill)-based ligands
have been extensively studied, the choice of ligand for a specific reaction is still
complicated and “continues to rely on a combination of chemical intuition as
well the testing and optimization of a range of likely candidates”."" Phosphane
ligands are usually compared on the basis of steric and electronic parameters.
While it is difficult to make a good prediction about the effect of ligand on the
overall reactivity of the catalyst, switching triphenylphosphane to more electron
rich phosphane usually leads to the increased reaction rate.® Similarly, the larger
steric demand of phosphane ligand can promote the formation of low-ligated
palladium species and, therefore, lead to the faster reaction. An der Heiden et al.
have investigated the effect of different bulky phosphane ligands on the rate of
the Sonogashira cross-coupling reaction and their work is a very good example
of the “chemical intuition and testing” mentioned earlier.'” Due to the number
of different ligands used in the Sonogashira reaction, the composition of active
catalytic species (PdL,, n=1...4, Scheme 1) is still under discussion.
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2.2. General mechanism
of the copper-free Sonogashira cross-coupling

The mechanism of the copper-free Sonogashira reaction is similar to the copper
co-catalyzed reaction and the “textbook” mechanism is depicted in Scheme 2.

|
I PdL, R—Pld—L
iy L
v I
L L
| I
R—=—Pd—L R —Pd—X
| i |
Rm
B-HX R —=—H

Scheme 2. Mechanism of the copper-free Sonogashira cross-coupling reaction. I: oxi-
dative addition, II: cis-trans isomerization, III: deprotonation, I'V: reductive elimination.

As previously mentioned, amines alone are not able to deprotonate alkyne, so
the coordination of metal (in this case palladium) to the triple bond is required
to increase the acidity of the acetylenic proton. On the other hand, a similar
coordination of alkyne to the low-ligated palladium complex can inhibit the
oxidative addition by reducing the amount of available catalyst.”> The copper-
free Sonogashira reaction usually requires the use of base in large excess, often
as a solvent. This causes the reaction mechanism to be more complex, as base
can react with frans-PdL,(Ar')X and substitute one ligand molecule. The
substitution is extensive in the case of weakly-binding ligands (e.g. AsPh;) and
is considered a competing process to the substitution of ligand with alkyne."*

2.3. Reaction steps of the Sonogashira cross-coupling

Although not many detail studies of the mechanism of the Sonogashira cross-
coupling reaction (both copper-free and copper co-catalyzed) have been
published, useful information can be found in the literature, as many palladium-
catalyzed cross-coupling reactions (e.g. Heck, Stille, Suzuki reactions) have the
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same general mechanism. All of these reactions start with the oxidative addition
of an aryl or alkenyl halide to a palladium catalyst, which is usually considered
to be the rate-determining step of the catalytic cycle.”” Amatore and Pfliiger
have determined that the oxidative addition of Phl to Pd(PPh;), proceeds
through a 14-electron intermediate Pd(PPh;), and results in cis-Pd(PPh;),(Ph)I
complex. Prior to the actual oxidative addition step (Eq. 3) are two rapid
preequilibrias (Egs. 1 and 2):

Pd(PPhs), + Phl > cis-Pd(PPhs),(Ph)I (Eq. 3)

The dissociation of Pd(PPhs), to Pd(PPh;); and triphenylphosphane is strongly
shifted towards the formation of the products, but the subsequent ligand
dissociation is not so extensive and Pd(PPh;), complex is present in trace
levels.'® The transition state of oxidative addition is described as a three-
centered activated complex (see Scheme 3)."

L
Pdla PdL, |

A\ = O = O
|

Scheme 3. Three-centered transition state of oxidative addition.

This mechanism suggests that electropositive iodine stabilizes the transition
state, while in the case of bromine and chlorine this type of stabilization does
not have such large effect.

In general, the transition state of oxidative addition involves two phosphane
ligands but in the case of bulky ligands, a monophosphane route is reported.'®
Barrios-Landeros et al. have investigated the steric effects of ligand and the role
of halide identity in arylhalide on the oxidative addition mechanism."” Their
work suggests that the mechanism of oxidative addition is more dependent on
the aryl halide than on the phosphane ligand. In the case of iodoarenes, the
irreversible step in the oxidative addition was the reaction of iodoarene with the
palladium complex ligated by two phosphane ligands. On the other hand, in the
case of chloroarenes, the irreversible step involves the reaction of chloroarene
with the monoligated palladium atom. Halide anions, generated during the
reaction or originating from a precatalyst (e.g. Pd(PPh;),Cl,) can coordinate
with the low-valent palladium complex and influence the oxidative addition
reaction.”’ Early kinetic studies revealed that the coordination of halide ions to
the low-ligated palladium complex decreased the activity of the catalyst (greatly
increased the reaction half-life). However, this deactivation could be beneficial
from the synthetic point of view, as it also decreases the risk of catalyst oligo-
merization or the formation of palladium-black.?' Recently Barrios-Landeros et
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al. suggested that aside from halide anion, the oxidative addition is also
dependent on the corresponding cation and under the certain conditions can be
autocatalytic.”” Due to the fact that the oxidative addition is often believed to be
the rate-limiting step in the overall reaction, many computational articles on the
topic have been published.>

The product of oxidative addition, cis-PdL,(Ar")X is relatively unstable and
isomerizes to the corresponding trans-isomer. The cis-products of oxidative
addition have been rarely isolated,”® which makes the investigation of the iso-
merization step a complicated task. The isomerization has been studied by
Casado and Espinet, who concluded that a number of possible reaction mecha-
nisms are responsible for the generation of frans-PdL,(Ar')I.>” These include
solvent-assisted and autocatalytic reaction mechanisms. Authors found that the
isomerization was dependent on the concentrations of halide ions and free
phosphane ligand. The proposed mechanisms can be classified as associative
and substitution mechanisms. The associative mechanism starts with the addi-
tion of solvent or cis-PdL,(Ar") to cis-PdL,(Ar")I complex and after pseudo-
rotation of the pentacoordinated palladium complex, trans-PdL,(Ar)I can be
obtained. In the substitution-based mechanism, one ligand of cis-PdL,(Ar)I is
exchanged with an iodine atom of another cis-PdL,(Ar")I molecule, forming a
dinuclear complex, which after rearrangement and dissociation results in trans-
PdL,(Ar")I. Alvarez et al. studied the mechanisms of cis-trans isomerization
computationally and found that the solvent- and ligand-assisted isomerization
mechanisms have small activation energies compared to the activation energies
of oxidative addition.”® The isomerization of CH,=CHPd(PH;),Br through the
tetrahedral four-coordinated transition state has been investigated by Braga et
al., but the activation energy is very high (20.3 kcal/mol).

The cis-trans isomerization is followed by the transmetalation step,
where trans-PdL,(Ar')X reacts with copper acetylide and generates cis-
PdL,(Ar")(C=CAr*)X complex. The formation of copper acetylide is believed to
take place in the Cu-cycle in the presence of base. Bases, which are commonly
used in the Sonogashira reactions, are not strong enough to deprotonate alkyne
derivatives, therefore, the initial coordination of copper to the triple bond of
acetylene is assumed. This increases the acidity of the acetylenic proton and
copper acetylide can be formed. At the same time, these copper(l) acetylides
can aggregate into di- and tetramers: a topic that is also important to the Cu-
catalyzed alkyne-azide cycloaddition reaction.”” Although the transmetalation
step in the Sonogashira reaction has not been extensively studied, certain simila-
rities can be expected with the other cross-coupling reactions (for example,
Stille reaction).” The transmetalation step is expected to proceed through the
substitution of one ligand with copper acetylide in trans-PdL,(Ar')X complex.
This subsequent C-Cu bond cleavage and the C-Pd bond formation generate the
cis-configured palladium complex. The acetylenes, which are often used in
excess, can coordinate to the active palladium catalyst and reduce the rate of
oxidative addition."
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For the reaction of alkyne with trans-PdL,(Ar")X, two competing mecha-
nisms have been proposed: carbopalladation® (Scheme 4) and deprotonation®
(Scheme 2) mechanisms.

--Pd—X

Ry L R —Pd—X
| |
aANETy
H—= g H——=—FR

Scheme 4. Carbopalladation mechanism of the copper-free Sonogashira cross-coupling
reaction.

While both of these mechanisms share initial oxidative addition, cis-trans
isomerization and alkyne coordination, the carbopalladation mechanism
continues with the addition of aryl group R to the alkyne and the subsequent
hydride elimination. The carbopalladation mechanism has been experimentally
studied by Ljungdahl ef al., who concluded that this mechanism can not be
active under the studied reaction conditions, as the hydride elimination does not
take place.”® The carbopalladation mechanism was later computationally studied
by Garcia-Melchor et al., who showed that the hydride elimination step has an
activation free energy of 40.4 kcal/mol.** This huge energy barrier and the low
energy of some of the intermediates in the carbopalladation mechanisms show
that this mechanism is inappropriate for the description of the copper-free
Sonogashira reaction under the traditional reaction conditions.

Two mechanistic pathways, proposed for the deprotonation reaction, are
differentiated on the basis of the charge of the formed intermediates: anionic
and cationic® (Scheme 5).
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B X B BH
| |
R—Pld—X MR—Pld—B A'i’ R = Pld—L
H—=—R H : R R
L B BH >|< 1
R—Pd—X MR' =—Pd—L
H——=FR' Il?

Scheme 5. Cationic (top) and anionic (bottom) mechanisms of deprotonation.

In both cases, the first step of deprotonation is the coordination of alkyne to
trans-PdL,(Ar")X. This increases the acidity of the acetylenic proton and makes
the deprotonation possible. In the anionic mechanism, the next step is a base-
assisted proton removal, which results in the anionic complex. Despite the
activation, the proton abstraction is still believed to be rather slow and, there-
fore, the rate-determining process. In the cationic mechanism, the halide ion is
replaced by base in the acetylene-coordinated palladium complex. This results
in the cationic complex that can thereafter undergo the deprotonation by base
and results in the neutral square-planar complex. The substitution of phosphane
ligand by base has been investigated by Tougerti et al. and can be very
important in the copper-free Sonogashira reaction, where base is often used in
large excess.'* As the electron-deficient intermediate is more prone to undergo
the deprotonation, the substitution of halide to base becomes now the rate-
limiting step of the deprotonation reaction. Ljungdahl et al. have demonstrated
by calculations that the substituents on the alkyne derivative can have a large
influence on the deprotonation mechanism® and this was later confirmed by
Garcia-Melchor et al., who concluded that electron-withdrawing groups or mo-
derate electron-donating groups on the phenylacetylene ring prefer the anionic
mechanism, while highly electron-donating groups on the phenylacetylene ring
prefer the cationic mechanism.**

The last step of the Sonogashira and many other cross-coupling reactions is
the reductive elimination, where new carbon-carbon bond is formed and the
catalyst is regenerated. The generation of new bond can only occur, when the
reactive groups (in this case aryl and acetylenic groups) are in cis-position. The
reaction is considered to follow a concerted mechanism (Scheme 6).*

Scheme 6. Concerted mechanism of reductive elimination.
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This reaction has been investigated by Pérez-Rodriguez et al.*® and Ananikov et

al.,”” who concluded that C-C coupling can occur both on the tetracoordinated
and tricoordinated palladium complex. The size and electronic properties of the
used ligands determine the mechanism of the reductive elimination, e.g. bulky
phosphane ligands promote ligand dissociation and thereafter the tricoordinated
transition state. In general, the tricoordinated transition states have lower
activation energy than the tetracoordinated transition states.
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3. CALCULATION METHODS

Calculations of the copper co-catalyzed Sonogashira cross-coupling reaction [I]
were performed using Gaussian 03 program package.” Geometry optimizations
and vibrational analysis were done using the density functional theory with
hybrid B3LYP functional®®*' and cc-pVDZ basis set.*” In the case of copper
and palladium, Stuttgart-Dresden effective core potentials with accompanying
basis sets were used.” Solvation Gibbs energies were calculated using polariz-
able continuum model* by performing single-point calculations for all minima
and transition states (using scfvac and Radii=UFF keywords).

The copper-free Sonogashira cross-coupling [II, III] was modeled by using
Gaussian 09 program package® with hybrid B97D functional.***’ Same basis
set (cc-pVDZ) and effective core potentials as in the case of copper co-cata-
lyzed reaction were used. All geometry optimizations and vibrational analyses
were performed in dichloromethane using continuum solvent model SMD.*

In all cases, harmonic frequency analysis was used to confirm that found
structures correspond either to minima (number of imaginary frequencies equals
0) or transition state (number of imaginary frequencies equals 1). Unscaled
frequencies from the vibrational analysis were used to obtain the Gibbs energy
in the standard state (1 atm, 298.15 K). The Gibbs energy values were corrected
to 1 mol/L standard state.*” IRC analysis was used to verify that the obtained
transition state connects the desired reactants and products.”'

All calculations were performed in the DCM solution. This solvent was
chosen as the reaction media because it is widely used in both NMR mea-
surements of reaction kinetics and synthetic procedures. It is also a weakly
coordinating solvent, justifying the use of PCM, which does not include specific
solvent effects.

In the following discussion, enthalpies are used (articles II and III) to charac-
terize the energies of stationary points found on the PES, as computational
methods are less accurate for predicting entropies and free energies than
enthalpies.” In the case of article I, only free energies are available in solvent
phase and are used to characterize the PES.
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4. RESULTS AND DISCUSSION

4.1. Reaction mechanism of the copper co-catalyzed
Sonogashira reaction

In article I, the copper co-catalyzed Sonogashira reaction between bromo-
benzene, PhBr, and phenylacetylene, PhnC=CH, was investigated computa-
tionally. Palladium diphosphane, Pd(PH;),, was used as an active catalyst, CuBr
as a co-catalyst and trimethylamine, Me3N, as a base. Two mechanisms of the
oxidative addition were modeled: biligated and anionic mechanisms. In the case
of biligated mechanism, bromobenzene reacts with Pd(PH3), and forms cis-
Pd(PH;),(Ph)Br, according to the mechanism in Scheme 3. The Gibbs energy
(in DCM) of the transition state is 27.9 kcal/mol higher than the starting com-
pounds. The alternative anionic pathway starts with the coordination of bromide
ion to Pd(PH3), and the subsequent bromobenzene addition. Bromide ion in the
transition state of the anionic oxidative addition pathway is coordinated to
phosphane ligands and the Gibbs energy (in DCM) of this TS is 35.7 kcal/mol
higher than the starting compounds. Comparing these results with the gas-phase
Gibbs energies (25.7 kecal/mol and 10.2 kcal/mol, respectively), the anionic
pathway has much lower activation energy. This difference is probably caused
by the overestimation of the solvation free energy of bromide ion as demonst-
rated by Senn et al.” For the cis-trans isomerization, trigonal bipyramidal
transition state was not found and the rearrangement of T-shaped complex was
considered. Two possible reaction pathways, which consisted of ligand dis-
sociation, rearrangement of T-shaped complex, and ligand association steps
were modeled. The energetically favored pathway starts with the dissociation of
phosphane ligand from ¢rans-position, relative to phenyl group in cis-
Pd(PH;),(Ph)Br. The subsequent bromine atom migration has an activation free
energy of 9.0 kcal/mol in DCM (7.7 kcal/mol relative to starting compounds:
Pd(PH;), and PhBr). The isomerization step results in the formation of trans-
Pd(PHj3),(Ph)Br complex.

The transmetalation step starts with the coordination of copper acetylide,
which is formed from phenylacetylene and copper(l) bromide, to trans-
Pd(PH;)(Ph)Br complex. While the biligated trans-product of the oxidative
addition is more stable than the monoligated complex, no transmetalation
reaction could be found starting from it. The activation free energy for the
transfer of phenylacetylide group from copper to palladium is very small
(0.1 kcal/mol in the gas phase, —0.7 kcal/mol in DCM). The negative activation
energy in DCM can arise from the shortcomings of the used solvent model. The
product of transmetalation step is cis-Pd(PH3),(Ph)(C=CPh) complex, which
after overcoming a moderate free energy barrier (8.5 kcal/mol in the gas phase,
11.9 kcal/mol in DCM) forms the complex of diphenylacetylene with Pd(PH3),.
The dissociation of this complex regenerates the palladium complex and
concludes the catalytic cycle. The total energy of the Sonogashira cross-
coupling reaction is -18.3 kcal/mol in the gas phase and -28.0 kcal/mol in DCM,
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while the oxidative addition is the rate-limiting step in both cases, as its
transition state is the highest point in PES.

4.2. Reaction mechanism
of the copper-free Sonogashira reaction

In articles II and III, the copper-free Sonogashira cross-coupling reaction has
been modeled. While the reaction substrates are the same as in article I (bromo-
benzene and phenylacetylene), new catalyst and base (tetrakis(triphenyl-
phosphano)palladium and sec-butylamine, respectively) have been chosen to
match the experimental conditions. The oxidative addition step can be in-
fluenced by a number of factors (coordination number of palladium, base,
halide ions), therefore, five possible pathways were calculated: monoligated,
biligated, anionic, base-assisted, and salt-assisted. These reaction routes are
differentiated on the basis of the ligating species of palladium in TS. Mono-
ligated: one triphenylphosphane, biligated: two triphenylphosphanes, anionic:
one triphenylphosphane and one bromide ion, base-assisted: one triphenyl-
phosphane and one sec-butylamine, salt-assisted: one triphenylphosphane and
one sec-butylammonium bromide. In all cases, the first step is the dissociation
of one phosphane ligand from Pd(PPhs), and the formation of Pd(PPh;);. This
equilibrium is shifted towards the formation of tricoordinated palladium
complex (AG = —0.7 kcal/mol, AH = 19.7 kcal/mol), which can thereafter
interact with a multitude of compounds in the reaction mixture. Comparing the
transition state energies of different pathways, two of the most favorable
mechanistic routes are the biligated and salt-assisted oxidative addition path-
ways (Scheme 7) with transition state enthalpies of 29.1 kcal/mol and
31.2 kcal/mol in DCM, relative to starting compounds.
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BHBr

Scheme 7. Biligated (top) and salt-assisted (bottom) mechanisms of oxidative addition.

It is important to note that these two reaction pathways result in different pro-
ducts. While the biligated mechanism results in cis-Pd(PPh;),(Ph)Br complex,
the salt-assisted route yields trans-Pd(PPh;),(Ph)Br. As sec-butylammonium
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bromide is one of the products of the Sonogashira reaction (see Scheme 2), the
change of oxidative addition mechanism can be expected as reaction proceeds
and more salt is formed. Base can also influence the oxidative addition by
coordinating to the tris(triphenylphosphano)palladium and the formation of
Pd(Pd(PPh;);(base) complex. In the case of sec-butylamine, this complex is
very stable (AH = —12.7 kcal/mol, relative to starting compounds) and can
inhibit the reaction by reducing the concentration of catalytically active
palladium complex. In the transition state of salt-assisted mechanism, protons of
the ammonium group interact with bromine atoms in the complex, forming a
stable bridge-like structure. This is only possible for primary and secondary
amines and can be one of the reasons why in some cases these amines show
better yields than stronger tertiary amines.”

The cis-trans isomerization transition states described in article I could not
be found with the computational methods used in article II and III. This is
probably caused by different steric and electronic effects of the used ligands and
is a good example of the possible errors that this type of minimalistic model
systems can cause. The autocatalytic cis-frans isomerization mechanism,
proposed by Casado and Espinet,”” was also modeled. This reaction is based on
the formation of dinuclear [PhPd(u-Br)(PPh;),], complex and its subsequent
dissociation to thermodynamically more stable frans-Pd(PPh;),(Ph)Br. The
enthalpy of the dinuclear complex [PhPd(u-Br)(PPhs),], is 9.6 kcal/mol, relative
to starting compounds, and the overall reaction enthalpy of cis-trans
isomerization is —1.6 kcal/mol. This indicates that the isomerization step occurs
faster than the oxidative addition and is directed towards the formation of trans-

Phenylacetylene can react with both, cis-Pd(PPh;),(Ph)Br and trans-
Pd(PPh;),(Ph)Br complex in the deprotonation step. While the reaction of trans
oxidative addition product has been widely accepted as the major route of the
reaction,”** similar pathway with respective the cis complex has to be con-
sidered as an alternative or a side reaction. The latter is especially important in
the case of bidentate ligands, which can not form frans oxidative addition
product.** The deprotonation step starts with the substitution of triphenyl-
phosphane ligand with phenylacetylene, which is followed by the coordination
of base, proton abstraction, and substitution of the corresponding salt to
phosphane ligand. Three calculated reaction pathways are depicted in Scheme 8.

Reaction of trans-Pd(PPh;),(Ph)Br with alkyne results in the formation of
cis-Pd(PPh;),(PhCC)Ph, but cis-Pd(PPh;s),(Ph)Br can result in either cis- or
trans- Pd(PPh;),(PhCC)Ph. The enthalpies of these two transition states
(Scheme 8: 3 and 6) are very similar, but the course of the reaction is determined
by the ligand substitution step preceding the transition state of deprotonation. Dis-
sociation of the phosphane ligand in #rans-position to the phenyl group from
cis-Pd(PPh;),(Ph)Br is very endothermic (AH = 47.5 kcal/mol) and the stability
of alkyne-substituted complex 2 over alternative complex 5 (Scheme 8) directs
the reaction towards the formation of trans-Pd(PPh;),(PhCC)Ph. In the case of
transition state 10 (see Scheme 8), deprotonation occurs through a concerted
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mechanism, where one of the protons of amine group interacts with bromine
atom.
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Scheme 8. Deprotonation step of the copper-free Sonogashira cross-coupling reaction.
Enthalpies (in square brackets) are in kcal/mol, relative to starting compounds of the
catalytic cycle.

The reductive elimination is only possible, when the aryl and acetylide groups
are in cis-position. Three reaction pathways were modeled: biligated, mono-
ligated, and anionic. The activation enthalpy of biligated mechanism is
9.1 kcal/mol and the reaction of C-C bond formation is very exothermic (AH =
—21.7 kcal/mol). The monoligated reductive elimination starts with the
formation of trans-Pd(PPh;)(PhCC)Ph. This can take place as the last step of
deprotonation, while ligand concentration in the reaction mixture is very low.
This monoligated complex is very unstable, compared to the biligated trans-
Pd(PPh;),(PhCC)Ph (AH = 32.1 kcal/mol), but the activation enthalpy of C-C
bond formation (9.2 kcal/mol) is very close to the biligated activation energy.
Similarly to the monoligated pathway, the anionic reductive elimination can
arise from the end of deprotonation step, when the cation of generated
ammonium salt dissociates and cis-Pd(PPh;)(PhCC)PhBr™ is generated, where
the bromide ion and phenyl group are in frans-position. This anionic species is
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also unstable, compared to the neutral biligated complex (AH = 32.2 kcal/mol),
which is caused by the separation of charges in a nonpolar solvent (DCM). The
activation enthalpy of respective C-C bond formation is 12.2 kcal/mol, which is
higher than for both of the other pathways. The energetically most favorable
mechanism of reductive elimination is the biligated mechanism, which results in
the formation of diphenylacetylene complex with Pd(PPhs),, which subse-
quently dissociates and through the addition of ligand forms the active palla-
dium catalyst Pd(PPh;); and diphenylacetylene.

The calculated reaction pathways allow the construction of modified reaction
scheme for the copper-free Sonogashira cross-coupling reaction, which is
presented in Scheme 9.
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Scheme 9. Mechanism of the copper-free Sonogashira cross-coupling reaction.

The reaction starts with the coordination of aryl halide RX to the catalytically
active palladium complex PdL; and can result in either cis- or trans-PdL,RX
(reactions A and A’, respectively). The cis-complex can isomerize to the
corresponding trans-complex (reaction B), which is energetically favored. Both
of the products of oxidative addition can react with aryl halide in the presence
of base and give the cis-product of deprotonation (reactions C and C’). At the
same time, cis-PdL,RX can produce an unreactive trans-product of deproto-
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nation through the alternative route E. During the reductive elimination,
diarylacetylene is formed and the palladium catalyst is regenerated. The pre-
sented reaction mechanism is composed of three interconnected catalytic cycles
(A, B,C, D; A’, C, D; A, C’ ,D) and one reaction step (E), which results in a
stable unreactive intermediate that can drastically lower the catalyst con-
centration and potentially stop the catalytic cycle.
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5. CONCLUSIONS

The mechanism of the Sonogashira cross-coupling between phenylacetylene
and bromobenzene resulting in diphenylacetylene was computationally in-
vestigated using the DFT methodology in dichloromethane. Both the copper co-
catalyzed and copper-free reactions were modeled.

The copper co-catalyzed Sonogashira cross-coupling is exothermic and
strongly directed towards the formation of reaction products (diphenylacetylene
and the regenerated palladium catalyst). The highest point in the potential
energy surface is the transition state of oxidative addition, suggesting that this
step is the slowest in the overall reaction and, therefore, limiting the reaction
rate. On the other hand, the formation of copper(l) acetylide from CuBr and
phenylacetylene in the presence of triethylamine is endothermic and directed
towards the formation of reactants. This suggests that the concentration of
copper(l) acetylide in the reaction mixture is expected to be low, which can
significantly lower the overall rate of the Sonogashira cross-coupling reaction.

Our calculations show that there are a number of mechanistic pathways for
the copper-free Sonogashira reaction, which can all operate simultaneously in a
competitive manner. The base can have a very strong effect on the overall
reaction, as it can coordinate to palladium catalyst and inhibit the reaction. At
the same time, the structure of base can be of importance in the case of
oxidative addition and deprotonation, as these are parts of the reaction pathways
that utilize specific coordination. The oxidative addition has two competing
pathways (biligated and salt-catalyzed) that result in different products, cis-
PdL,RX and trans-PdL,RX, respectively. While both of these react with
phenylacetylene in the deprotonation step, the cis-isomer can form the unre-
active trans-product of deprotonation. These results suggest that the addition of
halide salt in the reaction mixture could avoid the concentration decrease of
active palladium complexes, by catalyzing the oxidative addition and the
formation of #rans-PdL,RX. The deprotonation step, starting from trans-
PdL,RX, proceeds through a concerted transition state, where the proton of sec-
butylamine is directed towards the bromine atom of palladium complex. This
suggests that in the case of primary and secondary amines, where this type of
interaction is possible, the respective transition state is stabilized and the
deprotonation step can be faster than in the case of tertiary amines. The
reductive elimination step proceeds through the biligated pathway and is not
influenced by halide ions. On the other hand, very low ligand concentrations
can cause the reaction to follow the monoligated reaction route.

The reaction rate or turnover frequency of copper-free catalytic cycle is
determined by the energies of transition state of oxidative addition and
catalytically active palladium complex Pd(PPh;);, relative to the energies of
other molecular species, as these are the TOF-determining transition state and
intermediate, respectively.

Finally, some concluding remarks about the mechanism of the Sonogashira
cross-coupling can be made. The overall reaction has many possible pathways,
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which depend on a number of additives in the reaction mixture, as well as the
reactants, catalyst, and solvent. The concentration of these species can change
over the course of the reaction and influence which mechanistic pathways are
active at any given moment. To assess which of these reaction routes are
favored for a specific cross-coupling reaction, detailed study is necessary and
the computational results described here can be used as a starting point.
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SUMMARY IN ESTONIAN

Sonogashira ristkondensatisioonireaktsiooni
arvutuslik uurimine

Kéesolevas dissertatsioonis uuriti Sonogashira ristkondensatsiooni (bromo-
benseeni ja feniiiilatsetiileemi vahel, mille saaduseks on difeniiiilatsetiileen)
mehhanismi, kasutades tihedusfunktsionaali teooria meetodeid. Modelleeriti nii
vase poolt kataliilisitud kui ka vasevaba Sonogashira reaktsiooni.

Vase kaasabil toimuv Sonogashira ristkondensatsiooni reaktsioon on
tugevalt suunatud saaduste (difentiiilatsetiileen ja regenereeritud pallaadium-
kataliisaator) tekke suunas. Korgeim punkt potentsiaalse energia pinnal on
oksiidatiivsele liitumisele vastav aktiveeritud kompleks, mis viitab, et nimetatud
etapp on summaarses reaktsioonis kodige aeglasem ja seega limiteerib reakt-
siooni kiirust. Samas on vask(I)feniiiiletiiniiliidi teke CuBr-st ja feniiiilatsetii-
leenist trietiililamiini juuresolekul endotermiline ning suunatud 14hteainete tekke
suunas. Seetdttu vOib oletada, et vask(D)feniiiiletiiniiliidi kontsentratsioon
reaktsioonisegus on madal, mis omakorda vidhendab Sonogashira ristkonden-
satsiooni kiirust.

Arvutuste pohjal saab viita, et vasevaba Sonogashira reaktsiooni korral
eksisteerib mitmeid voimalikke konkureerivaid reaktsiooniteid. Reaktsioonis
kasutataval alusel vOib olla oluline efekt reaktsiooni kiirusele, kuna koordi-
neerub pallaadiumkataliisaatoriga. Samas v0ib aluse struktuur olla tdhtis oksii-
datiivsel liitumisel ja deprotoneerumisel, sest nendes etappides esineb spetsii-
filine koordinatsioon aluse ja pallaadiumikompleksi vahel. Oksiidatiivse
liitumise korral esineb kaks konkureerivat reaktsiooniteed (kahe fosfaan-
ligandiga ja soola poolt kataliilisitud reaktsiooniteed), mille produktid on
erinevad (vastavalt cis-PdL,RX ja trans-PdL,RX). Modlemad nimetatud saa-
dused vodivad deprotoneerumise etapis reageerida feniiiilatsetiileeniga, kuid cis-
PdL,RX voib anda mitteaktiivse pallaadiumikompleksi, mis edasises kataliiii-
tilises tstiklis ei osale. Saadud tulemused néitavad, et reaktsioonisegule vastava
aluse halogeensoola lisamine voib kataliiiisida trans-PdL,RX teket oksiida-
tiivsel liitumisel ning seeldbi vdhendada mitteaktiivse pallaadiumikompleksi
moodustumist. Deprotoneerumise etapp, mis ldhtub trans-PdL,RX kompleksist,
toimib kontsertmehhanismi alusel ning sec-butiililamiini proton on suunatud
pallaadiumikompleksi broomi aatomi poole. Seetdttu voib arvata, et primaarsete
ja sekundaarsete amiinide korral, kus selline interaktsioon on vdimalik, on
vastav aktiveeritud kompleks stabiliseeritud ning deprotoneerumise etapp on
kiirem kui tertsiaarsete amiinide korral. Redutseeriv elimineerumine toimub lébi
aktiveeritud kompleksi, kus on kaks fosfaanligandi, ja see etapp ei ole mdju-
tatud halogeenioonide poolt. Samas voib ligandi viga madal kontsentratsioon
suunata reaktsiooni rajale, mille aktiveeritud kompleksis on iiks fosfaanligand.
Vasevaba Sonogashira reaktsiooni Kkataliiiitilise tsiikli kiirus on mdjutatud
oksiidatiivse liitumise aktiveeritud kompleksi ja Kkataliiiitiliselt aktiivse
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pallaadiumi kompleksi vabaenergiate erinevusest vorreldes teiste lahuses
leiduvate osakeste vabaenergiatega.

Kokkuvotvalt voib oelda, et Sonogashira reaktsiooni korral esineb palju
voimalikke reaktsiooniteid, mis oluliselt sGltuvad erinevatest reaktsioonisegus
leiduvatest lisanditest ning ka ldhteainetest, kataliisaatorist ja solvendist. Nende
ainete sisaldused voivad reaktsiooni kdigus muutuda ning seeldbi mdjutada
millised reaktsiooniteed on antud ajahetkel aktiivsed. Eelistatud reaktsiooni-
radade leidmiseks kindla ristkondensatsioonireaktsiooni puhul on vaja 1abi viia
pohjalikud uuringud ning antud t60s toodud arvutuslikke tulemusi saab
kasutada kui lahtepunkti edasiseks tooks.
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