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Abstract

In this work, we study the potential catalytic role of previously identified Mn(I)-PNN complexes in the Claisen—Tishchenko
reaction. An in-depth investigation of the reaction mechanism suggests that, after activation of the 16e pre-catalyst, a hydro-
genated 18e active species is generated. Based on calculations, rate-limiting barriers in a range of ca. 15-20 kcal mol™!
are seen for a model process consisting in the esterification of acetaldehyde into ethyl acetate at 100 °C and 1 atm reaction
conditions (in toluene solution). Our hypothesis is centred on the role of the Mn centre as the only active site involved in
both elementary steps, namely hydride borrowing and C—O bond formation. During this C—O bond formation step, diaste-
reoisomers (Ry,R) and (Ry,S) [or their enantiomeric pairs (Sy,S) and (Sy,R)] can be generated, with calculations showing a

preference towards the (R,,R) pathway.
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1 Introduction

Esters are fundamental chemical functionalities that are
present in multitude of essential and artificial compounds.
Glycerides, for example, which are special kinds of esters
formed from glycerol and fatty acids, constitute a main class
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of biological lipids, and phosphoesters play a fundamental
role as backbones of the strands in DNA and RNA nucleic
acids. Other compounds such as polyesters, with polyethyl-
ene terephthalate (PET) as the most commonly referred of
these materials, are man-made polymers containing esters
functional groups linking the monomeric units. In general
rules, the role of esterification in the field of organic synthe-
sis is certainly unquestionable [1].

Amongst the advances in the design of novel organo-
metallic catalysts for organic synthesis, the replacement of
precious metals by earth-abundant and more environmen-
tally benign base metals has attracted much attention [2].
A particularly interesting case illustrating this tendency
can be seen in the development of homogeneous catalysts
capable of assist in the reduction of alkynes into olefins.

Departamento de Quimica, Universidad de Las
Palmas de Gran Canaria (ULPGC), Campus de Tafira,
35017 Las Palmas de Gran Canaria, Spain

3 KAUST Catalysis Center (KCC), King Abdullah University
of Science and Technology (KAUST), Thuwal 23955-6900,
Saudi Arabia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-019-2449-7&domain=pdf
https://doi.org/10.1007/s00214-019-2449-7

64 Page2of6

Theoretical Chemistry Accounts (2019) 138:64

Thus, at the late 1970s, Schrock and Osborn reported a set
of rthodium hydrides complexes [3], and two decades later,
Yamagata and Han described iridium- and palladium-based
adducts [4, 5]. It is not until the recent years in which the
employment of more accessible metals, such as ruthenium,
nickel, cobalt, or copper, has been informed [6-9]. In this
line, our group has recently reported the first example of a
manganese-based catalyst bearing PNP non-innocent ligands
for highly chemo- and stereoselective semihydrogenation of
alkynes into (Z)-alkenes [10].

Because manganese is one of the cheapest base metals
(with current market price of ca. 2 $/kg) and together with
the fact that it has demonstrated to have a great catalytic
potential, a plethora of novel catalysts has been developed
using Mn as active centre for several organic transforma-
tions. Milstein and co-workers have proven the direct con-
version of alcohols into alkenes using a series of Mn(I) com-
plexes bearing PNP and PNN ligands [11], and Kirchner and
co-workers have used similar type of catalysts for chemose-
lective hydrogenation of aldehydes into alcohols under mild
and base-free conditions [12]. It also highlights the works of
Rueping et al. concerning the synthesis of pyrroles without
generation of side products [13, 14], or the production of
amides by dehydrogenative coupling of alcohols and amines
[15, 16] and the alkylation of unactivated esters and amides
with alcohols [17], amongst dozens of many examples in
which (de)hydrogenation processes usually play a key mech-
anistic role [18, 19]. Early this year, Poater and co-workers
have also delved into the mechanistic aspects of the manga-
nese pincer catalysed dehydrogenative coupling of nitriles
and alcohols and its related production of aldimines [20, 21].

One of the most interesting synthetic processes in organic
chemistry lies in the formation of esters by condensation of
aldehydes, with the Claisen [22]-Tishchenko reaction (see
Scheme 1) representing an atom-efficient and waste-free pro-
cedure [23]. The original approach developed by Tishchenko
at the beginning of the last century mainly considered the
use of aluminium alkoxide as catalyst [24, 25]; however and
to-date, the representative number of materials containing
transition metals as active sites remains surprisingly low
[26-29]. Amongst these advances, Morris and Gusev have
recently reported that Os(II)-PNN and Os(II)-PNP com-
plexes can catalyse the Claisen—Tishchenko reaction for a
variety of substrates and achieving turnover numbers (TON)
as high as 14,000 h~! [30].
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Scheme 1 Claisen—Tishchenko reaction

@ Springer

Last year, in an attempt to stabilise a 16e Mn(I) com-
plex bearing the oxygen sensitive H-POP ligand, Lacy and
co-workers serendipitously discovered the ability of this
material to catalyse the Claisen—Tishchenko condensation
of benzaldehyde to benzyl benzoate [31], and more recently,
Milstein et al. reported a novel system capable of produce
esters via acceptorless dehydrogenation cross-coupling of
primary alcohols [32]. For this last, the authors propose a
plausible mechanism involving alcohol oxidation into alde-
hyde via rearomatisation of a dearomatised PPY'"NN ligand
followed by hydride abstraction by action of the Mn active
site. Subsequently, a nucleophilic attack with another alco-
hol molecule would be responsible to produce an ester pre-
vious release of a H, molecule (two equivalents in overall).

Inspired by our recent progresses in the identifica-
tion of a series of Mn(I)-PNN complexes as efficient
catalysts for the hydrogenation of carbonates and poly-
carbonates into methanol and diols [33], in this work
we also propose these series of catalysts for their appli-
cation in the Claisen-Tishchenko reaction of produc-
ing esters from aldehydes. For this purpose, the set of
[Mn®(CO),(*"PNN)] (Mn1), [MnP(CO),(*'PNN)] (Mn2),
and [Mn"(CO),("B"PNN)] (Mn3) complexes (see Scheme 2)
have been selected and studied on a model system consist-
ing in the esterification of acetaldehyde into ethyl acetate.
Through DFT calculations, we propose an atom-efficient
process that only requires the activation of the catalyst via
single hydrogenation and in which the Mn centre is the only
active site involved in both elementary steps, namely hydride
borrowing and C—O bond formation.

2 Computational methods

The reaction mechanism for the Claisen—Tishchenko reac-
tion catalysed by a set of Mn(I)-PNN complexes has been
studied through the use of Density Functional Theory (DFT)
via the spin-restricted Kohn—Sham (RKS) formalism and
the ®B97XD functional [34], which includes Grimme-D2
empirical dispersion [35]. The split-valence SVP basis set
was used for non-metal atoms, while the triple-& TZVP basis
set was employed for Mn [36]. The EDIIS/CDIIS procedure

Ph
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Scheme 2 Set of Mn(I)-PNN complexes (Mn1-3) which have been
selected to model the reaction mechanism of the Claisen—Tishchenko
condensation of acetaldehyde into ethyl acetate
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[37] was applied for the self-consistent field (SCF) conver-
gence with ultrafine grid accuracy level. The Synchronous
Transit-Guided Quasi-Newton (STQN) method [38] has
been used to locate the transition states (TS). In all cases,
frequency calculations were performed in order to confirm
the nature of the stationary points (minima or first-order
TSs with one imaginary frequency). To simulate the sol-
vent effect, the Polarizable Continuum Model (PCM) [39]
has been used with the standard parameters for toluene
(e=2.3741) at the optimisation stage. Gibbs energies have
been computed at 100 °C and atmospheric pressure reac-
tion conditions. All calculations were carried out through
the facilities provided by the Gaussian09 package (revision
D.01) [40].
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Scheme 3 a Possible hydrogenation routes of a bifunctional Mn=N
bond via direct hydrogenation (DH) using H, (top) or through pro-
tonation-hydride transfer (PHT) of an alcohol (bottom). b Claisen—
Tishchenko reaction of interest involving the condensation of acet-
aldehyde into ethyl acetate catalysed by a set of Mn-containing
catalysts

Fig. 1 At top, minima and
transition states (TSs) for the
direct hydrogenation of the
[Mn®(CO),(*"PNN)] (Mn1) H,
16e species. At bottom, analo-
gous mechanism taking place
via protonation-hydride transfer
of an alcohol (hydrogenation
transfer reaction). Gibbs ener-
gies (100 °C, 1 atm) are shown
in kcal mol™" at the ®B97XD/
SVP(H,C,N,O,P)-TZVP(Mn)
level of theory in toluene as
solvent

17.0 "0‘ &

3 Results and discussion

The selected groups of Mn(I)-PNN complexes (Mn1-3)
shown at Scheme 2 are characterised to form a trigonal
bipyramid structure around the Mn centre, being phospho-
rous and pyridinic nitrogen atoms in axial dispositions and
the non-pyridinic nitrogen and both CO molecules pointing
towards equatorial directions. This 16e species is susceptible
to be hydrogenated into an 18e species, which is the one
that presents catalytic activity for the Claisen—Tishchenko
reaction of interest in this study. As shown at Scheme 3a,
two possible routes for the hydrogenation of the 16e species
(pre-catalyst) might take place either via direct hydrogena-
tion (DH) using H, or through protonation-hydride transfer
(PHT) of an alcohol. In both cases, the principle is based
on the bifunctional character of the Mn=N bond, with both
Mn and N moieties exhibiting electrophilic and nucleophilic
roles, respectively [41]. Once generated the hydrogenated
[Mn(D(CO)z(PNN)]-H2 complex, we focus our study in the
Claisen-Tishchenko reaction of a model system consisting
in the esterification of acetaldehyde into ethyl acetate (see
Scheme 3b). In this sense, the use of only one aldehyde sub-
strate simplifies the mechanism because it only contemplates
the synthesis of a single product (R; =R, at Scheme 1) dur-
ing the esterification process.

Focusing on the [Mn(l)(CO)Z(PhPNN)] (Mn1) case,
Fig. 1 shows the structures and energies for both DH and
PHT processes in what formally corresponds to an initia-
tion step. For the DH route, H, gas coordinates to Mn in
a non-spontaneous process demanding 17.0 kcal mol™! at
the ®B97XD/SVP(H,C,N,O,P)-TZVP(Mn) level of theory
in toluene as solvent. Coordinated H, becomes slightly
elongated with respect to the gas phase in 0.03 A, and its

Direct hydrogenation
la "% TS(la) &

a1

Nae =A) @

&’ 9
18e
10.1

CH,CHO

TS(llib)
C) [= TS(BC)]
0.8 23.7

Protonation-hydride transfer

@ Springer



64 Page4of6

Theoretical Chemistry Accounts (2019) 138:64

heterolytic cleavage via TS(IIa) exhibits an activation Gibbs
energy of 21.7 kcal mol~!. Based on the conversion from
an ideal gas at standard state of 1 atm to a standard state of
1 M yields (1.89 kcal mol™! at room temperature) [42-44],
this barrier would be 19.8 kcal mol™! (AG*3=AG°g— A
G°7*=21.7—1.89). As result of this, an 18e species is
obtained (4.1 kcal mol™"! as reaction Gibbs energy) in which
the non-pyridinic N atom becomes protonated and Mn atom
is hydrided, i.e. causing the reduction in the Mn—N bond.
Unlike what was observed with the 16e species, the 18e spe-
cies forms an octahedral structure around the Mn centre. As
an important observation, the amino-metal bond is elongated
from 1.88 to 2.14 A once hydrogenated.

For the PHT route, the alcohol acts as H, source hydro-
genating the 16e species via a hydrogenation transfer pro-
cess that is constituted by two main steps. In the first one, a
proton transfer from the hydroxyl group to the non-pyridinic
N atom occurs. This process is kinetically “cheap” with a
calculated barrier of just 5.1 kcal mol~!, TS(Ib). As a result
of this, an outer-sphere alkoxy species (IIb) is formed, being
at 0.8 kcal mol~! with respect to the referential 16e species
(relative zero in energy) and calculating a Mn—O distance
equal to 2.06 A.In a second step, a hydride transfer occurs
from the sp? carbon at o position to Mn, representing the
rate-limiting step in this initiation process with a barrier of
23.7 kcal mol ™. Since ethanol has been used to hydrogenate

o=
By
1
o= N~wi—co
A v "H %N) 0
| T \_ /
N

Gibbs free energy (kcal mol-)

the 16e species, acetaldehyde is formed after the PHT, which
is already the only reactant for the subsequent condensation
process.

A comparison between the energy data exhibited for this
process catalysed by Mn1 (i.e. with the PNN ligand contain-
ing a phenyl-substituted phosphine) and the ones in which
phosphorus is linked with the aliphatic iso-propyl (Mn2)
and fert-butyl (Mn3) moieties indicates that, for H, splitting
in the DH route, TS(IIa) is more energetically demanding
with barriers of 26.7 and 28.6 kcal mol™, respectively, or
applying AG°™*, equal to 24.8 and 26.7 kcal mol ™! [42-44].
Using as reference the Mn-alkoxy compound IIb, hydride
transfers in PHT show activation energies of 23.4 kcal mol ™!
in both cases. It should be taken into account that IIb is 5.0
and 0.8 kcal mol~! more stable than the 16e species (plus
ethanol) for Mn2 and Mn3 cases.

Once the hydrogenated manganese complex is formed,
we hypothesise that this can act as active catalyst for the
Claisen—Tishchenko condensation of acetaldehyde into ethyl
acetate. Focusing again on the [Mn(l)(CO)z(PhPNN)]-HZ
case, Fig. 2 displays the different mechanistic steps and
their corresponding calculated Gibbs reaction and activa-
tion energies.

In a first stage, the 18e species (A) interacts with acetal-
dehyde to form complex B, which is located 10.9 kcal mol ™!
uphill. This minimum is mainly supported by the presence

_____________

A (+P)
148 _

Fig.2 Gibbs energy diagram (in kcal mol™') for the Claisen—Tish-
chenko condensation of acetaldehyde into ethyl acetate catalysed by
the hydrogenated [Mn®(C0),(*"PNN)]-H, 18e species. Purple and
grey paths refer to the respective generation of (R) or (S) stereocen-
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Reaction coordinate

tres during the formation of the C-O bond at TS(CD). Calculations
are shown at the ®B97XD/SVP(H,C,N,O,P)-TZVP(Mn) computa-
tional level in toluene as solvent and at 100 °C and 1 atm reaction
conditions. Note: For simplicity, P=PPh,
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of a H-bond of type C=0O---HN (1.89 A) and represents the
immediate reactive structure prior the transition state that
propitiates the hydride transfer from the Mn—H moiety to the
C(spz) in the substrate, TS(BC). As result of this, the alkoxy
compound C is formed, being hypothesised as a very stable
entity since it is located at — 9.4 kcal mol™! with respect to
A [45]. As can be seen, this set of steps in fact represents a
reverse reaction of the PHT initiation process.

The protonation of the non-pyridinic N atom during the
previous initiation process generates a stereocentre whose
configuration, (R) or (S), is determined by which direction
the H, source approaches the catalyst. From a mechanistic
point-of-view, this does not affect the hydride transfer since
both (Ry) and (S) species of [Mn"(CO),(*"PNN)]-H, are
enantiomers. Notwithstanding, the approaching of a second
aldehyde molecule to C entails the existence of two different
energy profiles since two possible diastereoisomers, (Ry,R)
and (Ry,S) [or their enantiomeric pairs (Sy,S) and (Sy,R)],
can be generated during the C—O bond formation.

When a second acetaldehyde molecule approaches to
the alkoxy moiety, an incipient C—O bond is forming at
TS(CD) via nucleophilic attack. Based on the orientation
with which this approach occurs, two different stereocentres
in the carbon atom could be generated: (R) or (S). Attending
to Fig. 2, our calculations indicate that the path towards the
generation of a C—O bond in which carbon is in (R) con-
figuration has a relative barrier of 10.6 kcal mol™! (purple),
while for the (S) case, this is accounted in 15.4 kcal mol™!
(grey). This activation process starts when the nucleophilic
O atom in the alkoxy moiety is 2.18 and 1.91 A away from
the C(spz) in the second acetaldehyde molecule; however,
the Mn—O bonds remain practically similar as in the isolated
outer-sphere alkoxy species C (2.07 and 2.12 vs. 2.06 A).
Although structure D represents the product after conden-
sation, an important redistribution of charge is produced.
This entails that former alkoxy and aldehyde functionali-
ties become ester and alkoxy groups, and therefore, a new
alkoxy complex is formed at E. Based on thermodynam-
ics, these intermediate states are also stable species located
at —8.0 and —7.4 kcal mol~! with respect to A (and also
compared with those at D, with relative energies at — 1.0
and 4.2 kcal mol™!, respectively). Based on these results,
we can conclude that the path towards the generation of an
(RyR) intermediate species is more favoured than for (R,,S)
at 100 °C and 1 atm conditions. It is also suggested that the
elementary steps due to condensation are kinetically acces-
sible, at least for the substrates under study.

The catalytic cycle finalises with a “back transfer” of
the hydride from the substrate to the Mn centre, being
in this case produced with the hydrogen in o of the new
alkoxy group. Attending to our DFT results, this represents
the rate-limiting step with activation barriers of 16.6 and
15.8 kcal mol™, respectively. As result of this, the 18e

[Mn(I)(CO)z(PhPNN)]—H2 species is regenerated and the
release of ethyl acetate is produced as the only product of
the reaction without generation of side or waste compounds.
This process is spontaneous by 14.8 kcal mol~'. Finally, a
view in overall of the reaction mechanism makes us con-
clude that the Mn centre, as the only active site of this pro-
cess, has a dual role. First, acting as hydride borrowing, and
second, leading the formation and stabilisation of an alkoxy
compound that promotes the C—O bond formation in a cen-
tral step of formal condensation.

A comparison between these data and the ones offered
by the complexes containing a PNP ligand in which phos-
phorus is linked with the aliphatic iso-propyl and zert-butyl
moieties reveals that, both steps, C—O bond formation and
hydride transfer from the substrate to the Mn centre are more
energetically demanding. Since fert-butyl has more steric
effects that iso-propyl, activation energies are also more pro-
nounced. Specifically, TS(CD) and TS(EA) exhibit barriers
of 12.5 and 18.9 kcal mol~! for the (Ry.R) path and 15.0
and 18.2 kcal mol™' for (R,,S) when catalysed by the 18e
[Mn(l)(CO)z("prPNN)]-H2 species. When catalysis is done
by assistance of [Mn(l)(CO)z(fB“PNN)]-Hz, these values
increase to 13.7 and 21.8 kcal mol™! for path (Ry,R) and
18.7 and 19.7 kcal mol™" for path (Ry,S).

4 Conclusions

In summary, the 16e species [Mn®(CO),(""PNN)] (Mn1),
Mn"(CO),(*"PNN)] (Mn2), and [Mn®(CO),("B"PNN)]
(Mn3) can be hydrogenated via direct hydrogenation (DH)
or by hydrogenation transfer through protonation-hydride
transfer (PHT) of an alcohol. The generated 18e species,
[Mn(I)(CO)z(PNN)]-HZ, have been investigated as poten-
tial catalysts for the Claisen—Tishchenko reaction in a
model system consisting in the esterification of acetalde-
hyde into ethyl acetate. According to data at the ®B97XD/
SVP(H,C,N,O,P)-TZVP(Mn) computational level in toluene
as solvent, the approaching of a second aldehyde molecule to
the alkoxy [Mn]-OEt species exhibit barriers of 10.6, 12.5,
and 13.7 kcal mol™!, respectively, for paths (Ry,R) which
lead to the formation of a C—O bond (100 °C, 1 atm reac-
tion conditions). This formal esterification step is not the
rate-limiting step, which corresponds to the “back trans-
fer” of the hydride from the substrate to the Mn centre. As
imposed by kinetics control, the preferred (Ry,R) pathway
exhibit barriers for this hydride transfer step of 16.6, 18.9,
and 21.8 kcal mol™!, in each case, rendering the complex
containing the phenyl-substituted phosphine as the most
active of this series, i.e. compared with those in which the
phosphorous atoms are linked with the /Pr or rBu aliphatic
groups. Different to hydrogen transfer reactions of classical
bifunctional catalysts, Mn is the solely active site involved
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in both elemental steps of hydride borrowing and C—O bond
formation. Finally, we sincerely hope that our findings might
stimulate further interest in this area.
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