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A sustainable route for the synthesis of alkyl
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The unprecedented palladium catalysed carbonylation of benzyl acetate derivatives herein presented
allowed a broad library of alkyl arylacetates in excellent yields to be obtained. Notably, no use of halogen
or base additives was required to perform the reaction. Furthermore, all reactions were accomplished at
carbon monoxide ambient pressure, increasing the sustainable feature of the protocol reported. The binary
system palladium acetate (2 mol%)/DPPF (4 mol%) (DPPF = 1,1'-bis(diphenylphosphino)ferrocene) was
found to be the best performing catalyst at 130 °C and 18 hours for different carbonylative transformations,
such as alkoxycarbonylation in the presence of several alcohols and hydroxycarbonylation of benzyl
acetates. The synthesis of the substrates was achieved by simply treating benzyl alcohol with cheap, safe
and non-toxic isopropenyl acetate (IPAc). IPAc is an emerging acetylating agent which allows acetates
under mild reaction conditions to be obtained, producing only acetone as the by-product. Thus, the whole
process is completely halogen free. Finally, a set of control experiments and DFT studies led to the
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Introduction

In the context of a green transition towards a modern society
with minimal environmental impact, the appeal of new
solutions enhancing sustainable synthesis of fine chemicals
is rapidly increasing.™* In this scenario, alkyl arylacetates and
their derivatives are a prominent example, as they play a
pivotal role in the framework of pharmaceuticals,
agrochemicals and valuable building blocks for fine
chemicals production (Fig. 1). These are generally prepared
via a multi-step synthesis starting from benzyl halides and
making use of harmful and toxic reagents such as sodium
cyanide and strong acids (Scheme 1a). Thus, environmentally-
friendly alternatives are required to tackle the synthesis of
such valuable compounds in a more sustainable way.

In this light, the peculiar properties of carbon monoxide
suggest the possibility of employing this C1-building block for
the carbonylation of a variety of organic substrates by insertion
of CO into c-bonds.” Since the pioneering report of Heck and
co-workers in 1974, palladium catalysed alkoxycarbonylation
of benzyl halides has been recognised as an efficient option to
carry out the synthesis of alkyl arylacetates (Scheme 1b).
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identification of a plausible reaction pathway.

Generally, the reaction takes place in the presence of
stoichiometric amounts of a base necessary to neutralize the
acid formed during the reaction, at temperatures between 60
and 140 °C and 5-60 bar of CO pressure.®

One might say that benzyl halides are industrially
produced from the corresponding benzyl alcohols, hence an
ideal way to optimize this process, in terms of economic and
environmental impact, would be the direct use of benzyl
alcohols. Few studies were carried out in the past,” but
several drawbacks related to limited substrate scope, low
product yields and hazardous reagents used limited the
upgrade of these protocols. In fact, most of the procedures
required the use of halogen acids (HCl, HI, HBr) or halogen
containing salts (KI, KBr) to in situ convert benzyl alcohols
into the corresponding benzyl halides (Scheme 1c), because
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Fig. 1 Fine chemicals containing the alkyl arylacetate moiety
employed as pharmaceuticals, an agrochemical and an insecticide.
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Scheme 1 Known procedures for the synthesis of alkyl arylacetates
(a—c), the oxidative addition step (d) and the target reaction of this work (e).

the oxidative addition of a C(sp*)-OH group to Pd(0) species
is difficult (Scheme 1d, left part).”*® Therefore, it is generally
accepted that alcohols must be activated to promote the
oxidative addition to palladium (Scheme 1d, right part).

In view of sustainability, the dependence on strong
mineral acids causes several concerns related to the
generation of massive amounts of waste. Furthermore,
corrosion of plants is also considered a major drawback
when strong acids are employed.’

Beyond the use of benzyl halides or halogen additives,
further sustainable alternatives could be implemented for the
synthesis of alkyl arylacetates. Specifically, we were interested
in exploring the possibility of exploiting cheap and easily
accessible activated benzyl alcohols in order to reduce the
load of additives employed.

To this aim, we reckoned interesting the selection of
benzyl acetates as a class of activated benzyl alcohols, readily
available, economically sustainable and easily prepared at the
laboratory or industrial scale.” In this framework, isopropenyl
acetate (IPAc) recently emerged as a non-toxic, cheap and
commercially available compound able to acetylate alcohols™®
and amines,"" providing the desired acetylated derivative and
acetone as the by-product, due to tautomerization of propen-
2-ol. Thus, no halogen salt or strong mineral acid is involved.

Surprisingly, the carbonylation of benzyl acetates has
never been reported in the past. This lack of reports could
derive from the fact that intermediate acetato-complexes of
palladium often undergo a back reaction to give starting
acetates, especially in the presence of bases,'” thus reducing
the possibility of achieving high selectivity and yield towards
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the carbonylated products. As a matter of fact, in the early
1980s Yamamoto and co-workers reported a complex
prepared from Pd(PCy;), (Cy = cyclohexyl) and allyl acetate
which, upon addition of CO, gave back allyl acetate."?

Later, Murahashi and reported  the
carbonylation of allyl acetates although in the presence of
NaBr. The reactions proceeded via formation of
n-allylpalladium complexes, which allow facile CO insertion
into the Pd-allyl bond."**

Summing up, given our interest in palladium catalysed
carbonylation reactions™ and sustainability,’> we realized
that the identification of a halogen-free synthetic strategy for
the synthesis of alkyl arylacetates from benzyl acetates could
represent a valuable alternative to industrial practices
adopted to date. With this in mind, the unprecedented
carbonylation of benzyl acetates is herein discussed
(Scheme 1e).

co-workers

Results and discussion

Carbonylation of benzyl acetate

To test the feasibility of the reaction and the role of the
acetate group, the carbonylation of benzyl acetate (BzAc) was
initially chosen as the target reaction. Thus, a preliminary set

of experiments was carried out to
conditions in terms of palladium
ligand, CO pressure, temperature
(Table 1). The selectivity towards

optimize the reaction
precursor, phosphine
and reaction times
methyl phenylacetate

(MeAc™) was calculated versus the formation of benzyl
alcohol (BzOH) which may be obtained by transesterification
of BzAc with MeOH in the presence of acetic acid.*® We
started by selecting the conditions generally adopted in the
literature for the carbonylation of benzyl halides,”™® i.e. Pco =
20 bar, T = 135 °C and a reaction time of 18 hours.
Preliminarily, an experiment carried out without Pd allowed
the assessment that the reaction does not proceed in the
absence of a metal catalyst (entry 1, Table 1). Next, a catalytic
system based on Pd(TFA), (TFA = trifluoroacetate) (2 mol%)
and DPPP (1,3-bis(diphenylphosphino)propane, 4 mol%) was
chosen to start evaluating the influence of a palladium
catalyst, while maintaining the reaction conditions tested in
the previous experiment (entry 2, Table 1). The addition of
halogen salts or bases was avoided. Gratifyingly, it was
possible to recover methyl phenylacetate albeit with modest
yield and selectivity. According to the literature the use of at
least 2 equivalents of phosphine is required to form in situ
Pd(0) species.'” Experiments reported in the ESIf (Table S1)
on the influence of palladium/phosphine ratio confirmed this
trend. To the best of our knowledge, only one paper
concerning the halogen and base free methoxycarbonylation
of C(sp®)-OR bonds is present in the literature. In 1995
Yamamoto reported halogen and base free carbonylation of
allyl formates to yield B,y-unsaturated carboxylic acids."® In
this case a m-allylpalladium complex facilitated the CO
insertion in the Pd-allyl bond. Encouraged by this result, we
established that further experiments could proceed in the

This journal is © The Royal Society of Chemistry 2022
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Table 1 Catalyst and ligand screening for the optimization of reaction conditions

Q IPd]
0)]\ Ligand 0 ©/\OH
©/\ MeOH, CO m *
BzAc MeAcP" BzOH
Entry® [Pd] Ligand Conv.? (%) Yield MeAc™ (%) Yield BzOH” (%)
1 — — n.d. n.d. n.d.
2 Pd(TFA), DPPP 46 21 25
3 Pd(CH,CN),Cl, DPPP 12 2 9
4 pd(CcoD)Cl, DPPP 33 5 28
5 PdCl, DPPP 45 12 33
6 Pd(dba), DPPP 3 n.d. n.d.
7 PdAc, DPPP 92 70 22
8 PdAc, DPPE 75 15 60
9 PdAc, DPPB 80 77 3
10 PdAc, DPPF 97 99 n.d.
11° PdAc, PPh,PyMe 3 n.d. 3
12¢ PdAc, PPh, 10 3 n.d.
13 PdAc, DCPE 22 5 12
149 PdAc, DPPF >99 98 n.d.
15%¢ PdAc, DPPF 60 59 n.d.
169/ PdAc, DPPF 3 n.d. n.d.
17%8 PdAc, DPPF 80 79 1
18%" PdAc, DPPF 99 3 98
19 [Pd(allyl)(DPPF)]CIO, DPPF 99 25 74

Reaction conditions: ¢ BzAc = 1 mmol, [Pd] = 2 mol%, ligand = 4 mol%, MeOH = 1 mL, Pgo = 20 bar, time = 18 h, T'= 130 °C. b Conversion of
BzAc, and yields of MeAc™ and BzOH were calculated by GC analysis using mesitylene as an internal standard. ¢ Ligand = 8 mol%. ¢ Pg = 1
bar. ¢ Time = 6 h./ T'= 100 °C. ¢ [Pd] = 1 mol%, ligand = 2 mol%. " Addition of Cs,CO; (2 eq.).

absence of any additive. Therefore, different palladium
precursors were screened in order to reach higher conversion
of BzAc and higher selectivity towards MeAc™ (entries 3-7,
Table 1). The use of bis(acetonitrile)dichloropalladium (entry
3, Table 1) led to very unsatisfactory conversions of BzAc,
similarly to dichloro(1,5-cyclooctadiene)palladium (entry 4,
Table 1) and palladium chloride (entry 5, Table 1).
Tris(dibenzylideneacetone)dipalladium (entry 6, Table 1) was
also tested, as it was revealed to perform well for the
carbonylation of benzylamines at low CO pressure."
However, minimal conversion of BzAc was observed. Finally,
the combination of palladium acetate with DPPP showed the
best performance, since 92% conversion of BzAc and 70%
yield MeAc™ (entry 7, Table 1) were achieved. Thus, PdAc,
was selected as a palladium precursor and different
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Fig. 2 Phosphine ligands evaluated in this study for carbonylation of
BzAc. Natural bite angle (8) taken from ref. 16.

This journal is © The Royal Society of Chemistry 2022

phosphine ligands were evaluated (see Fig. 2) in order to
increase the selectivity towards MeAc™.

Based on the effects of phosphine bite angles observed by
Amadio et al. for the oxidative carbonylation of alcohols,*® we
screened a set of phosphines covering bite angle values in
the 78.1-99.1° range. It is in fact known that when catalysts
bearing chelating diphosphine ligands are used, the natural
bite angle defined only by the ligand backbone is a key
parameter since it may alter considerably the electronic and
steric properties and therefore the reactivity of the metal
centre, with effects of paramount importance in the reductive
elimination step.

It is generally accepted that wider bite angles promote a
rapid reductive elimination step, whilst smaller bite angles
usually lead to the formation of stable cis Pd(i) complexes
which slow down the reaction.”” Considering DPPP with a
bite angle of 86.2°, we initially tested a diphosphine with a
lower bite angle, such as bis(diphenylphosphino)ethane
(DPPE, S, = 78.1°) (entry 8, Table 1). As expected, the
conversion of BzAc decreased while the selectivity shifted to
BzOH. On the other hand, increasing the bite angle of the
phosphine by using bis(diphenylphosphino)butane (DPPB, 3,
= 98.7°) allowed the selectivity towards MeAc™ (entry 9,
Table 1) to be increased, but not the conversion of BzAc. 1,1'-
Bis(diphenylphosphino)ferrocene (DPPF) with a bite angle of
99.1° was found to perform the best resulting in quantitative
conversion of BzAc and 97% yield of MeAc™ (entry 10,
Table 1). The overall conversion and the selectivity are
therefore not linearly related to the bite angle, which

Catal Sci. Technol,, 2022, 12, 4561-4571 | 4563
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probably does not affect only one of the steps of the catalytic
cycle. For instance, it is likely that the stability of the in situ
formed Pd(0) phosphine complexes plays a role in the
competition between carbonylation and hydrolysis.*

For the sake of completeness, monophosphines such as
triphenylphosphine (PPh;) and diphenyl-(6-methyl-pyridin-2-yl)
phosphine (PPh,PyMe) were also evaluated, since they found
large application in carbonylation chemistry as ligands.
However, the use of monophosphines was detrimental for the
catalyst activity (entries 11 and 12, Table 1). Moreover, highly
basic bis(dicyclohexylphosphino)ethane (DCPE, entry 13) gave
only 22% conversion of BzOH. Subsequent experiments,
performed in the presence of PdAc,/DPPF, aimed to evaluate
the influence of CO pressure, time, temperature and catalyst
loading. Notably, the quantitative conversion of BzAc was
achieved by decreasing Poo up to 1 bar, along with total
selectivity towards MeAc™ (entry 14, Table 1). In contrast,
when Poo was increased to 30 and 40 bar, an unfavourable
effect was observed (see Table S2 in the ESIt). It is likely that
CO competes with the substrate in the coordination sphere of
palladium, a behaviour which is not unusual in carbonylation
chemistry due to the m-acidic nature of CO.”*® The reduction
of the reaction times to 6 h did not allow full conversions
(entry 15, Table 1) to be reached. A similar result was obtained
by reducing the temperature to 100 °C (entry 16, Table 1).
Reducing the catalyst loading to 1 mol% allowed a 79% yield
of MeAc™ (entry 17, Table 1) to be achieved. The
carbonylation of BzAc under standard conditions was also
performed in the presence of 2 equivalents of Cs,CO; (entry
18, Table 1) to evaluate if the influence of a base could be
beneficial to the reaction. The reaction produced BzOH as the
major product (98%) due to the base promoted hydrolysis of
the acetate group.

Finally, in accordance with what was stated in the
Introduction section, the use of an allylpalladium complex as a
precursor was investigated, employing freshly synthesised
Pd(n*-C3H;)(DPPF)|CIO, (see the ESIt). Despite the good activity
in terms of conversion, a high yield of BzOH was detected, while
only 25% yield of MeAc™ was achieved (entry 19, Table 1).

Summing up, the best performing catalytic system was
found to be composed of PdAc, at 2 mol% and DPPF at 4
mol%. As a matter of fact, Pd(u)/DPPF catalytic systems
proved to be efficient in a variety of homogeneous
reactions,® such as cross-coupling reactions,* aryl halide
amination,®® hydroamination of alkynes,> and Heck
reactions.”® It is also worth mentioning that Pd[(n*-C;H;)
(cod)|BF,/DPPF was found to be an efficient catalytic system
for the alkylation of malonate derivatives with benzyl
acetates, as reported by Kuwano and coworkers.*
Furthermore, Gusev et al. demonstrated that Pd(i) complexes
combined with DPPF could also be used for ethene
methoxycarbonylation.®® Similarly, Beller and co-workers
reported the use of DPPF as a stabilizing ligand in the
carbonylation of chloroarenes, carried out at 145 °C and 1
bar of CO pressure with [PdCl,(PhCN),] as a precursor and in
the presence of 3 equivalents of Na,CO; as a base.*

4564 | Catal Sci. Technol., 2022, 12, 4561-4571
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Methoxycarbonylation of benzyl acetates

As far as the synthesis of the substrates is concerned, the most
common way to synthesize benzyl acetates is the acid catalysed
transesterification reaction of benzyl alcohol or benzyl halides
in the presence of acetic acid. However, this procedure presents
several drawbacks in terms of hazardous, toxic, and corrosive
chemicals used and unsafe reaction conditions. Alternatively,
acetylation of hydroxyl groups can be performed using acetyl
chloride or acetic anhydride along with stoichiometric amounts
of a base.'® Also in this case, issues regarding sustainability are
significantly present. To improve the sustainability of the
synthesis of alkyl arylacetates, all the acetate substrates
reported in this study were prepared by treating the
corresponding benzyl alcohol with IPAc and a catalytic amount
of Cs,CO; as a base without the use of any other solvent. All
the substrates were prepared in high yields (>90%) and easily
purified by removal of the volatiles under reduced pressure. All
the products were characterized by means of 'H and *C NMR
spectroscopy (see the ESIt). The excellent yields achieved with
all substrates tested demonstrate that the system shows
outstanding tolerance to different functional groups. On
considering the subsequent carbonylation reactions with
optimized reaction conditions in hand, we tested the
robustness of the optimized catalytic system towards the
methoxycarbonylation of a wide range of substrates (see
Table 2). The influence of different groups in the p-position
(entries 2-7, Table 2) was evaluated. The presence of electron-
withdrawing groups (entries 2-4, Table 2) allowed the
corresponding carbonylated products in excellent yields to be
obtained. The same trend was displayed by electron-donating
groups, since 4-methoxybenzyl acetate (entry 5, Table 2) and
4-methylbenzyl acetate (entry 6, Table 2) were converted to
methyl (4-methoxyphenyl)acetate and methyl 2-(2-tolyl)acetate
respectively in 95% and 89% isolated yields. Also the presence
of the thioether group in the p-position had no influence on
the activity of the catalytic system formed by PdAc,/DPPF (entry
7, Table 2). Subsequently, we examined if the presence of more
than one group on the aromatic ring could decrease the activity
of the system (entry 8, Table 2). Notably, 3,4-dimethoxybenzyl
acetate was converted with 95% yield into the corresponding
carbonylated product. It is worth mentioning that
3,4-dimethoxybenzyl acetate is obtained by acetylation of
3,4-dimethoxybenzyl alcohol, a natural compound derived from
lignin.®* The effect of various groups in meta and
ortho-positions was further investigated (entries 9-12, Table 2).
While meta substituted benzyl acetates still gave very good
conversions in the corresponding carbonylated products,
ortho-alkyl benzyl acetates were converted with slightly minor
efficiency, probably due to steric effects, which are not
significantly present in meta and para isomers.*

Alkoxycarbonylation of benzyl acetates

The palladium catalysed alkoxycarbonylation reaction in the
presence of higher molecular weight or sterically hindered

This journal is © The Royal Society of Chemistry 2022
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Table 2 Methoxycarbonylation of benzyl acetates Table 3 Alkoxycarbonylation of BzAc with different alcohols
J i
0. o
PdAC; (2 mol%) RS ~ PdAC, (2 mol%) A N
X o R
’ o DPPF (4 mol%) l/,/ a | X 0)k DPPF (4 mol%) |
5 = MeOH, CO (1 bar) R . — N/ o
18h, 130 °C R ROH, CO (1 bar) R
— 18h, 130 °C
Entry” Acetate Product Yield” (%)
Entry®  Nucleophile Product Yield” (%)
1 o O 99
©/\OJ\ m 1 MeOH mo\ 99
2 o mo\ 93 (0]
/©/\ ° “ ? 2 FtoH o~ 98
Cl o)
3 o O 95
F
4 o O 91 ©
o m 4 -ButOH 0 97
G <
O,N @)
5 o O 95
@ﬂok om 5 n-ButOH O~_~ 9
[
0 Q)
6 Q O~ 89 6 Ethylene glycol (e} 91
/@Aok m ~"0H
@)
7 a SN 91
/@ﬁ() J_ . m 7 Water OH 71
\
¥ o)
8 j\ O 95
(¢} Om Reaction conditions: “ Acetate = 1 mmol, [Pd] = 2 mol%, ligand = 4
o ' 0 mol%, ROH = 1 mL, Peg = 1 bar, time = 18 h, T = 130 °C. ? Isolated yield.
| N
9 j\ SN 89
°© m observed by GC-MS and NMR analysis, similarly to what was
reported by Sauthier et al. for the alkoxycarbonylation of
10 o o 92 a-chloro ketones.**
OJ\ m
F Hydroxycarbonylation of benzyl acetate
F
11 NO, o NO, 78 Phenylacetic acid plays a pivotal role in the context of
@Aok ©/ﬁ(°\ fragrances, pharmaceuticals, and polymer synthesis. Several
© studies reported the carbonylative transformation of aryl
12 )CL Wo\ 79 halides into phenylacetic acid via palladium catalysed
e °

Reaction conditions: “ Acetate = 1 mmol, [Pd] = 2 mol%, ligand = 4
mol%, MeOH = 1 mL, Pco = 1 bar, time = 18 h, T = 130 °C.
b 1solated yield.

alcohols may be very difficult to achieve, since steric effects
often limit the reaction.'*

Thus, to further explore the potential of this study, BzAc
was carbonylated in the presence of various alcohols (entries
2-6, Table 3). To our delight, the use of ethanol, isopropanol,
tert-butanol, and n-butanol afforded the desired alkyl
arylacetates in excellent yields.

Notably, even when a diol such as ethylene glycol was
used, a 91% yield of 2-hydroxyethyl phenylacetate was
achieved (entry 6, Table 3). No trace of the diester was

This journal is © The Royal Society of Chemistry 2022

hydrocarbonylation. However, there is no example of an
additive-free carbonylation to achieve the synthesis of this
key compound. In our study, the carbonylation of BzAc with
water as a nucleophile allowed phenylacetic acid in 71%
isolated yield (entry 7, Table 3) to be obtained.

Control experiments

In order to gain further insights on this new reaction, a set of
control experiments was run.

First, the formation of acetic acid was evaluated, which
should be formed in the final step of the catalytic cycle. To
test this, methanol, BzAc and p-chlorobenzyl alcohol (Bz“'OH)
were added into the same reactor at 5 bar of CO pressure.

Bz'OH should be initially converted to 4-chlorobenzyl
acetate (Bz“'Ac) by the generated acetic acid and then to
methyl (4-chlorophenyl)acetate MeAc"! by

Catal Sci. Technol,, 2022, 12, 4561-4571 | 4565
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Scheme 2 Control experiments. Standard conditions: PdAc, = 2
mol%, DPPF = 4 mol%, MeOH = 1 mL, 18 h, 130 °C, Pco = 1 bar. a)
Tandem carbonylation of BzAc and BzE'OH. b) Direct carbonylation of
BzOH in the presence of acetic acid.

methoxycarbonylation, in a tandem-type  reaction
(Scheme 2a). To our delight, both MeAc™ and MeAc™™ were
isolated in excellent yields after 18 h. Furthermore, traces of
the Bz“'Ac intermediate formed during the reaction were
detected by GC-MS analysis (m/z [M-CH;CO,]" = 125).

This  experiment calls for testing the direct
methoxycarbonylation of benzyl alcohol in the presence of
acetic acid as an activating agent, thus avoiding pre-activation
of substrates. Gratifyingly, the reaction still led to MeAc™ in
high yield (78%) under standard reaction conditions. In this
way it was confirmed that acetic acid promoted the
carbonylation of benzylic substrates. Furthermore, this method
opens up the way to a green, sustainable and efficient method
for the carbonylation of benzylic alcohols in the absence of
base and halogen sources.

Mechanistic studies

The largest part of mechanistic studies on carbonylation of
C(sp*)-X bonds generally refers to the carbonylation of aryl
halides.?® Nevertheless, despite the effort of many research
groups with long-term expertise in this field, critical steps in
the catalytic cycle remain ambiguous and hard to define.

According to the literature, carbonylation mechanisms
commonly involve well-defined steps, i.e. i) formation of Pd(0)
species; ii) oxidative addition of the substrate; iii) insertion of
CO into the Pd-substrate bond; iv) interaction of the alcohol
with the metal centre; v) reductive elimination of the product
with simultaneous regeneration of the catalyst (see Fig. 3.1).

As far as the formation of Pd(0) complexes is concerned,
studies are inclined to accept that carbonyl adducts are likely
to be involved in the oxidation step rather than L-Pd(0)-L
complexes. To verify this hypothesis, we tried to react
Pd(DPPF), (ref. 36) with BzAc, but no oxidative addition
occurred. A similar result was reported by Amatore et al
trying to react Pd(DPPF), with phenyl iodide.*”

Next, [PdAc,(DPPF)] was synthesized by replicating a
procedure reported by Gusev et al. (see section 3.2 in the
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ESI1).*° This complex was catalytically active, as MeAc™ was
obtained in 68% yield. Addition of an equivalent of DPPF
slightly improved the activity of the catalyst, since MeAc™
was provided with 89% yield. These results are of much
interest in terms of mechanistic consideration, since they
allow confirmation that species with only one DPPF ligand
are likely to be more reactive as starting precursors.

Unfortunately, further reaction of Pd(DPPF), with CO in
the effort to isolate active species failed.

Nevertheless, possible intermediate species in the
catalysed methoxycarbonylation of BzAc were investigated by
means of DFT calculations. Considering the reaction
conditions and the experiments aforementioned, the Pd(0)
complex [Pd(CO)(DPPF)] depicted in Fig. 3.2 (a) should be a
reasonable catalytic precursor. The reaction [Pd(CO)(DPPF)] +
CO — [Pd(CO),(DPPF)] has computed Gibbs energy variation
close to zero (calculated value of —1.4 kcal mol ™, see Fig.
S37). It is likely that the coordinatively saturated dicarbonyl
complex is catalytically inactive, therefore the increase of
catalytic activity on lowering Pco is probably due to a greater
concentration of the tricoordinated monocarbonyl complex
in the reaction mixture. Similarly, Quesnel et al. considered
the monocarbonyl complex (tBuzP)Pd(CO) as the active Pd(0)
complex for the Pd-catalysed carbonylation of aryl
chlorides.*®® The presence of one carbonyl ligand in the
Pd(0) coordination sphere was supported by the high Gibbs
energy variation computed for the reaction [Pd(CO)(DPPF)] +
MeOH — [Pd(MeOH)(DPPF)] + CO, 25.2 keal mol™* (Fig. S37).

It is likely that the reaction starts with the oxidative addition
of BzAc, affording a Pd(u) complex. The complex [Pd(CH,Ph)
(Ac)(DPPF)] (Ac = acetate) sketched in Fig. 3.2 (b) is more stable
than the alternative possible oxidative addition product,
[Pd(CH,Ph)(CO)(DPPF)][Ac]: [Pd(CH,Ph)(Ac)(DPPF)] + CO —
[Pd(CH,Ph)(CO)(DPPF)][Ac], AG = 13.6 kcal mol™ (Fig. S4f).
The oxidative addition is however associated with an increase
of the Gibbs energy variation with respect to the reactants (AG
= 18.4 kcal mol™), in part compensated by the subsequent
exergonic insertion of CO in the Pd-C bond, with the formation
of [Pd(COCH,Ph)(Ac)(DPPF)], (c) in Fig. 3.2 (AG of the insertion
step —11.2 kecal mol™). The reaction of [Pd(CH,Ph)(Ac)(DPPF)]
with methanol before the CO insertion was also considered
(Fig. S47), but the high Gibbs energy variation of the reaction
[Pd(CH,Ph)(Ac)(DPPF)] + MeOH — [Pd(CH,Ph)(OMe)(DPPF)] +
HAc, 14.0 kcal mol ™, indicates the CO insertion in the Pd-C
bond as a more probable step. The compound [Pd(COCH,Ph)
(Ac)(DPPF)] (c) can then react with methanol, and it was found
that in the most stable ground-state geometry the MeOH
molecule is coordinated to Pd(n) (Pd-OC(O)Me = 2.109 A) and
forms a hydrogen bond with acetate (MeO-H 1.331 A, H-OC(O)
Me 1.098 A). The formula of the intermediate (d) in Fig. 3.2 is
therefore [Pd(COCH,Ph)(MeOH-Ac)(DPPF)]. The complete
deprotonation of methanol by acetate to obtain a methoxy-
complex and acetic acid is less energetically favourable by
about 5.9 kcal mol™ (Fig. S5f). The reaction of (c) with
methanol is associated with a positive Gibbs energy variation
(AG = 11.5 kecal mol™), but it is possibly driven by the large

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 1) General mechanism of Pd-catalysed alkoxycarbonylation of aryl halides (X = Cl, Br, I). 2) Plausible catalytic cycle of the Pd-catalysed
methoxycarbonylation of benzyl acetate. See the ESI+ (Fig. S6) for DFT optimized geometries. °Gibbs energy variations in kcal mol™.

excess of methanol in the reaction mixture. It is likely that the
weakly coordinated acetate in (d) supports the reductive
elimination of methyl phenylacetate with the formation of
acetic acid, and the coordination of CO restores the catalytic
precursor. The last step of the reaction is accompanied by a
strongly negative Gibbs energy variation, AG = -48.9 kcal mol .

Unfortunately, we were unable to localize the transition
steps connecting the optimized intermediate species, therefore
the pathway here proposed must be considered with great
caution. The high relative Gibbs energies of the intermediates
related to the oxidative addition of BzAc and to the
coordination of MeOH however suggest that these steps are
probably critical for the catalytic activity. The DFT-optimized
structures are shown in Fig. S6.f The computed energy profile
shown in Fig. S7, obtained at a lower computational level with
respect to the other data reported, indicates the breaking of
one of the Pd-P bonds as possibly involved in the initial
oxidative addition of BzAc to [Pd(CO)(DPPF)].

The role of the bidentate phosphine in the catalytic cycle
deserves further investigation, even if recent computational
studies revealed that the electronic influence of DPPF towards
Pd centres should be comparable to that of DPPP.*® The
variation of catalytic activity on changing the chelating P-donor
ligand is therefore probably due mainly to the different bite
angle. The localization of (3, -1) bond critical points (b.c.p.) for
the optimized DPPF complexes did not highlight particular
interactions between the Pd centre and the ferrocenyl moiety.
Selected examples are provided in Fig. S8.f

Conclusions

In summary, we herein proposed a sustainable and
straightforward method for the synthesis of alkyl arylacetates,
a class of key compounds in organic synthesis.

This journal is © The Royal Society of Chemistry 2022

Carbonylative transformations of benzyl acetates have never
been investigated before. Nevertheless, they have been found to
proceed smoothly at atmospheric CO pressure, in the absence
of any halogen or base additive, a rare example in
carbonylation chemistry. Among the various in situ catalytic
systems tested, PdAc, (2 mol%)/DPPF (4 mol%) displayed the
best performance and allowed a plethora of carbonylated
products to be obtained showing excellent tolerance towards
substituted aryl acetates and different alcohols.

Looking at the whole picture, the syntheses of alkyl
arylacetates were carried out from benzyl alcohols avoiding
the use of halogen containing salt or strong acids, but
employing IPAc as a safe acylating agent. In this framework,
it was demonstrated that the direct carbonylation of benzyl
alcohol in the presence of acetic acid allowed MeAc™ with
78% yield to be obtained. This method opens up the way to
obtain alkyl arylacetates directly from benzyl alcohols, thus
avoiding expensive pre-activation steps.

Furthermore, preliminary experimental and computational
studies indicated the key role of CO in generating the
catalytic active species and suggested a non-innocent role of
coordinated acetate in the steps preceding the reductive
elimination of the product. Further mechanistic
investigations are however currently ongoing to reveal the
pivotal role of the acetate group in carbonylation chemistry.

Experimental
General

Commercial solvents (Aldrich) were purified as described in
the literature.”® Reagents were commercially available
compounds and were used as received unless otherwise
stated. PdAc,, Pd(COD)Cl,, PdCl, and Pd(dba), were provided
by Sigma Aldrich. Pd(TFA), was provided by Strem Chemicals,
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while Pd(CH3;CN),Cl, was prepared by following a literature
procedure.*®

DPPP, DPPE, DPPB, PPh; and DPCE were provided by Sigma
Aldrich. DPPF was purchased from Strem Chemicals while
PPh,PyMe was synthesized according to the literature.**

Benzyl acetate and p-methyl benzyl acetate were purchased
from Sigma Aldrich. All other starting substrates employed
for the substrate scope were synthesized (see the ESIT).

High purity CO was obtained from SIAD. The 'H and “*C
NMR spectra were recorded on a Bruker AVANCE 300
spectrometer operating at 300.1 and 75.44 MHz, respectively.
Gas-liquid chromatography (GLC) analyses were performed
on an Agilent 6850 gas chromatograph; gas chromatography-
mass spectrometry (GC-MS) analyses were performed on a HP
5890 series II gas chromatograph interfaced to an HP 5971
quadrupole mass detector.

Computational details

Preliminary geometry optimizations were carried out using
the PBEh-3c method,** which is a reparametrized version of
PBEO (with 42% HF exchange) that uses a split-valence
double-zeta polarized basis set (def2-mSVP) for light atoms
and the def2/] auxiliary basis set. 28 electrons of Pd are
included in relativistic ECPs.** The method adds three
corrections that consider dispersion, basis set superposition
and other basis set incompleteness effects.® The C-PCM
implicit solvation model was added to PBEh-3c calculations,

considering methanol as a continuous medium.*
Calculations were performed with the ORCA 4.0.1.2
software.*® Further calculations were carried out with the

Gaussian 16 software,*” using the previously described basis
set and C-PCM solvation model in combination with the
hybrid PBE1PBE DFT functional.*® The “restricted” approach
was used in all the cases. The stationary points were
characterized by IR simulation (harmonic approximation),
from which zero-point vibrational energies and thermal
corrections were obtained. Gibbs free energy values were
calculated for 7= 403 K and P = 7.8 atm.*® AIM analyses were
carried out using MultiWFN, version 3.5.°° Potential energy
surface scans were carried out in vacuo with the EDF2 hybrid
functional® in combination with the 6-31G* basis set for
light atoms and the LANL2DZ basis set for Pd.>* The software
used was Spartan 16.*

Cartesian coordinates of the DFT-optimized structures
are collected in a separate .xyz file including selected
computed data.

Synthesis of acetates

In a 50 mL round bottom flask benzyl alcohol (5 mmol) and
Cs,CO; (2.5 mmol) were added into 10 mL of isopropenyl
acetate. The heterogeneous mixture obtained was allowed to
stir overnight at 50 °C. Afterwards, the reaction mixture was
cooled down to room temperature and solids were removed by
filtration. Residues were concentrated at reduced pressure to
yield the corresponding acetate, without further purification.
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Carbonylation experiments

The carbonylation experiments were carried out in a
magnetically stirred stainless steel autoclave (total volume
150 ml) connected to a thermostatic bath in order to keep
the reaction temperature constant within +1 ©°C. The
palladium precursor, the ligand and solid substrates were
weighed in air in a 4 mL vial, which was then closed with a
PTFE/rubber septum pierced with a needle and purged with
nitrogen. Afterwards, the solvent, mesitylene and the liquid
reagent were added in this order. The vials were then placed
in the pre-purged autoclave along with a PTFE support to
prevent the vial from moving (see the ESIf). As an example,
the experimental procedure for the methoxycarbonylation of
benzyl acetate (entry 1, Table 2) is reported. Under an inert
atmosphere, in a 4 mL vial equipped with a small magnetic
bar Pd(OAc), (5 mol%, 0.05 mmol) and DPPF (10 mol%, 0.1
mmol) were introduced. Then, after closing the vial with a
PTFE/rubber septum pierced with a needle and purged with
nitrogen, MeOH (1 mL), mesitylene (0.5 mmol) and benzyl
acetate (1 mmol) were added, obtaining a reddish solution.
Afterwards, the vial was placed in a pre-purged 150 mL
autoclave and 1 atm of CO was added. The autoclave was
then heated at 130 °C and kept under constant magnetic
stirring. After 18 h, the autoclave was cooled to room
temperature and the residual gas was carefully vented off.
The raw reaction mixture was filtered over SiO, and then
analysed by GLC to determine the substrate conversion and
product composition. The reaction crudes were purified by
flash chromatography (silica gel, 60 A, 70-230 mesh, 1:1
mixture of ethyl acetate and n-hexane) to give methyl
2-phenylacetate.

Characterization of products

Methyl phenylacetate (Table 2, entry 1). Colourless liquid
(0.14 g, 99% yield). 'H NMR (300 MHz, CDCl,) 6 (ppm) = 7.40-
7.29 (m, 5H), 3.69 (s, 3H), 3.67 (s, 2H). *C NMR (300 MHz,
CDCl;) 6 (ppm) = 171.7, 134.4, 129.6, 129.0, 127.4, 52.4, 41.5.

Methyl (4-chlorophenyl)acetate (Table 2, entry 2). Pale
yellow liquid (0.17 g, 93% yield). 'H NMR (300 MHz, CDCl;) &
(ppm) = 7.29-7.17 (m, 4H), 3.67 (s, 3H), 3.57 (s, 2H). ">*C NMR
(300 MHz, CDCl;) 6 (ppm) = 171.6, 133.0, 132.9, 128.6, 128.5,
52.1, 40.3.

Methyl (4-fluorophenyl)acetate (Table 2, entry 3). Pale
yellow liquid (0.16 g, 95% yield). "H NMR (300 MHz, CDCl;) ¢
(ppm) = 7.26-7.14 (m, 4H), 3.64 (s, 3H), 3.54 (s, 2H). *C NMR
(300 MHz, CDCl;) 6 (ppm) = 172.0, 163.4, 163.2, 130.9, 128.7,
115.4, 115.2, 52.1, 40.3.

Methyl (4-nitrophenyl)acetate (Table 2, entry 4). Yellowish
liquid (0.17 g, 91% yield). 'H NMR (300 MHz, CDCl;) & (ppm)
= 8.14-8.11 (m, 1H), 7.78-7.68 (m, 2H), 7.52-7.48 (m, 1H),
5.00 (s, 2H), 4.04 (s, 3H). *C NMR (300 MHz, CDCl;) & (ppm)
=170.2, 147.7, 136.8, 134.1, 130.0, 128.5, 125.0, 62.6, 39.7.

Methyl (4-methoxyphenyl)acetate (Table 2, entry 5).
Colourless liquid (0.17 g, 95% yield). '"H NMR (300 MHz,
CDCl;) § (ppm) = 7.29-7.25 (m, 2H), 6.97-6.92 (m, 2H), 3.86

This journal is © The Royal Society of Chemistry 2022
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(s, 3H), 3.75 (s, 3H), 3.64 (s, 3H). *C NMR (300 MHz, CDCl;)
J (ppm) = 172.4, 158.7, 130.3, 126.4, 113.9, 55.2, 52.0, 40.3.

Methyl (4-tolyl)acetate (Table 2, entry 6). Colourless liquid
(0.14 g, 89% yield). '"H NMR (300 MHz, CDCl;) 6 (ppm) =
7.28-7.17 (m, 2H), 3.57 (s, 3H), 3.56 (s, 2H), 2.24 (s, 3H). *C
NMR (300 MHz, CDCl;) § (ppm) = 172.7, 136.0, 130.6, 128.5,
55.6, 52.3, 40.6.

Methyl (4-methylthiophenyl)acetate (Table 2, entry 7). Pale
yellow liquid (0.18 g, 91% yield). "H NMR (300 MHz, CDCl;) ¢
(ppm) = 7.32-7.19 (m, 5H), 3.70 (s, 3H), 3.60 (s, 2H), 2.48 (s,
3H). *C NMR (300 MHz, CDCl;) ¢ (ppm) = 172.3, 137.6,
131.1, 130.2, 127.2, 126.9, 52.5, 40.8, 16.0.

Methyl (3,4-dimethoxyphenyl)acetate (Table 2, entry 8).
Colourless liquid (0.20 g, 95% yield). "H NMR (300 MHz,
CDCl;) 6 (ppm) = 6.81 (s, 3H), 3.88 (s, 3H), 3.86 (s, 3H), 3.69
(s, 3H), 3.57 (s, 2H). *C NMR (300 MHz, CDCl;) 6 (ppm) =
172.4, 149.1, 148.3, 126.5, 121.5, 112.5, 111.3, 56.0, 52.1, 40.8.

Methyl (3-tolyl)acetate (Table 2, entry 9). Colourless liquid
(0.14 g, 89% yield). '"H NMR (300 MHz, CDCl;) 6 (ppm) =
7.30-7.17 (m, 4H), 3.72 (s, 3H), 3.63 (s, 2H), 2.39 (s, 3H). *C
NMR (300 MHz, CDCl;) § (ppm) = 172.3, 138.1, 136.7, 130.9,
129.3, 127.1, 52.0, 40.8, 21.1.

Methyl (3-fluorophenyl)acetate (Table 2, entry 10). Pale
yellow liquid (0.15 g, 92% yield). "H NMR (300 MHz, CDCl;) ¢
(ppm) = 7.30-7.26 (m, 1H), 7.11-7.06 (m, 2H), 6.97-6.92 (m, 1H),
3.65 (s, 3H), 3.36 (s, 2H). *C NMR (300 MHz, CDCl3) § (ppm) =
171.2, 161.8, 143.9, 129.8, 122.1, 114.2, 113.4, 64.2, 58.9.

Methyl (2-nitrophenyl)acetate (Table 2, entry 11). Pale
yellow liquid (0.15 g, 78% yield). "H NMR (300 MHz, CDCl;) &
(ppm) = 7.35-7.24 (m, 5H), 4.15 (q, / = 7.1 Hz, 2H), 3.62 (s, 2H),
1.26 (t, J = 7.0 Hz, 3H). *C NMR (300 MHz, CDCl;) § (ppm) =
172.1, 134.6, 129.8, 129.7, 129.1, 127.4, 61.3, 41.9, 14.6.

Methyl (2-tolyl)acetate (Table 2, entry 12). Pale yellow
liquid (0.13 g, 79% yield). "H NMR (300 MHz, CDCl;) ¢ (ppm)
= 7.43-7.20 (m, 4H), 3.73 (s, 3H), 3.70 (s, 2H), 2.38 (s, 3H).
3C NMR (300 MHz, CDCl3) § (ppm) = 172.1, 136.9, 132.8,
130.4, 127.6, 127.5, 52.0, 39.0, 19.6.

Ethyl phenylacetate (Table 3, entry 2). Colourless liquid
(0.16 g, 98% yield). '"H NMR (300 MHz, CDCl;) 6 (ppm) =
7.35-7.24 (m, 5H), 4.15 (q, J = 7.1 Hz, 2H), 3.62 (s, 2H), 1.26
(t, J = 7.0 Hz, 3H). *C NMR (300 MHz, CDCl;) 6 (ppm) =
172.1, 134.6, 129.8, 129.7, 129.1, 127.4, 61.3, 41.9, 14.6.

Isopropyl phenylacetate (Table 3, entry 3). Colourless
liquid (0.17 g, 98% yield). '"H NMR (300 MHz, CDCl;) 6
(ppm) = 7.34-7.24 (m, 5H), 5.05-4,98 (hept, J = 6.2 Hz, 1H),
3.58 (s, 2H), 1.24-1.22 (d, J = 6.2 Hz, 3H). *C NMR (300
MHz, CDCl;) § (ppm) = 171.6, 134.8, 129.6, 128.9, 127.4,
68.6., 42.2, 22.2.

tert-Butyl phenylacetate (Table 3, entry 4). Colourless
liquid (0.18 g, 97% yield). "H NMR (300 MHz, CDCl;) 6 (ppm)
= 7.35-7.26 (m, 5H), 3.54 (s, 2H), 1.46 (s, J = 6.2 Hz, 3H). °C
NMR (300 MHz, CDCl;) d (ppm) = 171.0, 134.7, 129.2, 128.4,
126.8, 80.8, 42.7, 28.1.

Butyl phenylacetate (Table 3, entry 5). Colourless liquid
(0.18 g, 95% yield). '"H NMR (300 MHz, CDCl;) 6 (ppm) =
7.34-7.26 (m, 5H), 3.63 (s, 2H), 1.66-1.32 (m, 4H), 0.98-0.93
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(m, 3H). *C NMR (300 MHz, CDCl;) 6 (ppm) = 170.7, 133.8,
129.3, 128.6, 127.2, 62.5, 62.0, 41.2.

Hydroxyethyl phenylacetate (Table 3, entry 6). Colourless
liquid (0.16 g, 91% yield). "H NMR (300 MHz, CDCl;) J (ppm)
= 7.36-7.28 (m, 5H), 4.33-4.28 (m, 4H), 4.30 (s, 2H), 1.55 (bs,
1H). ®C NMR (300 MHz, CDCl;) ¢ (ppm) = 178.1, 133.4,
129.5, 128.7, 127.4, 41.2.

Phenylacetic acid (Table 3, entry 7). Colourless liquid (0.10
g, 71% yield). "H NMR (300 MHz, CDCl;) 6 (ppm) = 9.91 (bs,
1H), 7.48-7.31 (m, 5H), 3.70 (s, 2H). "*C NMR (300 MHz,
CDCl;) 6 (ppm) = 178.1, 133.4, 129.5, 128.7, 127.4, 41.2.
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