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reported. Alkyl acetates proved to be efficient solvents in the catalytic processes, and therefore excellent

alternatives to the typical non-green solvents used for Cu-catalysed arylation reactions. Solvents such as
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Introduction

Metal-catalysed reactions are now essential tools in organic
synthesis, and are routinely used even at industrial scale.
Industrial applications, however, are subject to more and more
strict regulations about waste and toxicity issues. In the field of
green chemistry, reaction solvents play an important role,
accounting for 50-60% of the material used in a typical
process,’? and several parameters have been defined to describe
their greenness. Large pharmaceutical companies have pub-
lished tables of solvent data, listing them according to their
chemical physical, health and safety, and energy/life-cycle
assessment (LCA) properties, leading to banned, dangerous,
or recommended classes of solvents for industrial processes.*>”
The number of parameters and their relative importance vary
from company to company, affecting the specific preferred
solvents and greener alternatives for less green ones. The ACS
Green Chemistry Institute-Pharmaceutical Roundtable (ACS
GCI-PR) has made available a more general list, developed
collaboratively by the members of different pharmaceutical
companies,” and a comparison between individual solvent
guides has been published by the Chem21 consortium.*®
Water is always at the top in the lists of green solvents, and
much work has been carried out on transition metal-catalysed
reactions in this solvent.’>* However, the physical properties
of water do not always make it practically the best solvent for an
industrial process,® and the low solubility of many organic
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isosorbide dimethyl ether (DMI) and diethyl carbonate also appear to be viable possibilities for the
arylation of phenols. Finally, a novel copper catalysed acyl transfer process is reported.

compounds in water represents an obvious issue. Moreover,
disposal of large quantities of aqueous waste containing
organic and inorganic species requires procedures that are
generally far from green.'>'®

Copper-catalysed coupling reactions have recently attracted
much attention, even at an industrial level, due to the lower toxicity
and cost than heavier transition metal catalysts, and considerable
research has been undertaken regarding ligands, scope and
mechanism."* Green media have been investigated for their use
in copper-catalysed arylations since the late 2000s, and now many
examples of reactions performed in aqueous solvents can be found
in the literature.”** Water is frequently used as a co-solvent for
these processes in mixtures with DMSO or DMF. When water alone
is used, the addition of a phase-transfer catalyst (PTC),”* a poly-
meric additive,®® or a surfactant* is often required for effective
catalysis. A further disadvantage is the use of hydroxides as bases
in these conditions, rather than carbonates or phosphates; these
bases are known to be able to react with the aryl halide as nucle-
ophiles, thus leading to the corresponding phenolic side prod-
ucts.””” Finally, hydrolysis of particular substituents (e.g. cyano
groups) in aqueous conditions has been observed.?**

As a consequence, the use of organic solvents is still
preferred for these reactions, but greener replacements of the
traditional non-green solvents need to be investigated. In all of
the green solvents lists, water is followed by organic solvents
such as alcohols and esters, particularly acetates, both cheap
and easily obtained from natural products.*® The range of
polarities and boiling points also makes these solvents good
alternatives to the traditional ones. While alcohols present
obvious problems in applications such as C-heteroatom cross
couplings, being able to act as competitive nucleophiles (very
few examples of copper-catalysed C-N couplings in alcohol
media have been reported®**°), acetate solvents may be utilised
with less concern. These solvents have been used sporadically
for several transition metal-catalysed processes,**** including
recent Cu-catalysed C-H oxidation processes,® but no
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Base: Cs,COj3, K3PO,

Scheme 1 Model reaction for the arylation of phenols in green
solvents.

investigation in Cu-catalysed arylations has been reported to
date. Other potentially interesting solvents have only been
recently added to green solvent tables, being less established.”
Among them, glycerol and its derivatives have been found as
good alternatives to other organic solvents in several
processes,** and used in agrochemical formulations.** Deriv-
atives of isosorbide, another naturally-derived compound, have
been used as co-solvents or carriers in many pharmaceutical
and cosmetic formulations,*** thanks to their non-toxicity and
favourable chemical properties. Organic carbonates have also
attracted much attention, due to their low cost and complete
biodegradability, together with their remarkable properties as
polar aprotic solvents.*

Herein we report the first investigation on the use of alkyl
acetates and other green organic solvents in the copper cata-
lysed arylation of phenols and amides, in combination with
picolinamide ligands, which proved effective for the C-O
coupling in acetonitrile.**
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Results and discussion
Arylation of phenols

The model reaction between 3,5-dimethylphenol and 4-iodoa-
nisole leading to aryl ether 1 was chosen for screening green
solvents (Scheme 1). A series of alkyl acetates with different
chain lengths were selected, from methyl to pentyl acetate,
either linear or branched. Glyceryl triacetate (triacetin), iso-
sorbide dimethyl ether (DMI) and diethyl carbonate (Et,COj3)
were also explored as green alternatives.** A selection of four
picolinamide ligands, with different substituents on the phenyl
ring, were chosen to study the electronic effects of the ligand in
the different solvents. The screening was performed using both
Cs,CO3 and K3PO, as base, which gave the best results in our
previous experiments.*

All of the reactions were run under reflux conditions, apart
from those in triacetin, due to the exceedingly high boiling point
(259 °C); these were run instead at 150 °C. The results of the
screening are reported in Fig. 1. The use of Cs,CO; resulted in
generally better yields than K;PO,. In our previous investigation
we observed that the catalytic activity increased using ligands
bearing electron-withdrawing substituents on the phenyl ring.**
Similar observations can be made for the results in Fig. 1.
Ligands L3 or L4, substituted with electron-withdrawing groups
are generally more effective than L2 and L1. This is true using
either base, but the difference between the ligands is accentu-
ated using K;PO, (Fig. 1b). In this case, ligand L1 is always
considerably less effective than the others, whilst using Cs,CO;
its efficacy is sometimes only a little inferior (Fig. 1a).

The previously observed higher activity of the 2-fluo-
ropicolinamide ligand L3 compared to L4 in MeCN, is not
generally observed in these solvents, and results with these two
ligands are similar. About the different solvents tested, as
observed in Fig. 1a, i-PrOAc and i-BuOAc are the best solvents in
the acetate series for all the ligands tested, followed by BuOAc,
AmOAc and i-AmOAc. The use of PrOAc and ¢-BuOAc results in
poorer yields, and stronger ligand-dependence. The use of

b) ELl mL2 ul3 mL4

Yield%

Fig. 1 Catalytic results for the synthesis of aryl ether 1: (a) base = Cs,CO3; (b) base = KzPO, (GC yields using trimethoxybenzene as internal

standard).
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shorter chain (methyl and ethyl) acetates resulted in the lowest
yields with all ligands.*® Among the other solvents, DMI and
Et,CO; resulted in excellent yields, showing to be interesting
alternatives to acetates. The use of triacetin resulted instead in
poorer yields, comparable to those observed in MeCN (Fig. 1a).
Correlation of the product yields with parameters such as
boiling points and dielectric constants for the solvents were
checked as a preliminary explanation of these results. While no
obvious correlation was observed with the boiling point of the
solvents, a general decrease in yields is noted with the increase
of the dielectric constant of the reaction solvent (see ESI{).*

A substrate screening was performed to compare the results
with those obtained in MeCN (Scheme 2).** The reactions were
performed using ligand L4 and Cs,CO; in i-PrOAc. This solvent
was chosen over the other good ones due to its lower boiling
point and consequent milder conditions.*” Isolated yields ob-
tained under these conditions with general electron-donating
and electron-withdrawing groups are considerably higher than
those obtained in MeCN. Compounds 1-9, with electron-
donating to electron-withdrawing substituents on the phenol,
were obtained in very good yields, even when electron-rich aryl
halides were used. These yields are approx. 20% higher than in
MeCN.* Compound 5 was obtained in 39% yield, much lower
than expected for the general trend. This anomalous behaviour
was also observed in our previous work.***® Reactions with
hindered substrates, generally difficult substrates in Cu-
catalysed couplings, were also performed. As expected from
our previous study, good results were obtained using increas-
ingly bulky substituents (including phenyl) on the phenol
moiety in the coupling with the electron-donating 4-iodoanisole

Cul 10%
L4 10%
OH X Cszcoa (2 mmol)
O/ \O i-PrOAc (2mL)
reflux, 24h
under air

(1.2mmol) (1.0 mmol)

@Q\Qﬁ*ﬁﬁ

R=0Me 1(90%; 80%) R=OMe 4 (79%; 56%) R =OMe 7 (59%; 21%)
(X = Br, 40%; 20%) (X = Br, 14%; 0%) (X = Br, traces; 10%)
H  2(99%) H  5(39%; 40%) H 8 (84%; 36%)
Ac 3 (93%; 78%) Ac 6 (97%; 80%) Ac 9 (90%)

@tL©©@©<h5

R=Me 10 (85%; 74%) R=Me 14 (24%) 8 (37%; 53%) 9 (22%)

(X=Br, 37% traces) i-Pr 15 (15%) (X Br, 19% 22%)
i-Pr 11 (72%) t-Bu 16 (17%)

t-Bu 12 (75%; 73%) Ph 17 (13%)

Ph 13 (69%)

Atas %@

23 (17%; 4%)

TG

20 (45%; 30%) para 21 (79%)
ortho 22 (71%)

24 (21%; 37%)

Scheme 2 Substrate scope: isolated yields in i-PrOAc (bold) and
MeCN (italics, from ref. 43); X = |, if not otherwise specified.
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(10-13). Steric hindrance on both coupling partners, however,
resulted in yields of ca. 20% (14-17). The use of 2,6-dimethyl-
phenol, hindered at both sides, considerably reduces the reac-
tivity, and coupling products with 4-iodoanisole and 2-
iodotoluene were obtained in 37% and 22% yield respectively
(18-19). The coupling of 3,5-dimethylphenol with 2-iodotoluene
furnished 20 in 45% yield, but the reaction with 4-iodoaniline or
2-iodoaniline afforded 79% and 71% yield respectively (21-22).
No competing arylation of the amino group was observed in
these cases. Compound 23 was obtained in 17% yield, while
arylation of 8-hydroxyquinaldine (24) occurred in 21% yield (in
MeCN: 4% and 37% respectively*®). Aryl bromides were also
tested in the reaction: reaction with 4-bromoanisole resulted in
max 40% yield, considerably lower than the corresponding
iodide (compounds 1, 4, 7, 10, 21).

Arylation of amides

The promising results obtained in the arylation of phenols
prompted us to investigate whether the arylation of amides was
also possible in these solvents. Although a few specific appli-
cations of picolinamide ligands in the N-arylation of uracyl can
be found in the literature, no detailed study has been reported
on the use of these ligands for amide arylation.*>** Benzamide
and 4-iodoanisole were chosen as model substrates for the
arylation of amides (Scheme 3). The results obtained for these
couplings with L1-L4 in the solvents discussed above are shown
in Fig. 2. In this case, the use of Cs,CO; as base resulted in
generally poor yields, and not defined ligand effect could be
clearly distinguished. The use of K;PO, instead resulted in
cleaner reactions, higher yields, and more sensible trends, with
electron-withdrawing substituted picolinamide ligands more
effective in the catalysis (Fig. 2b). Norm- and iso-butyl and
pentyl acetates proved effective solvents for the synthesis of
benzamide 25, whereas shorter-chain acetates and ¢#-BuOAc
acetates were considerably less effective. DMI and diethylcar-
bonate also resulted in lower yields.>*

i-BuOAc and 2-fluoropicolinamide ligand L3, which
furnished the best results in the screening, were chosen to
investigate the substrate scope of this methodology
(Scheme 4). A range of amides, including aromatic, aliphatic
and cyclic amides were explored, resulting in good to
excellent yields of the arylated products. The reaction of
benzamide, 4-methoxy benzamide and 3-(trifluoromethyl)
benzamide with electron-donating to electron-withdrawing
aryl iodides occurred with good yields (25-32, 56% to 91%
yields). Arylation of cyclohexanecarboxamide gave products 33-
35 with yields between 71% and 78%, while cyclic amides such

o Q

(1.2 mmol)

Cul (10%)

ngand (10%) o OMe

Base (2 mmol.) /©/

N

Solvent (2 mL) @H
reflux, 24h

under air
(1.0 mmol) 25

Scheme 3 Model reaction for the arylation of amides in green
solvents.
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Fig. 2 Catalytic results for the synthesis of amide 25: (a) base = Cs,COx3;

standard).
Cul 10%
L3 10%
o | ™ K3PO, (2 mmol) o = |
R”NH, * M BuOAc@mL) RTONT W
H R1
reflux, 24h
(1.2 mmol) (1.0 mmol) under air
R = OMe 25 (83%) R = OMe 28 (67%) CF; R= 0Me30(66‘:6)
H 26 (85%) H 29 (92%) H  31(81%)
Ac 27 (59%) Ac 32 (56%)

AT LT L D

R= OMe33 (71%) R=OMe 36 (97%) R =OMe 39 (95%) (61%)
34 (78%) H 37 (97%) H 40 (98%)
Ac 35 (72%) Ac 38 (87%)

R = 4-OMe 43 (55%)
H 44 (57%)

42 (31%)
(81%) 3-CF; 45 (36%)

5@@@ A A B

46 (63%) 47 (81%)

Scheme 4 Substrate scope: isolated yields in i-BuOAc.

as 2-pyrrolidinone and 2-hydroxypyridine gave excellent results,
with yields of 87-98% (36-40). Arylation of nicotinamide with
iodobenzene afforded 61% yield of amide 41, while compound
42 was obtained in modest yield (31%). Finally the use of
sterically hindered 2-iodotoluene as coupling partner resulted
in a considerable decrease in yield, giving products 43-46 in 36—
63% yields. Interestingly, 81% yield from the coupling with 2-
pyrrolidinone was obtained (47), suggesting a lower steric
hindrance sensitivity for this substrate. The yields obtained for
the compounds compare well with previously reported results
with traditional solvents.>>>*

Benzylation also proved effective under these conditions:
from the reaction of benzamide with 2-iodobenzyl bromide,

70028 | RSC Adv., 2016, 6, 70025-70032
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(b) base = KsPO,4 (*H-NMR yields using trimethoxybenzene as internal

a doubly substituted product was obtained in 30% yield (48,
Scheme 5), while the coupling with benzyl bromide and benzyl
chloride occurred with 52% and 33% yields respectively (49). It
is worth noting that product 49 was not observed in reactions
without Cul/ligand, either with benzyl bromide or benzyl
chloride.

Acyl transfer as a side process

Contrarily to the arylation of phenols, where no side reactions
were observed, the arylation of aromatic amides was accompa-
nied by the formation, generally in small amounts, of a side
product derived by the reaction of the starting amide with the
solvent to form the corresponding isobutyl ester (Scheme 6,
compounds 50-53, this process did not occur with cyclo-
hexanecarboxamide). The yields of 50-53 isolated during this
study are reported in Table 1.

Very recently, an analogous acyl-acyl exchange between
aromatic amides and esters was reported by Bian and co-
workers. The process proved to be base-catalysed (K,CO; was
used as base), and did not require any transition metal cata-
lyst.”> However, only aromatic esters (apart from one case) were
reported to react in this way, moreover, nicotinamide did not
prove a successful substrate in the author's conditions, while

Cul 10%
L3 10%

KgPOy (2 mmol). @ /%
NH, +
D i-BuOAc (2mL)

reflux, 24h 48 (30%)

under air

49 (X = Br, 52%)
(X = Cl, 33%)

Cul 10%
L3 10%

(@ KsPO4 (2 mmol)

©)\NH2 +

i-BuOAc (2mL)
reflux, 24h
under air

Scheme5 Benzylation of benzamide (isolated yields, yield of 48 based
on the amide).
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Scheme 6 Possible pathways to the formation of side products 50—
53.

Table 1 Isolated yields for side-products 50-53

Entry Amide Side product (yield)*
1 25 50 (22%)

2 26 50 (15%)

3 27 50 (9%)

4 30 52 (18%)

5 31 52 (19%)

6 a1 53 (6%)

7 43 51 (44%)

8 14 50 (22%)

% Yields refer to the amide (1.2 mmols in the reaction).

a small amount of compound 53 was observed in our case. In
a control reaction between benzamide and i-BuOAc in the
experimental conditions employed in this study (2 eq. K3PO,, 24
h at reflux temp.) in the absence of Cul/ligand, no isobutyl
benzoate 50 was observed (Scheme 7a), suggesting that a metal
catalysed process is operative in our conditions.

These products can in principle be formed through a tandem
process involving hydrolysis of i-BuOAc and successive amide
alcoholysis (Scheme 6, pathway a). Cu-catalysed hydrolysis of
carboxylic esters®* is known, and no free isobutyl alcohol was
observed in the commercial solvent used (see ESIt), so its
hydrolysis would also, likely, be due to the presence of the
copper catalyst. The alcoholysis of amides, in contrast, is
a difficult process, and only few metal-free procedures exist in
the literature.®®®* Berreau and Rivas reported the use of group
12 metal complexes with polydentate ligands for this reaction,
mimicking the active site of peptidase enzymes,**** showing
that coordination of the metal to the carbonyl oxygen facilitates
the nucleophilic attack of the alkoxide, leading to the formation

This journal is © The Royal Society of Chemistry 2016
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Scheme 7 Formation of isobutylbenzoates: control reactions.

of the ester. The same activation may be at the basis of the
amide alcoholysis catalysed by simple transition metal salts®***
or lanthanides salts and oxides.***”° Some examples of Cu-
mediated alcoholysis of coordinated amides (i.e. in pre-
formed Cu complexes), have been reported by Brown and co-
workers.”””® In our case, the hydrolysis of i-BuOAc may be fol-
lowed by N-acylation of the benzamide, leading to an imide
intermediate, thus facilitating the nucleophilic attack by the
isobutoxide ion, and the formation of the benzoic esters 50-53.
Further activation of such intermediate might be suggested to
occur through coordination to the copper salt (Scheme 6). A
similar chelated intermediate has been recently suggested to
form during the hydrodeoxygenation of lignin, upon addition of
Zn(u) salts in solution. In this case, the process results in the
cleavage of a C-O bond.” Another possible pathway would be
the hydrolysis of the final N-arylamide to aniline and benzoic
acid (as Cu-catalysed amide hydrolysis is known”>"’), followed
by reaction with i-BuOAc to give acetanilide and the corre-
sponding benzoic esters (Scheme 6, pathway b). However,
substituted acetanilides were not observed in the reaction
mixtures, and no hydrolysis of the structurally analogous picoli-
namide ligands used in this work was observed. A control reaction
between benzanilide 26 and i-BuOAc in the catalytic conditions,
only showed the presence of the starting material in the H-NMR
spectrum (Scheme 7b, and ESIt), thus disproving this reaction
pathway.”

Finally, the coupling between benzamide and 4-iodoanisole,
performed in the absence of copper and ligand, did not result in
any arylation or acyl transfer, and only starting materials were
recovered (Scheme 7c and ESIf), proving both processes to be
metal-catalysed. Beside these experiments, a control reaction in
the absence of 4-iodoanisole, also did not give the iso-
butylbenzoate product 50, as well as the reaction between
benzamide and isobutyl alcohol in the catalytic conditions.
While in this last case solubility and mixing problems were
observed, resulting in non-reliable data, the negative results
obtained for the reaction in the absence of iodoanisole is not

RSC Adv., 2016, 6, 70025-70032 | 70029
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readily explainable at the moment. Although further mecha-
nistic investigation would be needed to ascertain the mecha-
nism of this transformation, pathway a depicted in Scheme 6
represents a plausible process, and consistent with previous
literature data, being both processes known to occur in Cu-
catalysed/mediated conditions. To our knowledge no Cu-
catalysed amide alcoholysis has been reported before.

Conclusions

In conclusion, we reported the first systematic study on the use
on green organic solvents for the Cu-catalysed arylation of
phenols and amides. Our results show that alkyl acetates are
viable alternatives to the standard organic solvents used in
copper-catalysed cross couplings. In particular, the yields for
the synthesis of aryl ethers in i-PrOAc were higher than those
obtained in acetonitrile, while the general group and steric
hindrance tolerance remained unchanged. A range of different
amides (aromatic, aliphatic and cyclic amides) can also be
effectively arylated in i-BuOAc using K;PO, as a base. The use of
these solvents, considerably greener that the traditional
solvents used for copper-catalysed C-O and C-N bond forma-
tion, might be of interest for industry-based and process
chemistry research, and we hope this study will prompt more
investigation on the use of such solvents in other metal-
catalysed reactions. Finally, a novel Cu-catalysed acyl transfer
process between aromatic amides and alkyl acetates has been
discovered.

Experimental section
General

NMR spectra were acquired using a Bruker Avance 500 MHz
spectrometer. Chemical shifts () are expressed in ppm and
referred to the solvent signal (CDCls: 7.27 ppm (H) and 77.0
ppm (C)). Mass spectra were recorded by the author at the
University of Leeds Mass Spectrometry Service on a Bruker
Daltonics MicroTOF instrument. Purification by column chro-
matography was carried out using Merck Geduran Si 60
Silicagel.

General procedure for the synthesis of picolinamide ligands

In a round-bottom flask equipped with a condenser, 1 eq. of
picolinic acid was stirred with pyridine (min. 1 eq.) at room
temperature, then 1 eq. of aniline and 1 eq. of triphenyl phos-
phite were added to the solution. The mixture was heated to
reflux and stirred for 16 h. At the end of the reaction the solu-
tion was left to cool to room temperature and an excess of
distilled water was added, stirring the mixture for an additional
hour. The crude solid product, precipitated after the addition of
water, was purified by recrystallisation from methanol.

General procedure for the synthesis of aryl ethers

All catalytic reactions were performed under air in 25 mL glass
tubes in a Radleys standard carousel. An oven dried tube was
charged with the phenol (1.2 mmol), the aryl iodide (1.0 mmol),
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caesium carbonate (652 mg, 2 mmol), Cul (19 mg, 0.1 mmol)
and ligand (0.1 mmol). Isopropyl acetate (2 mL) was then added,
the tube was placed in the carousel (preheated at 110 °C) and
the reaction was stirred for 24 h (1000 rpm). At the end of the
reaction the tube was cooled to room temperature, then the
crude was diluted with DCM, filtered through celite and washed
with DCM (=50 mL). Isolated compounds were purified by
column chromatography. Chemicals used for the initial
screening: Sigma Aldrich Cul (98%); Alfa Aesar Cs,COj; (99+%
metal basis), Alfa Aesar K;PO, (97%, anhydrous, granular); Alfa
Aesar 4-iodoanisole (98+%); Acros Organics 3,5-dimethylphenol
(99+%). Solvents: Sigma Aldrich MeOAc (for HPLC, =99.8%);
VWR Prolabo EtOAc (GPR Rectapur, min. 99.0%); Sigma Aldrich
n-PrOAc (99%); Alfa Aesar i-PrOAc (99+%); Sigma Aldrich n-
BuOAc (anhydrous, =99%); Sigma Aldrich #BuOAc (=99%);
Alfa Aesar i-BuOAc (98%); Sigma Aldrich #-AmOAc (99%); Sigma
Aldrich i-AmOAc (reagent grade, 98%); Merck isosorbide
dimethyl ether (for synthesis, =98%); Sigma Aldrich glyceryl
triacetate (>99%); Sigma Aldrich diethyl carbonate (>99%).

General procedure for the synthesis of amides

All catalytic reactions were performed under air in 25 mL glass
tubes in a Radleys standard carousel. An oven dried tube was
charged with the amide (1.2 mmol), the aryl iodide (1.0 mmol),
potassium phosphate (424 mg, 2 mmol), Cul (19 mg, 0.1 mmol)
and ligand (0.1 mmol). Isobutyl acetate (2 mL) was then added,
the tube was placed in the carousel (preheated at 150 °C) and
the reaction was stirred for 24 h (1000 rpm). At the end of the
reaction the tube was cooled to room temperature, then the
crude was diluted with DCM, filtered through celite and washed
with DCM (=50 mL). Isolated compounds were purified by
column chromatography. Chemicals used for the initial
screening: Sigma Aldrich Cul (98%); Alfa Aesar Cs,COj; (99+%
metal basis), Alfa Aesar K;PO, (97%, anhydrous, granular); Alfa
Aesar 4-iodoanisole (98+%); Sigma Aldrich benzamide (99%).
Solvents: Sigma Aldrich MeOAc (for HPLC, =99.8%); VWR
Prolabo EtOAc (GPR Rectapur, min 99.0%); Sigma Aldrich n-
PrOAc (99%); Alfa Aesar i-PrOAc (99+%); Sigma Aldrich n-BuOAc
(anhydrous, =99%); Sigma Aldrich #-BuOAc (=99%); Alfa Aesar
i-BuOAc (98%); Sigma Aldrich n-AmOAc (99%); Sigma Aldrich i-
AmOAc (reagent grade, 98%); Merck isosorbide dimethyl ether
(for synthesis, =98%); Sigma Aldrich diethyl carbonate (>99%).
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