
A

S. Vásquez-Céspedes et al. LetterSyn  lett

SYNLETT0 9 3 6 - 5 2 1 4 1 4 3 7 - 2 0 9 6
© Georg Thieme Verlag  Stuttgart · New York
2017, 28, A–F
letter
de

es
ch

üt
zt

.

Reusable and Magnetic Palladium and Copper Oxide Catalysts in 
Direct ortho and meta Arylation of Anilide Derivatives
Suhelen Vásquez-Céspedesa 
Michael Holtkampb 
Uwe Karstb 
Frank Glorius*a  0000-0002-0648-956X

a Westfälische Wilhelms-Universität Münster, Organisch-
Chemisches Institut, Corrensstrasse 40, 48149 Münster, 
Germany
glorius@uni-muenster.de

b Westfälische Wilhelms-Universität Münster, Instituts für 
Anorganische und Analytische Chemie, Corrensstraße 
30, 48149 Münster, Germany

Dedicated to Prof. Victor Snieckus on the occasion of his 
80th birthday

H
N

O

R1

R

Ar2IOTf

+

H
N

O

R1

R
H
N

O

R1

R

Ar

+ Reusable + Selective

Ar

9 examples
 up to 99% yield

12 examples
 up to 89% yield

DCE, 70 °C DCE, 70 °C

Pd/Fe3O4 CuO/Fe3O4

R1 = tBu

R1 = tBu, iPr
H
er

un
te

rg
el

ad
en

 v
on

: B
os

to
n 

U
ni

ve
rs

ity
. U

rh
eb

er
re

ch
tli

ch
 g
Received: 27.02.2017
Accepted after revision: 27.03.2017
Published online: 02.05.2017
DOI: 10.1055/s-0036-1589007; Art ID: st-2017-r0147-l

Abstract We report a general, direct C–H arylation of anilide deriva-
tives using reusable palladium or copper oxide on magnetite as hetero-
geneous precatalysts. Highly selective ortho and meta arylations are
achieved using electronically and sterically diverse diaryliodonium salts.
Catalytically active soluble species from the heterogeneous precursors
were detected by experimental techniques. Preliminary mechanistic in-
vestigation suggests different reaction pathways for each of the cata-
lysts.

Key words regioselective direct C–H arylation, reusable palladium
catalyst, reusable copper oxide catalyst, leaching–redeposition, anilide
derivatives

Transition-metal-catalyzed C–H functionalization has
greatly contributed to a plethora of new methods for the se-
lective modification of hetero(arene) moieties.1 Among
them, the regioselective direct arylation (DA) of arenes has
become a useful and commonly employed tool for the con-
struction of aryl–aryl bonds.2 In contrast to well-estab-
lished cross-coupling methods, such as Stille,3 Suzuki,4
Kumada–Tamao–Corriu,5 and Ullmann,6 direct arylation
has the advantage of avoiding the need to use prefunction-
alized starting materials.7 Most of the work on DA has been
realized employing homogeneous catalyst precursors of
rhodium, ruthenium, iridium, palladium, and copper.2,8

These catalyst precursors, although easily tuneable with
the help of ligands, are commonly used in high amounts
and their recovery from the reaction medium becomes a
very challenging task, preventing the reuse of the catalyst.8

Alternatively, heterogeneous catalysts have the poten-
tial advantage of easy separation of the metal from the re-
action media, thus facilitating reuse.9 Furthermore, sup-
ported catalysts are usually less sensitive to air and mois-
ture. Recently, our group has contributed to the area of

heterogeneous C–H functionalization employing simple
and commercially available precatalysts. Using Pd/Al2O3
and Pd/C we have developed the direct C–H thiolation and
arylation of electron-rich heteroarenes and polyaromat-
ics.10 However, we observed a series of differences in reac-
tion yields depending on the commercial catalyst source
and faced difficulties with recycling. Considering these lim-
itations we recently explored the use of a magnetically re-
coverable and reusable heterogeneous copper catalyst. Pre-
pared using a simple synthetic protocol, this CuO/Fe3O4 cat-
alyst proved successful in the direct arylation of electron-
rich heteroarenes with diaryliodonium salts. Furthermore,
it could be reused five times with no decrease in reactivi-
ty.11 These results prompted us to continue our investiga-
tion in this field and to further explore the reactivity and
selectivity of CuO/Fe3O4 and of other magnetite-supported
metals, such as palladium. Compared to its homogeneous
counterparts, the use of heterogeneous copper and palladi-
um catalysts, in direct arylation reactions of arenes, is con-
siderably underdeveloped.9 Limited research has presented
insight into active catalyst species, reusability studies, and
regioselectivity.12 Supported and reusable catalysts for the
DA of anilide derivatives, allowing for efficient and easy
control of reaction regioselectivity, are still in high de-
mand.2,9 From the pioneering work of Gaunt13 and Daugulis,14a

the direct meta and ortho arylation of anilides was devel-
oped using homogeneous copper or palladium precur-
sors.14 However, studies regarding the comparable
reactivity and regioselectivity of heterogeneous copper15

and palladium precatalysts for the C–H functionalization of
arenes are unprecedented to the best of our knowledge.
Herein, we present the selective ortho and meta arylation of
anilide derivatives with diaryliodonium salts employing
easily recoverable and reusable Pd/Fe3O4 and CuO/Fe3O4
systems.
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Following our previous results on the direct arylation of
heteroarenes,11 we explored the reaction of different anilide
derivatives, such as 1, with diaryliodonium salts 2 in the
presence of CuO/Fe3O4 (Scheme 1). Inspired by the work
from Gaunt and coworkers,13 we used N-(o-tolyl)pivalamide
(1a) as the standard reagent. Pleasingly, after optimization
(Table S1, Supporting Information) the meta-arylated prod-
uct 3a was isolated in 89% yield (Scheme 1).

We considered whether a magnetic palladium precata-
lyst, such as Pd/Fe3O4,16 could also promote this arylation.
Using 1a with diphenyliodonium triflate (2a), we were
pleased to observe a change in regioselectivity to obtain the
ortho-arylated product 4a in 80% isolated yield (Scheme 1).

The scope of the transformations was explored. In the
case of the CuO-catalyzed reaction, a perfect meta selectivi-
ty was observed (3a–e). However, functional-group toler-
ance was restricted to alkyl (3a, b) and methoxy groups (3c;
see Supporting Information, Figure S6). A variation in the
reaction stoichiometry allowed us to isolate the monoary-
lated product 3d in acceptable yield. The transformation
was restricted to the use of pivaloyl as amine protecting
group, and a change to isobutyryl gave only traces of ex-
pected arylated product 3e. The palladium-catalyzed trans-
formation exhibited greater functional-group tolerance. Al-
kyl (4a, d), halide (4b, e), methoxy (4c), and trifluorome-
thoxy (4f) derivatives provided the corresponding ortho-
arylated products with very high regioselectivity in moder-
ate to good yields. The monoarylated product 4g was ob-
tained preferentially, although some bisarylation was also
observed. Moreover, a small modification in the directing
group could be realized to give the expected ortho-arylated
product (4h), albeit in lower yield.

Next, we explored the scope of the diaryliodonium salt
(Scheme 2). Electronically diverse iodonium salts were effi-
cient coupling partners for the transformation, however, a
preference for para-substituted diaryl reagents was ob-
served in both catalytic systems. Diaryliodonium salts con-
taining groups such as Br, F, Cl, and CO2Me (5a–e, 6a–c)
were well tolerated and should allow for further functional-
ization of the products. The reaction also tolerated an elec-
tron-donating alkyl group (6d). Notably, the CuO-catalyzed
reaction gave exclusively the meta-arylated products, while
very high ortho selectivity was achieved in the palladium-
catalyzed transformation, in preference to a mixture of or-
tho/para isomers that would be expected for an electrophil-
ic aromatic substitution. Moreover, unsymmetrical iodoni-
um salts containing a commonly nontransferable arene
(mesitylene, Mes) were also employed. We also tested the
developed reaction conditions with a series of different
substrates and observed lack of reactivity or poor conver-
sions (see Supporting Information, p. S25). The results indi-
cated a restriction to aromatic pivalamides for both catalyt-
ic systems.

We were pleased to find that both catalysts could be
easily recovered using a magnet and reused. In the case of
CuO/Fe3O4, the meta arylation of 1a proceeded successfully
without loss of reactivity in five consecutive cycles (Table 1
A). However, Pd/Fe3O4 could be reused for only two cycles
without loss of reactivity, with a marked decrease in prod-
uct yield observed in the third and fourth cycles (Table 1 B). 

Scheme 1  Substrate scope of anilide derivatives. Isolated yields are 
given. General procedure unless specified otherwise: anilide (0.30 mmol, 
1 equiv), diphenyliodonium triflate (2 equiv for CuO/Fe3O4, 1.5 equiv 
for Pd/Fe3O4), catalyst, in DCE (3 mL) at 70 °C, 22 h. a 2 equiv of 1 and 1 
equiv of 2a were employed. b Ratio o/m determined by GC–MS. c 5.0 
mmol scale (4.2 mol% of catalyst used). d 90 °C. e Isolated as a mixture 
of regioisomers (o/m).
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Table 1  Reusability Study of the Magnetic Catalystsa,b

We became interested in understanding whether the
catalysis was taking place on the surface of the catalysts or
if the active species were in solution. To elucidate this, we
initially analyzed the reaction kinetics (Figure 1) and ob-
served an induction period of 15 minutes for both catalytic
systems, possibly indicating in situ formation of a new cata-
lytic species from the heterogeneous precursor.

Figure 1  Kinetic profile for the reaction of N-(o-tolyl)pivalamide (1a) 
with diphenyliodonium triflate (2a) in the presence of the magnetic pal-
ladium and CuO catalysts. The lines represent the yield when the reac-
tions were filtered.

Next, we applied a hot filtration test, one of the most in-
dicative methods to differentiate between heterogeneous
surface catalysis and solution-phase catalysis.10,11 For the
palladium system, filtration of the crude reaction through
Celite at 29% conversion showed, after an additional 22
hours of reaction time, an increase to 90% yield. In the same

fashion, filtration of the CuO system at 40% conversion
showed an increase to 95% after additional 22 hours reac-
tion time. These results clearly indicate the formation of
soluble active species (Figure 1).

Intrigued by the results of reusability and hot filtration
tests, a series of studies of metal content in solution were
carried out using total X-ray fluorescence (TXRF; Table 2).17

Results showed that after a conversion of more than 40% for
both catalytic systems, the presence of copper and palladi-
um metal is detected in solution. Arguably, this leached
metal represents the active catalytic species. However, after
22 hours the metal content in solution showed a decrease
to 6.6% in copper and 3.9% in palladium (Table 2). Surpris-
ingly, the palladium abundance in solution after the reac-
tion does not seem to correlate with the observed results of
reusability. The diminished reactivity after two cycles is an
indication of catalyst deactivation (Table 1 B). Apart from
the small loss of metal, other factors including insufficient
redeposition of the palladium on the support, the constant
change in morphology due to aggregation of deposited met-
al particles and/or the coverage of the surface by byprod-
ucts from the reaction could lead to the pronounce decrease
in reactivity of the palladium catalyst.11,18 In the case of the
CuO system, the abundance of metal in solution during the
cycle and after catalysis possibly indicate that the amount
of active catalytic species needed for the arylation is low
and hence, the catalyst remained highly active (compare Ta-
bles 1 A and 2).

Cycle 1 2 3 4 5

Yield (%) 89 88 89 87 90

Cycle 1 2 3 4c

Yield (%) 80 80 56 56
a Isolated yields are given.
b General procedure: See Scheme 1 and Supporting Information. The cata-
lyst was washed with CH2Cl2 (3×) and dried at 75 °C for 45 min after every 
cycle.
c Reaction time: 48 h.
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Scheme 2  Substrate scope of diaryliodonium salts. Isolated yields are 
given. General procedure unless specified otherwise: see Scheme 1. 
a 90 °C. b Ratio o/m determined by GC–MS.
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Table 2  Abundance of Metal in Solution According to TXRF Measure-
ments

The variation of the metal content in solution hints at
the probable formation of soluble active catalytic species
which are redeposited on the magnetite. This result, along
with the reusability and hot filtration test, seems to indi-
cate the presence of a leaching–redeposition (boomerang)
mechanism.18 Although the exact nature of the active spe-
cies is unknown, the formation of stabilized active
nanoparticles by interaction with the diphenyliodonium
salt is one plausible explanation.10,11

Similarities have been observed between the two mag-
netic catalysts. However, the difference in regioselectivity
seems to suggest different mechanistic pathways. There-
fore, we decided to get more insight into the reaction mech-
anism. No H/D scrambling was observed when a deuterated
pivalamide was treated separately with both catalytic sys-
tems in the presence of an excess of MeOH, suggesting that
a metal-catalyzed C–H activation is unlikely or irreversible
(see Supporting Information, Scheme S1). Moreover, ab-
sence of KIE was found for the Pd/Fe3O4 catalytic system
(kH/kD = 1.0) and the same result was observed for
CuO/Fe3O4 (kH/kD = 1.0), thus suggesting that C–H bond
cleavage is not involved in the rate-determining step of the
reaction (Table 3).19

Table 3  Comparative Results of Both Catalytic Systems

We also found that the palladium-catalyzed reaction
was suppressed by radical scavengers (Table 3), whereas
the copper oxide system was not inhibited (see Supporting
Information, Tables S9 and S10). Single-electron transfer
(SET) to diaryliodonium salts with concomitant formation
of a phenyl radical is known in the literature and could ac-
count for this result.20 On the other hand, a free-radical
pathway initiated by an SET from the palladium to the dia-
ryliodonium salt would generate an aryl radical.21 Its addi-
tion to the anilide seems unlikely due to potential byprod-
ucts from 1,6-HAT transfer to the t-Bu group22 and the ob-
served high product regioselectivity. Radical additions to
para-substituted anilines have been reported to selectively
give the ortho product,23 however, mixtures of ortho and
para products are observed when unsubstituted aniline is
used.23 In our case, using unsubstituted anilide derivatives
(4g, h) led to mixtures of ortho and meta isomers. Further-
more, reports from Gaunt,13 Wu and Li,24 and Park,15c have
shown an uncatalyzed reaction of pivaloylanilides with dia-
ryliodonium to furnish the meta-arylated isomer; in our
hands the meta selectivity was also observed albeit in low
yield even when the reaction was conducted at 110 °C (see
Supporting Information, Table S1). These results suggest a
change in selectivity promoted by the palladium catalyst,
whereas an acceleration of the meta selectivity is observed
in the CuO-catalyzed system (see Supporting Information,
p. S26).

As we are aware of the complexities surrounding het-
erogeneous-based catalytic processes,10,11,25 the acquired
evidence does not allow us to give a complete mechanistic
overview of the reported transformations. However, for the
CuO system, it can be suggested that a redox-neutral pro-
cess promoting counterion dissociation could be involved in
the reaction pathway, in-line with our previous report.11

For the case of the palladium catalyst, an electrophilic pal-
ladation could be part of the reaction mechanism.10

In summary, the direct ortho and meta arylation of ani-
lide derivatives was accomplished with reusable, magnetic
palladium and CuO as heterogeneous precatalysts. Under
operationally simple reaction conditions,26,27 high ortho and
meta regioselectivities were obtained using diaryliodonium
salts as arylating reagents. The formation of catalytically ac-
tive soluble species from the heterogeneous precursors was
detected by hot filtration tests and TXRF analysis.
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Conversion by GC-FID (%) Cu (mg/L) Cu in solution (%)a

40 46.0 26.3

96 11.6 6.6

Conversion by GC-FID (%) Pd (mg/L) Pd in solution (%)b

40 165.7 32.5

90 19.8 3.9
a With respect to the starting catalyst loading (2.8 mol%).
b With respect to the starting catalyst loading (4.8 mol%).
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KIE 1.0 1.0

Radical inhibitors no effect inhibited
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1.37 (s, 9 H). 13C NMR (75 MHz, CDCl3): δ = 176.67, 140.79,
140.12, 136.36, 130.86, 128.77, 127.50, 127.31, 127.24, 123.49,
121.44, 39.98, 27.89, 17.47.

(27) General Procedure for ortho Arylation
To a 10 mL Schlenk tube with a magnetic stirring bar was added
N-(o-tolyl)pivalamide (57.3 mg, 0.30 mmol), diphenyliodonium
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to cool to r.t., the catalyst separated using a magnet, and the
crude reaction was concentrated in vacuo and purified by flash
column chromatography.
Analytical Data for 4a
1H NMR (400 MHz, CDCl3): δ = 7.46–7.36 (m, 3 H), 7.35–7.31 (m,

2 H), 7.31–7.27 (m, 2 H), 7.23–7.17 (m, 1 H), 6.84 (s, 1 H), 2.31
(s, 3 H), 1.15 (s, 9 H). 13C NMR (101 MHz, CDCl3): δ = 176.82,
139.73, 139.65, 136.72, 132.94, 130.20, 129.11, 128.37, 127.74,
127.49, 127.12, 39.22, 27.63, 18.64.
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