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Abstract

The efficiency of a palladium catalyst, immobilisexd a supported ionic liquid phase (SILP)
with adsorbed 1-butyl-4-methylpyridinium chlorideas investigated in aminocarbonylation
reactions. Double carbonylation was found to bentiaén reaction using different iodoarenes
and aliphatic amines as substrates. Applicatioardine derivatives as nucleophiles led to
the exclusive formation of substituted benzamidd®e stabilisation effect of the adsorbed
pyridinium ionic liquid was compared to that of gazolium and phosphonium derivatives. It
was proved that the pyridinium SILP-palladium cggticould be reused in at least 10 cycles.

Recyclability was tested in five successive rumsafbof the substrates.

Keywords: aminocarbonylation; double carbonylation; hetersgpus catalysis,

immobilization; palladium.
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1. Introduction

a-Ketoamides serve as important starting materialsyinthetic organic chemistry [1] to
produce a great variety of heterocyclic compourglgh as indoles, [2] oxindoles [3],
dihydroisoquinolines [4], isatins [5] and imidazbtiones [6]. Theo-ketoamide motif is
present in many natural and non-natural compouedsiry important biological effects, [7]
e. g. protease inhibitory activity [8] and as a resaititiviral- [9] and antitumor effect. [10]
Among the great variety of synthetic routes towasdketoamides, [7, 11] palladium-
catalysed double carbonylation of aryl halides @spnts a useful strategy mainly due to the
ready availability of starting materials with digerstructure and the good functional group
tolerance of the reaction. Competing aminocarbdioyla leading to carboxamides, can
usually be retarded by carrying out the reactianbwer temperature and higher pressure,
especially under homogeneous conditions. As an dagment, several heterogeneous
catalytic systems have been developed recentlycdobonylation of aryl halides, [12] to
facilitate product separation and catalyst recygcland to make the methodology more
environmentally friendly. At the same time the apgion of immobilised catalysts for the
carbonylative synthesis af-ketoamides is a much less explored field compaoedther
carbonylation methodologies. Heterogeneous catalyst double carbonylation were
obtained by the immobilisation of palladium-phosghcomplexes on SBA-15 [13] or on an
organic polymer, [14] as well as by the additionR®h to Pd/C [15] or to a polymer-
supported triazine based palladium complex. [16]phosphine-free systems catalytically
active palladium species were deposited on siliggesrted polytitazane [17], on covalent
triazine- [18] or metal organic frameworks [19]am different polymers. [20] However, the
development of suitable catalysts is still a chrgks as efficiency is highly influenced not
only by the nature of the catalyst and the choiceatbonylation conditions, but also by the

structure of the reaction partners.



Stabilisation of palladium nanoparticles could dbsoachieved by the use of supported ionic
liquid phases (SILPs). [21-23] Catalysts with thestbperformance were obtained by the
deposition of palladium on SILPs with anchored tarac moieties. [22,23] At the same
time, the preparation of these elaborate suppartsumbersome that might hinder their
application. Our previous studies have shown thaheimple adsorption of an imidazolium
ionic liquid (IL) on silica can increase the ef@aicy of the Pd-silica system considerably. [21]
Although imidazolium salts are by far the most viydexplored representatives of ionic
liquids, pyridinium derivatives are known to havere favourable properties, such as a better
stabilisation effect towards colloidal palladiun24] In the present report it is shown that a
SILP-Pd catalyst, obtained by the simple adsorptioa mixture of a palladium precursor and
a pyridinium ionic liquid on silica, can be recydlefficiently in the double carbonylation
reaction of aryl iodides and secondary amines ak age in the aminocarbonylation of
iodobenzene and aniline derivatives. The stabdftyhe catalysts obtained from SILPs with

different adsorbed ionic liquids is also compared.

2. Results and discussion

2.1. Preparation of SLP-Pd catalysts

The catalystCAT-1) was obtained by a wet impregnation method usingxéure of 1-butyl-
4-methylpyridinium chloridel(-1, Figure 1) and the Pd-precursor @thay. CHCls.

In order to compare the stabilisation effect of gyeidinium IL (IL-1) with imidazolium-
(IL-2) and phosphonium saltf {3), catalysts supported on other SILRBAT-2 [22] and

CAT-3 [23]), as well as an IL-free versioGBAT-4) were prepared (Table 1).



IL-1 IL-2 IL-3

Figure 1. lonic liquids used for the preparatiorStifP catalyst€CAT-1 — CAT-3

Table 1. Supported palladium catalysts used duhiagarbonylation reactiohs

Catalyst lonic Pd-content [%4]
liquid

CAT-1 IL-1 0.49

CAT-2 IL-2 0.40

CAT-3 IL-3 0.56

CAT-4 - 0.55

2 support: silica, Pd precursor: fdba).CHCL; *: (mg Pd/mg catalyst)*100.
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Figure 2. IR spectra of the fresh and spent cdt@yd-1. (Spent catalyst: after two runs in

DMF, 30 bar, 100 °C, 3h.)



The presence diL-1 on the surface of the silica support was provecleynental analysis
and infrared spectroscopy. The IR spectrun€AfT-1 (Figure 2) reflects the presence of the
pyridinium salt. The signals at 2966, 2941 and 2&T9 correspond to stretching vibrations
of alkyl C-H, while the absorption at 3059 ¢rnan be attributed to the presence of aromatic
C-H. The bands at 1645, 1522 and 1477'ccan be assigned to the vibrations of the

pyridinium ring. [25]

2.2. Carbonylation of iodobenzene (1a) and morpholine (2a) in the presence of SLP-Pd
catalysts

First, the performance &ZAT-1 was tested under different conditions in the madattion

of iodobenzenel@ and morpholineda) (Scheme 1). The reaction parameters were chosen
according to our previous observations in doubleb@aylation carried out with SILP

catalysts. [21-23]

s S 2 ‘e
[Pd] N N
+ [ ] + CO —|> + N/\ + ~
solvent
O base o l\/O )
la 2a 3aa 4aa 5a

Scheme 1. Aminocarbonylation of iodobenzel® (vith morpholine 2a) as the nucleophile

a-Ketoamide3aawas formed with good to excellent selectivity Ihad the reactions (Table
2.). As it could be expected, some increase irrdtie of amidedaawas observed at lower
pressures (entries 4, 8, 9), but selectivityJaaremained around 85% even in these cases.
The reaction was much slower in acetonitrile (estrb-9) than in DMF (entries 1-4) or
toluene (entries 10,11) and good conversion cowdabhieved only in eight-hour long

reactions (entries 7-9).



Table 2. Aminocarbonylation of iodobenzeria)(and morpholine 4a) in the presence of
CAT-12

Entry  Solvent Base Pressur®eaction Conversion Ratio of

[bar] time [h]  [%]" products [%]
3aa 4aa

1 DMF E&N 30 0.5 21 100 O

2 DMF EgN 30 1 98 92

3 DMF E&N 30 3 100 93 7

4 DMF EgN 5 3 91 85 15

5 acetonitrile EtzN 30 0.5 15 100 0

6 acetonitrile EtsN 30 1.5 41 93 7

7 acetonitrile EtzN 30 8 97 95 5

8 acetonitrile Et;N 10 8 96 86 14

9 acetonitrile EtzN 5 8 95 86 14

10 toluene DBU 30 0.5 30 91 9

11 toluene DBU 30 3 100 93 7

& reaction conditions: 0.2 mmdl, 0.5 mmol2a, 0.25 mmol base, catalyst (with Juéhol
Pd-content) and 1 ml solvent, 100 *Cgetermined by GC:: the presence of side prodet

could not be detected in the reaction mixtures.

Next, the activity and recyclability ofCAT-1 were compared with those of other
heterogeneous catalysSAT-2 — CAT-4) under different conditions. The use of all of the
catalysts resulted in the formationceketoamide3aawith good selectivity in the DMF/Et
solvent/base system at high pressure (Figures Bi).IL-free catalystGAT-4) showed a
similar performance to the SILP cataly{3AT-2 in the first runs, but a great loss of activity
was observed in the recycling experiments. A mogrel decrease could be noticed when the
imidazolium catalyst CAT-2) was recycled. Although iodobenzen&a)( was totally
consumed in all of the experiments carried out WI&II-3, the reuse of the catalyst led to a

considerable change in the selectivity. While thede @aa) content of the reaction mixture



dropped appreciably after the first run, a progwessncrease in the amount of the side
product5a, formed due to some decomposition of the solveMiED[26] could be detected.
The pyridinium-SILP catalys€AT-1 exhibited the most stable performance and could be
reused efficiently in at least 10 cycles in eightthlong reactions (Figure 4). It should be
mentioned that its selectivity towards the doubdebonylation producBaa was slightly

lower than that o€AT-2 due to the formation of side prodisa

m3aa " 4aa m5a
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Figure 3. Recirculation experiments wiAT-1 — CAT-4. Reaction conditions: 0.2 mmol
1la, 0.5 mmol2a, 0.25 mmol EN, 1 ml DMF, catalyst (Pd-conter@AT-1: 3.2umol, CAT-
2 andCAT-4: 3.6 umol CAT-3: 2.8 umol ), 100 °C, 30 bar, 3h. Yields are determined by

GC.
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Figure 4. Recirculation experiments wi@AT-1 — CAT-4 in eight-hour long reactions.
Reaction conditions: 0.2 mmdhb, 0.5 mmol2a, 0.25 mmol EN, 1 ml DMF, catalyst (Pd-
content:CAT-1: 3.2umol, CAT-2 andCAT-4: 3.6 umol CAT-3: 2.8umol ), 100 °C, 30 bar,

8h. Yields are determined by GC.

An even greater difference in the stability of theidinium- (CAT-1) and imidazolium-type
(CAT-2) catalysts was observed when carbonylations wamged out at 5 bar CO pressure
(Figure 5). WhileCAT-1 showed an acceptable stabill@AT-2 lost its activity very quickly.

It should also be mentioned that although at 5tbaw-ketoamide aa)/amide @aa) ratio
was somewhat lower than at 30 bar CO pressurengme producBBaawas still formed with
good selectivity in the presence@AT-1. The influence of the reaction conditions applied
the first run is well demonstrated by the fact timatight-hour long reactions an increased
amount of side produé&a could be detected in the reaction mixtures froensécond run on.
At lower pressures, the cataly@AT-1 was less stable in acetonitrile than in DMF (Feg@y,
but at 30 bar it could be reused with only a shoslé of activity. Moreover, it demonstrated a

remarkably better recyclability th&aDAT-2 under the same conditions.
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Figure 5. Recirculation experiments WilAT-1 andCAT-2 at 5 bar CO pressure. Reaction
conditions: 0.2 mmola, 0.5 mmol2a, 0.25 mmol EiN, 1 ml DMF, catalyst (Pd-content: 3.2

umol), 100 °C, 5 bar. Yields are determined by GC.

In order to avoid dissolution of the ionic liquidni by the solvent, the applicability of the
toluene/DBU solvent/base system was also testedpibe of the fact that these conditions
were proved to be suitable for double carbonylatioarried out with SILPs decorated with
imidazolium-type dicationic moieties, [22] no fortitan of carbonylated products could be
observed withCAT-2 prepared from the SILP with adsorbkd2. On the contrary, good
conversions could be achieved in the presence tbereCAT-1 or CAT-3 (Figure 7).
Unfortunately, reuse dCAT-1 led to a noticeable increase in the ratio of tméda product

4aa
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Figure 6. Recirculation experiments witbAT-1 and CAT-2 in acetonitrile. Reaction
conditions: 0.2 mmolla, 0.5 mmol2a, 0.25 mmol EN, 1 ml acetonitrile, catalyst (Pd-

content: 3.2umol), 100 °C, 8h. Yields are determined by GC.
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Figure 7. Recirculation experiments WifiAT-1 andCAT-3 in toluene. Reaction conditions:
0.2 mmolla, 0.5 mmol2a, 0.25 mmol DBU, 1 ml toluene, catalyst (Pd-cont&2 umol),

100 °C, 3h. Yields are determined by GC.
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2.3. Palladium leaching

Partial loss of immobilised palladium may have eisige effect on the stability of
heterogeneous catalysts, so the next investigatiare aimed at the determination of the
palladium content of the liquid phase of the reactmixtures. Similarly to the results
obtained earlier with the catalyst on the imidaroBILP CAT-2, [21] a considerable amount
of palladium leached into the reaction mixturesha first experiments. However, in case of
CAT-2, the drop in the loss of palladium was observeeaaly after the first run (from 23.7
% of the original load, to a total of 8.1% in thelccessive runs). [21] Palladium leaching of
CAT-1 was smaller in the three-hour long reaction (Tablentry 3), but approximately the
same loss of palladium was measured in the regyekperiment (entry 4). The palladium-
content of the reaction mixture decreased notieeahbly from the third run (entries 5, 6).
These observations are in good accordance witdiffexrences in the dissolution of the two
different ionic liquids,IL-1 andIL-2. The'H NMR investigations of the reaction mixtures
indicated that while in case df-1 almost the total amount of the adsorbed ionicidiquas
dissolved in the reaction mixture already in thistfrun, only circa half ofL-2 was removed

in the first cycle, and the other half was lostha second one. That means that the initial loss
of palladium is mainly due to the increased soltybdf palladium complexes/nanoparticles
in the ionic liquid/organic solvent mixture.

The absence of the bands corresponding to the-pykidinium moiety in the IR spectrum of
the spent catalyst (Figure 2) also supports the tdsthe majority of the IL. (The signal at
1668 cni* can be attributed to some residual DMF that coolcbe completely removed after
the catalytic reaction.) These changes could aéséolbowed by comparing the differences
between the composition of the fresh and spentysatd’he decrease in the carbon content

from 18.8% to 7.73% indicated the loss of some miganoieties. The relatively high N
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content (1.92%), can be attributed to residual Dt is in accordance with the IR results.
'H NMR investigations showed a similar behavioumietonitrile but the presence Ibf2
could not be detected in the reaction mixture ofef@iin toluene.

Examining the leaching data of experiments caroidwith different reaction times in DMF
(Table 3, entries 1-3), an appreciable decreasthenpalladium-content of the reaction
mixture could be detected in the three-hour loractien (Table 3, entries 2 and 3). This
supports the assumption that after the completidhereaction after one hour (see Table 2,
entry 2), a part of the leached palladium was rediéggd on the support. So it can be
concluded that similarly to the reactions carriegt avith CAT-2, [21] a dissolution-
reprecipitation mechanism [27] may also operate.hé/hile 5.1% of the original load of
palladium was lost in acetonitrile (entry 7), theetal content of the reaction mixture in

toluene was much lower (entry 8).

Table 3. Leaching of palladium during recirculatiexperiments for aminocarbonylation of

iodobenzenelf@) with morpholine 2a) in different solvents

Entry Solvent Base Reaction time [h]  Pd-leaching [%
1 DMF EgN 0.5 6.4

2 DMF EgN 1 11.7

3 DMF EgN 3 8.8

4 DMF E&N 3 (2 run) 10.4

5 DMF EtN 3 (3%run) 3.2

6 DMF E&N 3 (4" run) <2

7 acetonitrile EN 8 51

8 toluene DBU 3 <1

& reaction conditions: 0.2 mmah, 0.5 mmol2a, 0.25 mmol base, catalySAT-1 (with 3.2

umol Pd-content) in 1 ml solvent, 30 bar CO pressL@® °C;’: determined by ICP-AES.
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To obtain information about the homogeneous orrbgneous nature of the catalytic
reactions in the presence ©AT-1, hot filtration and mercury poising tests wereoatarried
out (Table 4). In a typical experiment the catalyhixture was filtered after half an hour .
One half of the mixture was heated further under @€ssure and the other was treated
similarly but in the presence of mercury.

A considerable conversion da was detected after the removal of the solid maltersing
either a fresh supply (entry 1) or a spent catgbstry 3) in DMF. This is in accordance with
the amount of leached palladium in the first twoleg. The reaction could be stopped almost
completely in the presence of mercury in case @fhent catalyst (entry 4) indicating that the
catalytically active species that have leachedh¢oréaction mixture are mainly nanoparticles.
On the contrary, some further reaction of iodobeez@ga) was observed in the filtrate of the
first reaction even when mercury was added. Thislmdue to an initial loss of palladium
complexes together with palladium nanoparticleshim first run experiment. In acetonitrile
(Table 4, entry 6) the complete lack of catalytitiaty in the presence of mercury shows the
presence of nanoparticles only. According to thststan toluene (entries 7, 8), both
complexes and nanoparticles contribute to the ytatadctivity of the filtrate after a half an
hour long reaction.

In a summary of catalytic and leaching data, it barstated that although the toluene/DBU
system was proved to be superior in terms of theatlition of the ionic liquid as well as the
loss of the metal, a better selectivity towasdsetoamide3aa could be achieved in DMF or
acetonitrile. Comparing the latter solvents, bettecyclability of the catalyst could be

achieved in DMF.
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Table 4. Hot filtration and mercury poisoning teisishe aminocarbonylation of iodobenzene

(1a) with morpholine 2a) in different solvents

Entry  Solvent Base First step Second steép
Conv. of Ratio of Hg Conv. of Ratio of
la(%) 3aadad la(%)  3aadad
1 DMF EgN 21 100:0 - 57 95:5
2 + 31 98:2
3° DMF EtN 18 100:0 - 50 98:2
4 + 19 100:0
5 acetonitrile BN 41 93:7 - 55 93:7
6 + 41 93:7
7 toluene DBU 30 91:9 - 50 92:8
8 + 35 91:9

& reaction conditions: 0.2 mmah, 0.5 mmol2a, 0.25 mmol base, catalySAT-1 (with 3.2
umol Pd-content), 1 ml solvent, 30 bar CO, 100 ®Qeaction time: 0.5h: reaction time:
3h; % determined by GC* recycled catalyst after a three hour-long fitst;f: reaction time:

1.5h.

2.4. Carbonylation of other substratesin the presence of CAT-1

The efficiency of CAT-1 in the carbonylation of other substrates, aryidesl (a-1f) and
aliphatic amines2a-2f) (Schemes 2-5) as well as iodobenzelt® and aniline derivatives
(2g-2K) (Scheme 6), was also explored (Table 5). Becadisthe relatively high loss of
palladium in the first two cycles, the catalyst was®d in five successive runs in each case to
prove recyclability. Good conversions could be aebd in most of the reactions with the
exception of the use of the sterically hinderedread (entry 3). Thex-ketoamides were the

main products in the reactions of secondary aliprahines2a-c and2e (entries 1, 2, 4, 11-
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17). Poor selectivity was observed with 2-ethylpigiee 2d) with the amide derivativdad

as the prevailing product (entry 3). It should bentioned, that a similar difference between
the distribution of mono- and double carbonylateddpcts was observed before in the
reactions of piperidine2€) and 2-ethylpiperidine2d) under homogeneous conditions. [28]
The application ofN,N-diethylamine 2€) resulted in some change in the product distrdouti
towards the amidedée when the catalyst was recycled (entry 4). In nadsthe reactions
with morpholine 2a) (entries 11-17) or pyrrolidineb) (entry 1) as the nucleophile, a slow
but noticeable increase in the amount of side pb8would be detected in the consecutive
experiments. The imine derivative, (Scheme 3 ) was the main product in the carbaoylat

of the primary amin@f, due to the reaction of ketoamitlaf with the excess of amine (entry

5).
. ' 0]
R CAT-1 P R . g poe
R—I +  HN + CO — R N\R" * R N/R * )kH/N\
R" EtoN R R Me
DMF © °
1x 2y 3xy 4xy 5X
a: R=Ph a: R'R"=(CH5),-O-(CHy),
b: R=4-MeO-CgH, p: R'R"'=(CH,),
C: R=3,4-Me,-CgH3 ¢: R'R"=(CH,)s5
d: R=3-F-C¢H, d: R'R"=CH(Et)-(CH,)4
e: R=4-C|—C6H4 e: R=R"=Et
f: R=1-naphthyl

Scheme 2. Carbonylation products formed from agldesla-1f and secondary amin@s-

2e
’ Bu.
- U S S T
©/ + Bu-NH, N-gy N-BY Neg,
Et;N, DMF S Ho o+ I
1a 2f 3af 4af 6

Scheme 3. Carbonylation of iodobenzeha& @ndn-butylamine 2f)



Table 5. Carbonylation of aryl iodidda-1iand aminega-2kin the presence &AT-1?

16

entry 1 2 run 1 run 2 run 3 run 4 run 5
conv. . conv. ratio of conv. ratio of3/4/5  conv. . conv. ratio of
0% ratio of 3/4/5° 06 /45" 06 b 0% ratio of 3/4/5° %) /45"
1 1la 2b 100 70/27/3 100 70/22/8 100 70/17/13 99 57/26/17 98 57/26/18
2 la 2c 100 85/11/4 97 88/6/6 100 88/6/6 96 88/6/6 100 8716
3 la 2d 100 27164/9 88 43/55/2 82 45/52/3 78 45/55/0 72 /5406
4 la 2e 100 84/14/2 100 83/14/3 100 81/17/2 100 73/27/0 95 65/35/0
5 la 2f 100 15/5/6 100 10/12/2 100 7/16/F 100 13/19/3 100 10/24/4
6 la 2g 100 0/100/0 100 0/100/0 100 0/100/0 100 0/100/0 100 0/100/0
7 la 2h 100 0/100/0 90 0/100/0 96 0/100/0 96 0/100/0 90  oOa
8 la 2i 100 0/100/0 100 0/100/0 100 0/100/0 100 0/100/0 96 0/100/0
9 la 2j 100 0/100/0 100 0/100/0 100 0/100/0 100 0/100/0 100 0/100/0
10 l1la 2k 100 0/100/0 97 0/100/0 100 0/100/0 100 0/100/0 98 /10@0
11 1b 2a 100 91/9/0 100 87/5/8 100 84/5/11 98 84/5/11 92  4R%
12 1c 2a 100 91/7/2 100 861717 98 82/6/12 97 82/6/12 100  7/1®
13 1d 2a 100 96/4/0 100 81/9/10 100 78/9/13 100 76/8/16 100 79/8/13
14 1le 2a 100 69/27/4 98 76/14/8 97 72/14/11 96 75/12/13 96 2/13115
15 1f 2a 100 68/32/0 100 7412214 98 68/24/6 100 73/18/9 99 1/18711
16 1g 2a 100 66/21/1 100 79/10/% 100 79/8/16 100 72/8/1% 100 71/8/21
17 1h 2a 100 74/5/6 100 7216/9 100 73/6/16 100 75/6/9 100 7416/9
18 1i 2a 100 @)/30(64)/0 100 (B/19(78)/0 100 A7)0 100  (3)/13(84)/0 100 (3/9(8F)/0

&: reaction conditions: 0.2 mmd], 0.5 mmol2, 0.25 mmol EN, CAT-1 (3.2 umol Pd, 1.6 mol%), 1 ml DMF, 100 °C, 30 bar, 8°h.
determined by GC% main product:6 (Scheme 2), formed in 85%, 86%, 86%, 75% and 728idyin runs 1-5, respectively (GCY. side
products:7g, 8g and9g (Scheme 3), formed with a total yield of 12%, 4% and 3% (GC) in runs 1-4, respectivélyside products7h, 8h
and9h (Scheme 3), formed with a total yield of 15%, 1304%, 10% and 11% (GC) in in runs 1-5, respectiVelyn parenthesis: ratio of 4-
amino derivativel 0, Scheme 4): in parenthesis: ratio of 4-amino derivative Scheme 4).



17

A partial substitution of the bromo functionalitie$ bromo-iodobenzenesg and 1h was
observed (Scheme 4), especially in the first expents (entries 16, 17). Unfortunately, no
conversion of bromobenzene, or activated bromobenzéerivatives, such as 4-nitro-
bromobenzene could be effected under similar cmmdit Carbonylation of 4-nitro-

iodobenzene led to the 4-amino compount® gnd 11, Scheme 5) as the main products

(entry 18).

(0]

CATl K\ 0 o
| X | [ j —> XN N\j AN N/\l . AN N\
// = | |l |
taN AP 0 AP 0 AP )

Br 1 va DMF Br Br Br
-Br: 19 3 4 59
-Br: 1h 3ha aha 5h

R
N R
= R,R'=
e J

79: 8g:
72: nm=1 sﬁ: n=1m=2 oh: n,m=2

Scheme 4. Carbonylation products of aryl ioditlgend1h

(@]

CAT-1 o B
J@( [j e ZNO)LO , O)HO(NJ +HN©)LO

DMF HaN 2
i 10 11

Scheme 5. Carbonylation products of 4-nitro-iodaee® Li)

Excellent recyclability together with a completéestivity towards the amideéag-4akwere

achieved in the reactions of the aniline derivag-2k (Table 5, entries 6-10).
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Scheme 6. Carbonylation of iodobenzeh& @nd aniline derivative2g-2k
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Figure 8. Yields of the main products after chrargeaphic separation of the combined
mixtures of runs 1-3. (Reaction conditions: 0.2 rhd® 0.5 mmol2a, 0.25 mmol EN, 1 ml
DMF, catalystCAT-1 (Pd-content: 3.2umol), 100 °C, 30 bar, 8h%(Isolated from the

combined mixtures of runs 2-4)
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The main products could be isolated by column clatography in acceptable to good yields

(Figure 8).

3. Experimental
Reaction mixtures were analysed by gas chromatbgréggewlett Packard 5890) and GC-MS

(Hewlett Packard 5971A GC-MSD, HP-1 column). Cosumrs and selectivities of the
reactions were determined by GC.

The palladium-content of the catalysts and palledieaching were determined by ICP-AES.
'H and™*C NMR spectra of the products were recorded in GREIDMSO-@ on a Bruker
Avance 500 spectrometer at 500.15 MHz and 125.7& Mi#l on a Bruker Avance 400
spectrometer at 400.13 MHz and 100.62 MHz, respalgtiChemical shiftsd) are reported
in ppm relative to CHGI(7.26 and 77.16 ppm fdH and™*C, respectively). NMR spectra of
isolated products correspond well to those repagptediously. [22] Other components were
characterised using GC-MS. IR spectra were madwgasirhermo Nicolet Avatar 330 FT-IR

instrument. Samples were prepared as KBr pellets.

3.1.Preparation of supported catalysts

CatalystaCAT-2, [21] CAT-3 [22] andCAT-4 [21] were prepared as reported previously.
Preparation of CAT-1

200 mg 1-butyl-4-methylpyridinium chloride ILE1) and 0.02 mmol (20.7 mgQ)
Pd(dba).CHCI; were dissolved in a mixture of 2 ml acetonitritele2 ml THF. The mixture
was stirred for 15 min at room temperature. Thed Biy silica (Kieselgel 60 (0.040-0.063
mm), Merck, pre-treated by heating for 5 h at 28) fvas added under stirring and the
resulting mixture was stirred for 24 h. The solgewere removed in vacuo and the catalyst

was dried at 40 °C in vacuo for 3 h and was stareder argon until use. Palladium content



20

of the catalyst: 0.49% (determined by ICP). lomjciid content: 1.33 mmol/ g modified silica
(determined from the weight increase after heatiegmaterial to constant weight at 150 °C
in vacuo, as well from the N-content of the solidterial (elemental analysis: C: 18.8%; H:

2.84%; N: 1.90%).

3.2. Catalytic reactions

In a typical experiment the catalyst (containing @mol Pd) was placed in a stainless steel
autoclave. The aryl iodide (0.2 mmol), amine (0.mal), base (0.25 mmol) and solvent (1
ml) were transferred into it under an inert atma@sphIt was charged with carbon monoxide
(5 bar or 30 bar) and heated with stirring in ahbaith at 100 °C. After cooling to room
temperature the catalyst was removed by filtrateamd was reused without further
purification. The reaction mixture was analysedyag chromatography.

After the evaporation of the solvent of the reattmixture, the products were purified by

column chromatography (silica, eluent: ethyl ace{@ha 4ag, toluene:ethyl acetate = 3:2

(3ae 3ba, 3ca 3eg, toluene: ethyl acetate = 5:2ah, 4ai, 4aj, 4ak), toluene: acetone = 4:1

(3ab, 3ac 3da, 3fa, 3ga 3ha, 4ad)).

3.3. Characterisation of the products
1-Morpholino-2-phenylethane-1,2-dione (3aa)'H NMR (500.15 MHz, CDG)): 7.95-7.99

(m, 2H), 7.63-7.69 (m, 1H), 7.50-7.55 (m, 2H), 382 (m, 4H), 3.65-3.67 (m, 2H), 3.37-

3.41 (m, 2H). 3¢ NMR (125.78 MHz, CDG): 191.3, 165.6, 135.1, 133.3, 129.8, 129.3,
66.9, 66.8, 46.4, 41.8..MS (m/z/rel.int.): 219°j\8; 114/11; 105/100; 86/4; 77/54; 70/26;

51/22. Yield: 82%.

1-Phenyl-2-(pyrrolidin-1-yl)ethane-1,2-dione (3ak)H NMR (400.13 MHz, CDG): 7.97-

8.01 (m, 2H), 7.60-7.66 (m, 1H), 7.47-7.52 (m, 2Bl3-3.68 (M, 2H), 3.40-3.45 (m, 2H),
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1.90-2.00 (m, 4H)*C NMR (100.62 MHz, CDG): 191.7, 165.1, 134.7, 133.1, 130.0, 129.0,
46.8, 45.4, 26.1, 24.2. MS (m/z/rel.int.): 203(K8; 202/6; 105/71; 98/100; 77/52; 70/31;
55/56. Yield: 82%. Yield: 64%.

1-Phenyl-2-(piperidin-1-yl)ethane-1,2-dione (3ac)*H NMR (500.15 MHz, CDG)): 7.89-
7.96 (m, 2H), 7.57-7.64 (m, 1H), 7.43-7.52 (m, 2B(65-3.71 (m, 2H), 3.23-3.29 (m, 2H),
1.62-1.71 (m, 4H), 1.48-1.55 (m, 2HYC NMR (125.78 MHz, CDG): 192.0, 165.5, 134.7,
133.4, 129.6, 129.1, 47.1, 42.2, 26.3, 25.5, 2M8. (m/z/rel.int.): 217(M)/5; 112/100;
105/54; 84/10; 77/33; 69/61. Yield: 80%.
1-Phenyl-2-(2-ethylpiperidin-1-yl)ethane-1,2-dione(3ad): MS (m/z/rel.int.): 245(M)/2;
140/100; 105/60; 77/55; 55/45.

N,N-Diethyl-2-oxo-2-phenylacetamide (3ae)'H NMR (500.15 MHz, CDG): 7.92-7.95
(m, 2H), .7.60-7.65 (m, 1H), 7.47-7.52 (m, 2H),8(§, J = 7.1 Hz, 2H), 3.24 (q, J = 7.1 Hz,
2H), 1.29 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.1 B#). °C NMR (125.78 MHz, CDG):
191.7, 166.9, 134.7, 133.5, 129.8, 129.1, 42.2),38%.2, 13.0. MS (m/z/rel.int.): 205(M5;
105/61; 100/100; 77/42; 72/74; 51/21. Yield: 78%.

N-Butyl-2-oxo-2-phenylacetamide (3af) MS (m/z/rel.int.): 205(M)/13; 105/100; 77/34;
57/29; 51/10; 41/10.

1-Morpholino-2-(4-methoxyphenyl)ethane-1,2-dione  (®a): 'H NMR (500.15 MHz,
CDCly): 7.91-7.95 (m, 2H), 6.95-7.02 (m, 2H), 3.90 (d),33.76-3.81 (m, 4H), 3.63-3.67 (m,
2H), 3.36-3.40 (m, 2H):3C NMR (125.78 MHz, CDG): 190.0, 166.0, 165.2, 132.3, 126.4,
114.6, 67.0, 66.9, 55.8, 46.5, 41.7. MS (m/z/re)irR49(M)/3; 136/12; 135/100; 114/3;
107/11; 92/10; 77/14; 70/8; 64/5. Yield: 78%.
1-(3,4-Dimethylphenyl)-2-morpholinoethane-1,2-dione(3cay 'H NMR (500.15 MHz,
CDCl): 7.74 (brs, 1H), 7.69 (d, J=8.7Hz, 1H), 7.28 JdB.7Hz, 1H), 3.76-3.83 (m, 4H),

3.62-3.67 (m, 2H), 3.35-3.39 (m, 2H), 2.35 (s, 3RB3 (s, 3H)*C NMR (125.78 MHz,
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CDCl3): 191.3, 165.9, 145.2, 137.8, 131.1, 130.5, 13024,6, 66.8, 66.7, 46.3, 41.6, 20.4,
19.8. MS (m/z/rel.int.): 247(K)/3; 133/100; 105/24; 79/9; 77/9; 70/9. Yield: 75%.
1-(3-Fluorophenyl)-2-morpholinoethane-1,2-dione (3a): *H NMR (500.15 MHz, CDG):
7.72-7.75 (m, 1H), 7.67-7.63 (m, 1H), 7.48-7.52 (H), 7.32-7.37 (m, 1H), 3.75-3.81 (m,
4H), 3.63-3.67 (m, 2H) 3.35-3.40 (m, 2H3C NMR (125.78 MHz, CDG): 189.8 (d, J = 2.0
Hz), 164.9, 163.0 (d, J = 242.0 Hz), 135.3 (d,6816=Hz), 131.0 (d, J = 8.5 Hz), 125.9 (d, J =
3.6 Hz), 122.1 (d, J = 22.2 Hz), 116.1 (d, J = 2RF), 66.8 (2C), 46.4, 41.9. MS
(m/zlrel.int.): 237(M)/9; 123/70; 114/100; 95/39; 86/12; 75/15; 70/7%{75 45/6; 42/22.
Yield: 70%.

1-(4-Chlorophenyl)-2-morpholinoethane-1,2-dione (38: *H NMR (500.15 MHz, CDG):
7.89-7.94 (m, 2H), 7.48.7.52 (m, 2H), 3.76-3.83 @H), 3.64-3.69 (m, 2H), 3.36.3.41 (m,
2H). **C NMR (125.78 MHz, CDG): 189.8, 165.1, 141.8, 131.7, 131.2, 129.7, 66698,
46.5, 41.9.MS (m/z/rel.int.): 253(\W3; 141/33; 140/8; 139/100; 114/53; 113/9; 111/29;
86/14; 76/6; 75/22; 70/70; 56/8; 50/8; 42/29. Yiel@%.
1-(Naphth-1-yl)-2-morpholinoethane-1,2-dione (3fa)*H NMR (500.15 MHz, CDG):
9.24 (d, J = 8.6 Hz, 1H), 8.14 (d, J = 7.9 Hz, 18404 (dd, J = 7.1, J = 0.9 Hz, 1H), 7.93 (d, J
= 7.9 Hz, 1H), 7.69-7.75(m, 1H), 7.55.7.63 (m, 2Bl82.3.85 (M, 4H), 3.65-3.70 (m, 2H),
3.42-3.47 (m, 2H)**C NMR (125.78 MHz, CDG): 193.7, 166.2, 136.3, 134.6, 134.3, 131.1,
129.6, 128.9, 128.6, 127.3, 125.9, 124.7, 66.9,(26), 41.9. MS (m/z/rel.int.): 269(W10;
156/12; 155/100; 128/6; 127/53; 126/8; 77/5; 70AX5. Yield: 54%.
1-(3-Bromophenyl)-2-morpholinoethane-1,2-dione (39a’H NMR (500.15 MHz, CDG):
8.07-8.11 (m, 1H), 7.86-7.90 (m, 1H), 7.75-7.79 (M), 7.40 (td, J = 8.0 Hz, 1.9 Hz, 1H),
3.76-3.82 (m, 4H), 3.64-3.69 (m, 2H), 3.36-3.40 @H). °*C NMR (125.78 MHz, CDG):

189.6, 164.8, 137.8, 135.0, 132.5, 130.8, 128.53.5266.9, 66.8, 46.4, 41.9.
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MS(m/z/rel.int.): 299(M)/5; 297(M)/5; 185/28; 183/28; 157/11; 155/11; 114/100; 86/14
76/15; 75/12; 70/63; 42/20. Yield: 55%.
1-(4-Bromophenyl)-2-morpholinoethane-1,2-dione (3Ha'H NMR (500.15 MHz, CDG):
7.81-7.85 (m, 2H), 7.65-7.69 (m, 2H), 3.76-3.82 @Hl), 3.64-3.68 (m, 2H), 3.36-3.40 (m,
2H). **C NMR (125.78 MHz, CDG): 190.0, 165.0, 132.7, 132.1, 131.2, 130.7, 66698,
46.5, 41.9. MS (m/z/rel.int.): 299(\16; 297(M)/6; 185/100; 183/100; 157/20; 155/20;
114/93; 86/31; 76/22; 75/19; 70/83; 42/27. Yield%&

Morpholino(phenyl)methanone (4aa) MS (m/z/rel.int.): 191(M)/11; 190/34; 176/9; 160/6;
105/100; 86/12; 77/68; 51/24.

Phenyl(pyrrolidin-1-yl)methanone (4ab) MS (m/z/rel.int.): 175 (M)/44; 174/28; 146/28;
105/100; 77/57; 51/16.

Phenyl(piperidin-1-yl)methanone (4ac) MS (m/z/rel.int.): 189 (M)/36; 188/100; 106/10;
105/98; 84/9; 77/56; 51/12.

Phenyl(2-ethylpiperidin-1-yl)methanone(4ad). *H NMR (500.15 MHz, CDG)): 7.35-7.42
(m, 5H), 4.52-4.92 (m, 1H), 3.42-3.83 (m, 1H), 2733 (m, 1H), 1.44-1.88 (m, 8H), 0.66-
1.05 (m, 3H).*C NMR (125.78 MHz, CDG): 170.8, 137.2, 129.1, 128.4, 126.5, 55.8/49.7,
43.2/37.2, 28.3, 26.0, 22.6, 19.1, 10.7. MS (miate): 217(M")/7; 188/38; 105/100; 77/43;
51/10. Yield: 35%.

N,N-Diethylbenzamide (4ae)MS (m/z/rel.int.): 177(M)/13; 176/36; 105/100; 77/39; 51/11.
N-Butylbenzamide (4af) 177(M")/7; 149/2; 105/100; 77/41; 72/48; 51/17.
N-Phenylbenzamide (4ag)*H NMR (400.13 MHz, CDG)): 7.86-7.90 (m, 2H), 7.78-7.86
(brs, 1H), 7.32-7.67 (m, 2H), 7.54-7.58 (m, 1H}777.52 (m, 2H), 7.35-7.40 (m, 2H), 7.13-
7.19 (m, 1H).**C NMR (100.62 MHz, CDG): 166.0, 138.1, 135.1, 132.0, 129.2, 129.0,

127.2, 124.8, 120.4. MS (m/z/rel.int.): 197(¥42; 105/100; 77/52; 51/14. Yield: 92%.
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N-(4-Butylphenyl)benzamide (4ah) *H NMR (500.15 MHz, CDG): 7.84-7.89 (m, 2H),
7.76-7.81 (brs, 1H), 7.52-7.56 (m, 3H), 7.45-7.52 PH), 7.16-7.20 (m, 2H), 2.60 (t, J = 7.6
Hz, 2H), 1.60 (qui, J=7.6 Hz, 2H), 1.35 (sext, &Mz, 2H), 0.93 (t, J = 7.6 Hz, 3HYC
NMR (125.78 MHz, CD(@J): 165.8, 139.6, 135.7, 135.3, 131.9, 129.1, 129X7,.1, 120.4,
35.2, 33.8, 22.4, 14.1. MS (m/z/rel.int.): 253]M7; 210/32; 105/100; 77/46; 51/5. Yield:
86%.

N-(4-Methoxyphenyl)benzamide (4ai)*H NMR (500.15 MHz, CDG): 7.85 (d, J=6.6 Hz,
2H), 7.78-7.83 (brs, 1H), 7.51-7.57 (m, 3H), 7.47JE€7.5 Hz, 2H), 6.90 (d, J=6.6 Hz, 2H),
3.81 (s, 3H).*C NMR (125.78 MHz, CDG): 165.8, 156.8, 135.2, 131.8, 131.2, 128.9,
127.1, 122.3, 114.4, 55.7.MS (m/z/rel.int.): 227(M1; 122/5; 105/100; 95/4; 77/38; 51/6.
Yield: 93%.

N-(4-Nitrophenyl)benzamide (4aj) *H NMR (500.15 MHz, DMSO-g): 10.80 (s, 1H), 8.25-
8.29 (m, 2H), 8.05-8.09 (m, 2H), 7.97-8.00 (M, 2HH2-7.66 (M, 1H), 7.7.54-7.59 (m, 2H).
3C NMR (125.78 MHz, DMSO+): 166.2, 145.5, 142.5, 134.2, 132.1, 128.5, 12729.7,
119.8. MS (m/z/rel.int.): 242(K)/7; 105/100; 77/51; 51/8. Yield: 84%.
N-(4-Acetylphenyl)benzamide (4ak)): 'H NMR (500.15 MHz, CDG): 8.03-8.07 (brs,
1H), 7.97-8.01 (m, 2H), 7.87-7.90 (m, 2H), 7.7597 (M, 2H), 7.56-7.60 (m, 1H), 7.49-7.53
(m, 2H), 2.60 (s, 3H)**C NMR (125.78 MHz, CDG): 165.9, 142.5, 134.7, 133.3, 132.4,
130.0, 129.1, 127.2, 119.4, 26.6. MS (m/z/rel.ir@39(M")/25; 105/100; 77/39; 51/6; 43/35.
Yield: 86%.

Morpholino(4-methoxyphenyl)methanone (4ba). MS (m/z/rel.int.): 221(M)/10; 220/16;
135/100; 107/8; 92/9; 77/15; 64/5; 56/3.
Morpholino(3,4-dimethylphenyl)methanone (4ca) MS (m/z/rel.int.): 219(M)/11; 218/17;

133/100; 105/20; 79/11; 77/12.
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Morpholino(3-fluorophenyl)methanone (4da). MS (m/z/rel.int.): 209(M)/15; 208/28;
194/12; 178/5; 166/3; 123/100; 95/53; 86/24; 758@41; 42/6.
Morpholino(4-chlorophenyl)methanone (4ea) MS(m/z/relint.): 227(M)/3; 226/4;
225(M’)/10, 224/20;141/32; 140/8; 139/100; 113/13; 111/86/23; 76/7; 75/29; 56/34;
44/29.

Morpholino(naphth-1-yl)methanone (4fa): MS (m/z/rel.int.): 241(M)/38; 240/23; 156/23;
155/100; 127/81; 86/8; 77/8.

Morpholino(3-bromophenyl)methanone (4ga)y MS(m/z/rel.int.): 271(M)/26; 270/55;
269(M")/26; 268/55; 256/16; 254/16; 185/92; 183/92; 187/85/42; 104/14; 86/74; 77/12;
76/63; 75/42; 74/11; 72/16; 56/100; 55/11; 50/3024.
Morpholino(4-bromophenyl)methanone(4ha). MS (m/z/rel.int.): 271(M)/17; 269(M)/17;
268/42; 185/99; 183/100; 157/28; 155/22; 104/1248676/34; 75/26; 72/11; 56/54; 50/18;
42/12.

Morpholino(4-nitrophenyl)methanone (4ia): MS (m/z/relint.): 236(M)/10; 235/14;
150/40; 86/37; 76/43; 56/100.

N,N-Dimethyl-2-oxo-2-phenylacetamide (5a) MS (m/z/relint.): 177(M)/6; 105/100;
77/46; 72/54; 51/19.

N,N-Dimethyl-2-oxo0-2-(4-methoxyphenyl)acetamide (5b)MS (m/z/rel. int.): 207(M)/3;
137/100; 107/9; 92/9; 77615; 72/10
N,N-Dimethyl-2-ox0-2-(3,4-dimethylphenyl)acetamide (3¢ MS (m/z/rel. int.): 205(M)/3;
133/100; 105/26; 79/10; 77/11; 72/11.

N,N-Dimethyl-2-oxo-2-(3-fluorophenyl)acetamide (5d) MS (m/z/rel. int.): 195(M+)/8;
123/38; 95/25; 75/13; 72/100; 44/13.

N,N-Dimethyl-2-oxo-2-(4-chlorophenyl)acetamide (5e) MS (m/z/rel. int.): 213(M)/2;

211(M")/7; 141/13; 139/41; 113/6; 111/19; 75/15; 72/100.
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N,N-Dimethyl-2-oxo-2-(naphth-1-yl)acetamide (5f) MS (m/z/rel. int.): 227 (M)/9;
155/100; 127/66; 101/5; 77/8; 72/20.
N,N-Dimethyl-2-ox0-2-(3-bromophenyl)acetamide (5g) MS (m/z/rel. int.): 257(M+)/4;
255(M+)/4; 185/48; 183/50; 157/13; 155/13; 76/28/1B; 72/100; 50/15.
N,N-Dimethyl-2-oxo0-2-(4-bromophenyl)acetamide (5h) MS (m/z/rel. int.): 257(M)/4;
255(M")/4; 185/19; 183/20; 157/9; 155/8; 76/13; 75/11/1TD; 44/7.
N-Butyl-benzoylformamide N'-butylimine (6): MS (m/z/rel.int.): 260(M)/3; 217/18;
160/3; 130/4; 117/3; 104/100; 77/9; 57/8; 41/10.
1,3-Phenylenebis(morpholinomethanone)7g): MS (m/z/rel.int.): 304(M)/26; 303/18;
219/16; 218/100; 189/11; 160/10; 133/33; 114/105/1P; 104/27; 86/86; 77/11; 76/37;
70/18; 56/42; 42/15.

1,4-Phenylenebis(morpholinomethanone) (7h) MS (m/z/rel.int.): 304(M)/6; 191/11;
190/100; 91/5; 77/6.

1-(3-Morpholinocarbonyl)phenyl-2-morpholinoethane-12-dione (8g): MS (m/z/rel.int.):
332(M")/22; 304/14; 218/100; 133/35; 114/86; 104/24; 86/16/27; 70/67; 56/16; 42/25.
1-(4-Morpholinocarbonyl)phenyl-2-morpholinoethane-12-dione (8h): MS (m/z/rel.int.):
332(M")/8; 304/10; 219/13; 218/100; 208/7; 114/31; 104/1619; 70/26; 56/6; 42/10.
1,3-Phenylenebis(2-morpholinoethane-1,2-dione)9g): MS (m/z/relint.): 360(M)/14;
246/100; 133/12; 114/96; 104/17; 78/13; 76/20; 2045/11; 42/32.
1,4-Phenylenebis(2-morpholinoethane-1,2-dione)9h): MS (m/z/rel.int.): 360(M)/16;
332/12; 247/14; 246/100; 218/8; 114/98; 104/21126770/71; 45/5; 42/22.
1-Morpholino-2-(4-aminophenyl)ethane-1,2-dione (10) MS (m/z/relint.): 234(M)/3;
120/100; 92/17; 70/6; 65/16.

4-Aminophenyl(morpholino)methanone (11) MS (m/z/rel.int.): 206(M)/13; 205/9; 121/8;

120/100; 93/2; 92/18; 91/2; 66/2; 65/17; 64/2; 5Q2/5.
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4. Conclusions

A supported ionic liquid phase with adsorbed pyrigin ionic liquid was proved to exert
efficient stabilising effect toward the immobilispdlladium catalyst. Detailed investigations
revealed that in spite of the loss of the majaoityhe ionic liquid in the first two cycles, the
catalyst can be used effectively in at least 10seoutive runs. The importance of the choice
of the ionic liquid was demonstrated by the congmari of the catalytic performance of
pyridinium- (CAT-1) and imidazolium CAT-2) SILP-Pd catalysts. Although very similar
leaching data could be measured for the two cdaltse former showed higher activity and
better recyclability. The heterogeneous catalBAT-1 could be reused during the
carbonylation of a wide scope of substrates, batstihucture of the reaction partners has a
decisive effect both on the recyclability of theatgst and the selectivity of the carbonylation

reaction.
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Pd was supported on the surface of silica modified with adsorbed pyridinium ions > The catalyst was
tested in carbonylation of iodoarenes and aliphatic/aromatic amines < Enhanced activity and
recyclability was observed compared to other SILPs > The catalyst was recycled 5 times for awide
range of substrates
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