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Palladium impregnated on magnetite is an efficiehgap and easy to prepare catalyst fo
direct arylation of heterocycles. Good yields dferded under relatively mild conditions an
broad substrate scope is evident. The catalysgi®selective in many cases, affordenylatec
products, at the C2- or gssition (depending of the heterocycle used). Tle¢hodology ca
be extended to prepare chromenes through an inleaniar direct arylation reactiorsome
evidence is provided for two catalyst deactivatiathways, which prevents efficient recycling.
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1. Introduction

The formation of aryl-aryl (Ar-Ar") bonds and hetargl (Ar-
Het and Het-Het") analogues is an important transfiioman
organic synthesis due to number of compounds agntpithese
moieties in the pharmaceutical and other industriemditional
method$ for the introduction of the Ar-Ar' bond (e.g. Suzuki
Miyaura, Stille, Negishi and other named reactiansfer from
drawbacks as they require the installation of atitigagroups on
both coupling partners. The associated waste (BZ&i#ased) is
also a major problem for the pharmaceutical anératidustries.
A modern, efficient and environmentally friendly eahiative is
termed Direct Arylation (DAJ. Through catalytic C-H

Tetrahedron

iodonium salt was modified (entry 6). The yield 8& was
increased to 62% with the addition of 3 equivalesftshe salt.
The temperature effect was evaluated at this pioteasing the
temperature to 100 °C only gave a slightly highetdy(entry 7).
However the best yield was obtained at 60 °C (entry
Unfortunately, it was not possible to reduce the temre
without a significant reduction in yield (entriesa@d 10). The
impact of the solvent was evaluated (entries 11-TI3.reaction
failed in dioxane, water and toluene. Finally, withe tbest
conditions in hand a reaction was performed in theeace of
catalyst (entry 14). Only starting material was reved,
confirming the catalytic role of the palladium omagmetite.

activation! DA avoids the preactivation steps, establishing aTable 1

convenient pathway to arylated compounds in termsatofm
economy and environmental impact.

In the last decade a broad number of catalyticesysthave
been used for the DA of heterocycfeslowever, most of these
methodologies are based on homogeneous catalydishansh
reaction conditions. Homogeneous -catalysis suffemnfa
number of drawbacks. Deactivation because of metgkggtion
and precipitatioh and separation of the catalyst from the API
product seriously impede scale-up of many potentially uksef
transformations. Heterogeneous catafysis the other hand,
offers a more attractive approach. Heterogeneouslystt
possesses good thermal stability and can usuallyeb®ved
from the reaction media and can, in principle, dmycled.

Recently notable progress has been made in thehséar
heterogeneous systems for BAPalladium has been the most
employed transition-metal to accomplish this transfation.
Examples include Pd supported on zedfitmjodified silica®?
metal organic frameworks, carborl* and mesocellular foar.
Pd has been incorporated within a bimetallic hetered with
magnetite using thermal decompositiiscerning whether the
catalyst behaves in a homogeneous or heterogemeanser is

difficult and compleX?® In many cases, heterogeneous catalyst

precursors are used, but leaching to homogene@gsesp

(e
soluble nanoparticles) is likely, although both @Glst”

and

Backvall® have provided good evidence for a heterogeneous

pathway in Pd-catalysed DA reactions in their systétasvever
in both cases recycling of the catalyst was notiptes¢Pd/C and
PD/mesocellular foam respectively). Other heterogeseo
systems used are based on coppaickef® and TiQ.”° Even a
transition-metal-free arylation methodology has rbeeported
with similar overall objective§"

As part of our ongoing project on the use of magefétand
impregnated-metal magnefitas catalysts for organic synthesis,
we report here a simple, versatile and easy to exomatalyst for
the direct arylation of heterocycles and other saryinder
relatively mild reaction conditions.

2. Results and discussion
2.1.Direct arylation of heterocycles

The supported catalyst
published”® We chose the arylation of benzothiophere) (
using diphenyliodonium tetrafluoroborate2a as a model
reaction (Table 1). Our first attempt gave the @pomding
arylated heterocycle 36) after 24h. Arylation occurred
selectively at C3 but in a low yield (entry 1). laeasing the

Optimization of the reaction conditichs

Ph
S Solvent S
1a 2a s 3a

Entry  2a(mol%) Solvent T(C) Pd(mol%)Yield (%)
1 110 EtOH 80 6 22
2 220 EtOH 80 6 45
3 300 EtOH 80 6 31
4 220 EtOH 80 3 11
5 220 EtOH 80 10 59
6 300 EtOH 80 10 62
7 300 EtOH 100 10 65
8 300 EtOH 60 10 71
9 300 EtOH 40 10 39
10 300 EtOH 25 10 0
11 300 Dioxane 60 10 0
12 300 HO 60 10 0
13 300 PhMe 60 10 0
14 300 EtOH 60 0 0

@ Reaction carried out using compoubd (0.5 mmol),2a (0.6 mmol), it
1.5 mL of solvent, unless otherwise statkdsolated yield after colun
chromatography:.Reaction performed in absence of catalyst.

Once the best reaction conditions were found forghigess,
a number of impregnated metal catalysts were te{sed Sl).
Only the palladium on magnetite showed high actiitgwever,
the bimetallic palladium-copper catalyst did giveraall amount
of arylated product. Finally the reaction was alsrfgrmed
using Pd-free magnetite nanoparticles (see Slpndiren the role
of Pd. No product was observed.

The optimised protocol was then applied to othemnynent
heterocycles. When benzofuran was used as substizse,
arylated product was isolated in an excellent y&l®9% (entry
1). The reaction was completely regioselective fbe tC2

was prepared as previouslyssition. Indoles containing electron withdrawing stithents

coupled well (entries 2-4), affording the arylatexbducts in
yields from 58-83% and no issues were apparent Widse
compounds bearing free NH groups. For all the indbled, the
arylation took place at the C-2 position selectivel

equivalents oRaachieved a small increase in yield (entries 2 and

3). A reduction of palladium loading (3 mol%) gavelcaver
conversion (entry 4) and an increase (10 mol%) awed the
yield (entry 5). With the optimised catalyst loaglim hand, the

8)



Table 2
Substrate scope: arylation of different heterocgicle
X _ 0, X
R N\ . Ph,IBF, PdO-Fe;0, (10 mol%) RIC N _ph
7 EtOH, 60 °C Z X
24 h
1 2a 3
Entry X R Product Yield (96)
1 (6] H 3b 99
2 NH 7-CQMe 3c 83
3 NH 5-F 3d 79
4 NH 4-Br 3e 58

#Reaction carried out using the corresponding heyete 1 (0.5 mmol),2a
(1.5 mmol), in 1.5 mL of EtOH.® Isolated yield after colun
chromatography.

The use of other iodonium salts was also studiedI|€Ta).
Chemoselective arylation could be performed byoshiicing one
non-transferable aryl group such as 2,3,5-triisppighenyl

Table 4
Substrate scope: arylation of tioph€hes
Ph
-| 0,
Rt\ + Ph,lBF, PdO-Fe;0, (10 m0|/0)> R+\
S EtOH, 60 °C X
24 h
4 2a 5
Entry R Product Yield (%)
1 H 5a 39
2 2-Br 5b 18
3 3-Br 5c 51
4

E},g 5d 48

#Reaction carried out using the corresponding heyete4 (0.5 mmol),2a
(1.5 mmol), in 1.5 mL of EtOH.” Isolated vyield after colun
chromatography.

Once the substrate scope was evaluated, the redyylaifi
the catalyst was tested. After a standard reactiomgus

(TRIP)" ® Using this approach, an arylated benzothiophendenzofuran as heterocycle, the catalyst was retainethe

was isolated in low yield (entry 1, 38%). Better gil(66 and
71%) were obtained using benzofuran and methyl ghgnoyips
(entries 2 and 3). An electron poor aryl group wae ahown to
work reasonably well (55% vyield, entry 4). Finally atectron
rich aryl group was transferred in 84% yield, thimd using a
symmetrical iodonium salt (entry 5). The catalyatilitated
excellent regioselectivity in all the cases (aliglatof benzofuran
at C2-position and thiophene at C3).

Table 3

Substrate scope: use of different diaryliodoniuits3a

©f\> + ArllArBF,
X

PdO-Fe;0;4 (10 mol%)

Ar?
X
I
X

EtOH, 60 °C
24 h
1 2 3
Entry X Art Ar? Ar?position Product Yield (%)
1 S TRIP 4-MeGH,4 C3 3f 38
2 (6] TRIP 4-MeGH, Cc2 39 71
3 (0] TRIP 2-MeGH, c2 3h 66
4 (0] TRIP 4-CIGH,4 c2 3i 55
5 (6] 4-MeOGH, 4-MeOGH, Cc2 3 84

& Reaction carried out using the corresponding heyete 1 (0.5 mmol),2
(1.5 mmol), in 1.5 mL of EtOH.” Isolated yield after colun
chromatography.

The protocol was then extended to the arylation iofpke

reaction vessel using a magnet and washed severas twith
ethanol. The vessel was then charged with a new gelagénts
and the standard conditions applied. The correspgngroduct
3b was obtained in 49% yield after the second cyclé &8%
after the third. These results show deactivatiorthef catalyst.
While others have shown that heterogeneous catalysis
recyclability can prove mutually exclusive, no exaation of the
reasons for deactivation have been proposed ie thestems.

We thus sought to examine the catalyst structuferbeand
after the reaction. Transmission electron microgc@¢pEM)
analysis showed that pre- and post-reaction pastidigplayed a
similar appearance. Also no sinterization of theiples could be
observed post-reaction. Additionally both pre- awodtgeaction
particles showed an identical particle-size distitou X-ray
photoelectron spectroscopy (XPS) analysis of thalgsttdid not
show any change in oxidation state of the palladiomthe
magnetite surface. The XPS spectra of the postioeasample
showed, after deconvolution, two peaks at 337.0 ai13eV,
which correspond to the binding energies of Pdg, 3shd PdO
3ds, respectively. The spectra is identical to thatetalof the
catalyst pre-reaction (See SI). Thus we cannot batki
deactivation of the catalyst to an oxidation charage the
surface’

We then hypothesised that leaching of the Pd floerstupport
might be occurring, rendering the insoluble catafyamework
inactive, when reused. The phenomenon of leachingstvabed
by inductively coupled plasma mass spectrometryP{MS).
Here, the reaction mixture was filtered hot after ris@ction and

thiophenes under the same conditions (Table 4). dJsinthe homogeneous solution was tested by dissolvedChdy

thiophenes, the process was not as high yieldingelactive as
with previous substrates and a mixture of the moand
diarylated heterocycles was obtained in 39% ovegraltl (entry
1). With 2-bromothiophene, only 18% of the monolaisd
heteocycle was recovered (entry 2). Better yield whiined
with the 3-bromothiophene (entry 3). In both caseskiromine
remained intact, allowing for further functionaliset. Finally,
2,2'-bithiophene gave the corresponding monoanylggmduct
selectively in 48% vyield (entry 4).

1.96% of the initial amount of palladium was detdct&his

amount seems insufficient to explain the deactivetjiven the
lower turnover numbers observed when lower Pd loadiag

used (Table 1). The inability of the solution ph&seatalyse the
arylation of benzofuan was confirmed by observat@nthe

reaction progress after filtration. Thus after twouts, the
catalyst was filtered hot. No reaction progress waeoled after
this point confirming that no active species werdulsitised

under the reaction conditions. The above teststmiongly to
heterogeneous catalysis, in line with the conclusizede by
Glorius is his arylation of 2-butylthiopheh®.

Clearly, if leaching is ruled out, some changehat surface
must occur which deactivates the catafysx-ray fluorescence
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(XRF) was then used to gain further insight at thealgst

test, the reaction was performed in the absen@atalyst under

surface. More specifically, 5.4%f iodine was detected at the the optimised conditions (entry 18). Only startingtemial was

catalyst surface. The adsorbance of halides orsuhface of Pd
catalysts has previously been shown to affect ttiévity of
heterogeneous catalysts and we believe this toibec#ise here
also®

2.2.Intramolecular direct arylation

Encouraged by the success that we obtained in treetdi
arylation of heterocycles, we decided to apply plllm on
magnetite to an intramolecular arylatii’ A different
mechanism is operative here and thus applicatighisoreaction
would give a good indication of the broad utility thie catalyst.
We chose the intramolecular arylation of haloetb&to obtain
the corresponding chromeiia (Table 5) as a suitable reaction.

Table 5

Optimization of the reaction conditions for intralewular direct arylatich

@LBL PdO-Fe;0, O 0
O. Base
\© Solvent O
T,48h
6a 7a
Entry Base (mol%) Solvent TEC) Pd(mol%yield (%)
1 KOAc (200) DMA 140 0.1 5
2 KOAc (200) DMA 140 1 9
3 KOAc (200) DMA 140 2 20
4 KOACc (200) DMA 140 5 61
5  KOAc (200) DMA 140 10 85
6  KOAc (200) DMA 140 15 77
7 KOAc (100) DMA 140 10 64
8  KOAC (300) DMA 140 10 71
9  KOH (200) DMA 140 10
10 NaOH (200) DMA 140 10
11 NaOAc (200) DMA 140 10 56
12 K,CO; (200) DMA 140 10 0
13 KOAc (200) PhMe 140 10 0
14  KOAc (200) DMF 140 10 74
15 KOAc (200) tBuOH 140 10 25
16  KOAc (200) DMA 160 10 75
17 KOAc (200) DMA 120 10 63
18  KOAc (200) DMA 140 0 0

#Reaction carried out using compoual (0.5 mmol), KOAc (1 mmol), i
2 mL of solvent, unless otherwise stat&dsolated yield after colun
chromatography:.Reaction performed in absence of catalyst.

Firstly, the optimum catalyst loading was establistentry 1—
6). Again 10 mol% of Pd was needed to obtain the desmical
yield of 85% (entry 5). Then the effect of the bagss tested
(entries 7-12). When 1 equivalent of base was usedield of
7a was reduced to 64% (entry 7). The addition of 3iedents
was not beneficial for the cyclisation process (e8 Different
bases were tried, but none were as efficient as KOAci€ero—
12). The impact of the solvent was studied (entt@sl5). Only
DMF gave a comparable yield (74%), but was slighthydr to
the one obtained wittN,N-dimethylacetamide (DMA). Finally
the temperature was modified. Neither a higher, rawel
temperature gave better yields (entries 16 and AS)a control

recovered confirming the role of palladium in thi®cess.

The best reaction conditions were then applied fteréint
substrates to evaluate the reaction scope (TableFi6t we
studied the tolerance of substituents on the phegosup. The
presence of a methoxy group was tolerated with ongmall
detriment in yield (entry 2). Good yield was obtaineidh a
methyl group at the 4-position of the ring (entry. Ihe
introduction of electron-withdrawing groups had a dfegial
effect on the process, and excellent yields weréeget (93 and
92%, entries 4 and 5). Then the effect of subsitubn the
phenoxy group was evaluated. Similarly good resulere
obtained using electron-withdrawing groups (87-92%iries 5-
7), although a mixture of regioisomers was obtaimdten a
metaF substituent was present. Little impact on thddgievas
observed on substitution of the halo-aryl eitherd aery good
yields were observed (84 and 77%, entries 8 and 9).

Table 6
Substrate scope for intramolecular direct aryldtion

1

R Br R!
j@; PdO-Fe;0, (10 mol%) 0
- O~ KOAG (200 mol%) R2

| QN
Xo  14048h S
6 7

Entry R R? R® Product Yield (9
1 H H H 7a 85
2 H H 4-MeO 7b 75
3 H H 4-Me 7c 86
4 H H 4-Cl 7d 93
5 H H 4-F Te 92
6 H H 3-F 7f 8%
7 H H 2-F 79 87
8 H Ck H 7h 84
9 F H H 7i 77

#Reaction carried out using compoudd0.5 mmol), KOAc (1 mmol), in
mL of DMA. ° Isolated yield after column chromatographyA mixture of
isomers was obtained: 1-FluorétbenzoE]chromene Tf) and 3-Fluoro-Bi-
benzoE]chromene Tf') (45:55).

The recyclability of the catalyst was also invedggain this
case also. In a similar way to the intermoleculactien, the
catalyst was removed using a magnet and reused ubking
standard conditions (as in Table 5, entry 5). Aghaactivation of
the catalyst was observed. This time no product vedscted
after the second cycle of reaction. ICP-MS analysisthe
reaction solution showed 3.3% of the Pd has leacle-
reaction TEM analysis revealed substantial singeofhpalladium
nanoparticles had occurred (See SI for particlgidigion). XPS
analysis also showed a distinctive change and feakp were
observed. Two peaks at 336.9 and 342.2 eV, corresfmtiie
binding energies of PdO gdand PdO 3g, respectively. The
two other peaks at 334.9 and 340.1 eV, correspotitetbinding
energies of Pd 3d and Pd 3¢, respectively. The ratio between
the two oxidation states was Pd:PdO 2:1. Clearly s@uection
of the PdO species had occurred perhaps formingivweaPd-
black aggregates. The hot filtration test deterwchirtbat no
reaction progress occurred after filtration. Thws, believe that
changes in the oxidation state of Pd during thetiea renders



the recovered Pd/magnetite unable to catalyse qubaé
reactions.

3. Conclusion

In conclusion, we have demonstrated that
impregnated on magnetite is a cheap, selective \amdatile
catalyst for the direct arylation of heterocycleader mild
conditions. The process can be applied to a nummbsubstrate
and reaction types. In addition, the magnetic prtgee of the
catalyst allow its separation from the reaction raediry easily.
Decreased yields are observed on reuse of the staly the
intermolecular arylation of heterocycles using ioidaon salts and
no reuse is possible in the intramolecular aryfatieactions
tested using aryl halides. Preliminary studies ssgthat halide
ligation to the Pd surface may inhibit subsequeaction when
using iodonium salts. In intramolecular DA reactiarsng aryl
halides, substantial changes to the Pd particliilaision and
size are observed. A change in oxidation stateefith may also
be a cause of inhibition. These dramatic changelseémature of
the catalyst are inevitable considering the cood#i required
(140 °C in DMA). Work is ongoing to utilise the inkig
gathered here to allow for full and convenient réiagc of
Pd/magnetite.

4. Experimental section
4.1.General information

Solvents and reagents were used as obtained frormemial
sources and without purificationH NMR (400 MHz) spectra

palladiu

5
300°C, Teoumn = 60°C (3 min) and 60-270 °C (15 °C/miR)=
40 kPa. Thin layer chromatography (TLC) was carmed on
Schleicher & Schuell F1400/LS 254 plates coated @ith2 mm
layer of silica gel; detection by WY, light, staining with

nphosphomolybdic acid [25 g phosphomolybdic acid, ¢0

Ce(SQ), 4 H,0O, 60 mL of concentrated ,HO, and 940 mL
H,0]. Column chromatography was performed using sdiela60
of 40-63 mesh. The ICP-MS analyses were carried oouta
Thermo Elemental VGPQ-ExCell spectrometer.

4.2.General procedure for the preparation of impregnated
palladium on magnetite catalyst.

To a stirred solution of PdE{177 mg, 1 mmol), KCI (1 g, 13
mmol, to increase the palladium solubility) in demed water
(120 mL) was added E®, (4 g, 17 mmol, powder <5 mm, BET
area: 9.86 fiig). After 10 min at room temperature, the mixture
was slowly basified with NaOH (1 M) until pH around 13.€Th
mixture was stirred during 1 day at room tempegatarair. After
that, the catalyst was filtered and washed with deexhivater (3
x 10 mL). The solid was dried at 100 °C during 24 h standard
glassware oven, obtaining the expected catalystrjrcation of
palladium of 3.0% according to XRF; by XPS the pallad on
the surface was determined as 24.8%; the BET amacsuvas
13.6 nf/g.

4.3.General prodecure for the preparation of the diasglonium
tetrafluoroborates

The diaryliodonium tetrafluoroborates were prepared
following the procedures described by Olofsson e aind

and '"H NMR (300 MHz) spectra were recorded on BrukerGaunt et af?

Avance 400 and Bruker Avance 300 NMR spectrometers, 5 ¢ ;i : . 28
. . .3.1.Diphenyliodonium tetrafluoroborate2§)””. m-CPBA (24
respectively in proton coupled modeC NMR (150 MHz) mmol, 5.120 g) was dissolved in @&, (80 mL). To the solution

spectra and°C NMR (75.5 MHz) spectra were recorded on .. qded iodobenzene (21.6 mmol, 2.48 mL) follo
. , 2. wed|bow
Bruker Avance 400 and Bruker Avance 300 NMR spectterse ,yqition of BR: OE% (54.4 mmol, 6.8 mL) at room temperature.

respectively in proton decoupled mode at °ZD in deuterated
chloroform using tetramethysilane as internal staddchemical
shifts are given is (parts per million) and coupling constaniy (
in Hertz Low-resolution mass spectra were recorded Waters
Quattro Micro triple quadropole instrument in elespray
ionisation (ESI) mode using 50% acetonitrile-watentaining
0.1% formic acid as eluent; samples were made agetonitrile.
High resolution precise mass spectra (HRMS) were decbon a
Waters LCT Premier Tof LC-MS instrument in elecpasy/
ionisation (ESI) mode using 50% acetonitrile-watentaining
0.1% formic acid as eluent; samples were made agetonitrile.
Infrared spectra were measured as pressed potassimide
(KBr) for solids or thin films on sodium chloridelgpes for
liquids on a Perkin-Elmer FT-IR spectrometer. Mwjtipoints

were obtained with a Reichert Thermovar apparatusS XP

analyses were carried out on a VG-Microtech MutilXiRD

analyses were obtained on a BRUKER D-8 ADVANCE

diffractometer with Goebel mirror, with a high tempgera
chamber (up to 900°C), with a

The resulting yellow solution was stirred at roomperature for
30 min and then cooled to 0 °C and PhB(©% mmol, 2.960
g) was added. After 15 min of stirring at room tenapare, the
crude mixture was applied on a silica plug (20 gJ aeluted with
CH,CI, (2 x 100 mL) followed by CKCl,/MeOH (2 x 100 mL).
The latter solution was concentrated and diethyérefd0 mL)

was added to the residue to induce precipitatiore 3blution
was allowed to stir for 15 min, and then the solid filteyed and
washed several times with diethyl ether and therddrievacuo.
White solid; yield 5.960 g (75 %); m.p. = 133-135%exane);
IR (KBr): v 1559, 1471, 1443, 1287, 1167, 1053, 740'cHi-

NMR (300 MHz, DMSO): 7.54 (4H, tJ = 7.6 Hz), 7.68 (2H, t,
J = 7.4 Hz), 8.25 (4H, dJ = 7.3 Hz)."®*C-NMR (75 MHz,

DMSO0) &: 116.4 (2C), 131.7 (4C), 132.0 (2C), 135.1 (48

NMR (282 MHz, DMSO):5 -148.2 (br. s), -148.3 (dd, = 2.3,

1.2 Hz).

The appropriate iodoarene (5 mmol) was added tdrredst

X-ray generatorsolution of m-CPBA (7.5 mmol, 1.6 g) in acetic anhydride (10
KRISTALLOFLEX K 760-80F (3KW, 20-60KV and 5-80mA).

ml) and the solution was stirred for 1 h at roompgemature after

TEM images were obtained on a JEOL, model JEM-201@vhich 1,3,5-triisopropyl benzene (6.5 mmol, 1.32 milgs added
equipped with an X-ray detector OXFORD INCA Energy TEM and the solution cooled to 0 °C. Tetrafluorobor@da(50%

100 for microanalysis (EDS). XRF analyses were obthiore a

aqueous, 10 mmol, 1.25 mL) was added over 15uiaiisyringe

PHILIPS MAGIX PRO (PW2400) X-ray spectrometer equippedpump and the solution stirred at 0 °C for 30 mifolee being
with a rhodium X-ray tube and a berylium window. BET allowed to warm to rt. After 6 h the solution was rdedao 0 °C
isotherms were carried out on a AUTOSORB-6 (Quantachromeand water (100 mL) was slowly added with fast stirriige
using N. The chromatographic analyses (GLC) were determinedolution was extracted with GBI, (2 x 50 ml) and the combined
with a Hewlett Packard HP-5890 instrument equipped with organic extracts dried (MgSP and evaporated. The pure

flame ionization detector and 12 m HP-1 capillarjuom (0.2
mm diam, 0.33 mm film thickness, OV-1 stationary $#jausing
nitrogen (2 mL/min) as a carrier géBjector = 275 °C,Tetector =

iodonium tetrafluoroborate salts were precipitatedhwiEtO
from a concentrated solution of hot @, and obtained by
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filtration followed by washed with generous amountsEtO
on the filter.

4.3.2.p-Tolyl(2,4,6-trisopropylphenyl)iodonium

tetrafluoroborate 2b). White solid; yield 1.413 g (56 %); m.p. =
189-191°C (Hexane); IR (KBry: 1585, 1571, 1480, 1463, 1057,

1023, 998, 985 cif) "H-NMR (300 MHz, DMS0)5: 1.22 (18H,

(180 mg, 10 mol% Pd). The mixture was stirred at®@or 24 h.

The catalyst was removed by a magnet and the solvent

evaporated under reduced pressure. The corresgppdialucts
3 or 5 were usually purified by chromatography on silica g
(hexane/ ethyl acetate).

4.4.1.3-Phenylbenzdijthiophene 8a)'*’. Colourless oil; yield

app. t.J = 6.8 Hz), 2.33 (3H, s), 2.97 (1H, hepts 6.8 Hz), 3.40 75 mg (71 %); IR (KBr)v 1600, 1524, 1484, 1442, 1425, 1348,

(2H, hept,J = 6.8 Hz), 7.30 (2H, s), 7.35 (2H, d,= 8.2 Hz),
7.82 (2H, d,J = 8.4 Hz)."*C-NMR (75 MHz, DMS0)3: 20.7,
23.5 (2C), 24.0 (4C), 33.3, 38.6 (2C), 111.3, 12324.5 (2C),
132.5 (2C), 134.0 (2C), 142.2, 151.1 (2C), 1588.NMR (282
MHz, DMSO): & -148.3 (br. s), -148.3 (dd] = 2.3, 1.2 Hz).
HRMS calcd. (%) for Hagl: 421.1387; found: 421.1368.

4.3.3.0-Tolyl(2,4,6-trisiopropylphenyl)iodonium

834 cm'; 'H-NMR (300 MHz, CDC)) &: 7.40-7.50 (4H, m),
7.50-7.55 (2H, m), 7.60-7.65 (2H, m), 7.90-8.00 (2H, HcC-
NMR (75 MHz, CDC}) &: 122.90, 122.90, 123.4, 124.3, 124.4,
127.5, 128.7 (4C), 136.0, 137.9, 138.1, 140.7; HRMBd. (%)
for C;4H;S: 211.0581; found: 211.0573.

4.4.2.2-Phenylbenzofurar8b)**®. White solid; yield 96.5 mg (99
%); m.p. = 122-124°C (Hexane); IR (KBr):1605, 1562, 1491,

tetrafluoroborate 2c). White solid; yield 1.573 g (31 %); m.p. = 1471, 1455, 1259, 1020 &m'H-NMR (300 MHz, CDC)) &:
154-155°C (Hexane); IR (KBr). 1586, 1572, 1560, 1467, 1426, 7.02 (1H, d,"J = 0.7 Hz), 7.15-7.40 (3H, m), 7.40-7.50 (2H, m),

1058, 979 crif; *H-NMR (300 MHz, DMSOY: 1.21 (18H, 2 x d,

J=6.7 and 6.9 Hz, respectively), 2.63 (3H, s), 2198, hept,J =

6.9 Hz), 3.31 (2H, hept] = 6.9 Hz), 7.25-7.35 (3H, m), 7.50-

7.60 (2H, m), 7.77 (1H, dJ = 7.9 Hz).®*C-NMR (75 MHz,

DMSO) &: 23.5 (2C), 24.0 (4C), 24.4, 33.3, 38.9 (2C), 419.

123.0, 124.8 (2C), 129.6, 132.0, 132.3, 135.4,44161.1 (2C),

154.2."%F NMR (282 MHz, DMSO0)3 -148.3 (br. s), -148.3 (dd,
J=2.3, 1.1 Hz). HRMS calcd. (%) for,4H4ol: 421.1387; found:

421.1368.
4.3.4.(4-Ch|oropheny|2(2,4,6-triisopropylphenyl)iodonium
tetrafluoroborate 2d)**

1389, 1369, 1087, 1055, 1011, 817 trfH-NMR (300 MHz,
CDCly) &: 1.26 (12H, dJ = 6.8 Hz), 1.29 (6H, dJ = 7.0 Hz),

2.79 (1H, heptJ = 6.9 Hz), 3.26 (2H, heptl = 6.7 Hz), 7.20

(2H, s), 7.42 (2H, dJ = 8.9 Hz), 7.64 (2H, d] = 8.9 Hz).*C-

NMR (75 MHz, CDC}) 5: 23.6 (2C), 24.3 (4C), 32.4, 39.7 (2C),

108.6, 119.7, 125.5 (2C), 132.6 (2C), 133.9 (2G3p.Q, 152.7

(2C), 156.1°F NMR (282 MHz, CDG)): 5 -146.7 (br. s), -146.8

(dd,J = 3.3, 1.6 Hz).

4.3.5.Bis(4-methoxyphenyl)iodonium tetrafluorobora2e){®. m-
CPBA (6 mmol, 1.280 g) was dissolved in £H (20 mL). To
the solution was added 1-iodo-4-methoxybenzene ol,
1.264 g). The mixture was placed then on a pre-Uezitdath at
80 °C and stirred for 10 min. The mixture was coaled/8 °C. A

0 °C cooled mixture of BFOE} (13.6 mmol, 1.7 mL) and 4-

methoxybenzeneboronic acid (6 mmol, 912 mg) in 20 oh

CH,CI, was added dropwise. The resulting solution was dtate
-78 °C for 30 min Then was allowed to warm to room

temperature and was applied on a silica plug (12ng) eluted
with CH,CI, (2 x 50 mL) followed by CKCI,/MeOH (2 x 50
mL). The latter solution was concentrated and dieghiyer (40
mL) was added to the residue to induce precipitatibhe
solution was allowed to stir for 15 min, and then $odid was
filtered and washed several times with diethyl ethed then
dried in vacuo. Grey solid; yield 846 mg (37 %); m=p177-

180°C (Hexane); IR (KBr)v 1572, 1487, 1441, 1406, 1302,

1258, 1177, 1062, 1022, 825 ¢nH-NMR (300 MHz, DMSO)
8: 3.80 (6H, s), 7.07 (4H, d,= 9.2 Hz), 8.13 (4H, d] = 9.1 Hz).

®C-NMR (75 MHz, DMS0)3: 55.7 (2C), 105.9 (2C), 117.3

(4C), 136.8 (4C), 161.8 (2CYF NMR (282 MHz, DMS0O)3 -
148.2 (br. s), -148.3 (dd,= 2.3, 1.1 Hz).

4.4.General procedure for the direct arylation of heteyoles

To a stirred solution of the corresponding hetecteyl or 4,
0.5 mmol) in ethanol (1.5 mL) were added the cowesing
diaryliodonium tetrafluoroborate2( 1.5 mmol) and PdO-K®,

. White solid; yield 1.572 g (30 %); m.p.
= 180-181°C (Hexane); IR (KBr} 1585, 1570, 1471, 1427,

7.52 (1H, d,J = 8.1 Hz), 7.55-7.60 (1H, m), 7.85-7.90 (2H, m).
®C-NMR (75 MHz, CDC}) &: 101.3, 111.2, 120.9, 122.9, 124.2,
124.9 (2C), 128.5, 128.8 (2C), 129.2, 130.4, 15158,9.

4.4.3.Methyl 2-phenyl-1H-indole-7-carboxylate3g. White
solid; yield 104.4 mg (83 %); m.p. = 72-74°C (Hexan®
(ATR): v 3435, 1699, 1438, 1268 &m'H-NMR (300 MHz,
CDCly) &: 3.99 (3H, s), 6.85 (1H, d,= 2.4 Hz), 7.14 (1H, ) =
7.7 Hz), 7.30-7.35 (1H, m), 7.40-7.50 (2H, m), 7.7057(2H,
m), 7.80-7.90 (2H, m), 10.11 (1H, br SJC-NMR (75 MHz,
CDCly) &: 51.9, 99.5, 112.2, 119.4, 124.2, 125.3 (2C), 126.
128.0, 129.0 (2C), 130.3, 131.9, 136.9, 139.0, A6BIRMS
calcd. (%) for GgH1sNO,: 251.0946; found: 251.0951.

4.4.4.5-Fluoro-2-phenyl-1H-indole 3d)*. White solid; vyield
83.2 mg (79 %); m.p. = 175-177°C (Hexane); IR (ATIR3434,
1624, 1586, 1472, 1457 &ém'H-NMR (300 MHz, CDCY)) &:
6.77 (1H, ddJ = 2.0, 0.6 Hz), 6.93 (1H, m), 7.25-7.40 (3H, m),
7.40-7.45 (2H, m), 7.60-7.65 (2H, m), 8.30 (1H, br'¥-NMR
(75 MHz, CDC}) §: 100.0 (d,"Jcr = 4.7 Hz), 105.4 (FJcp =
23.6 Hz), 110.6 (d?Jcp = 26.4 Hz), 111.5 (FJcp = 9.7 H2),
125.2 (2C), 128.0, 129.1 (2C), 129.6 {#c r = 10.4 Hz), 132.0,
133.3, 139.6, 158.2 (dJcr = 235.0 Hz).

4.4.5.4-Bromo-2-phenyl-1H-indole 39*. White solid; yield
79.1 mg (58 %); m.p. = 100-102°C (Hexane); IR (ATR}443,
1597, 1568, 1456, 1452 ¢m'H-NMR (300 MHz, CDC})) a:
6.85 (1H, dJ = 1.8 Hz), 7.01 (LH, 8} = 7.9 Hz), 7.25-7.50 (3H,
m), 7.40-7.45 (2H, m), 7.60-7.65 (2H, m), 8.40 (1HsphrC-
NMR (75 MHz, CDC}) 8 100.1, 110.0, 114.5, 123.1 (2C), 125.2
(2C), 128.1, 129.0 (2C), 130.0, 131.6, 136.8, 138.4

4.4.6.3-(p-Tolyl)benzo[b]thiophene3f)'*% Colourless oil; yield
42 mg (38 %); IR (NaClv 1532, 1495, 1456, 1425, 1344, 1060,
1021, 819 cnit; *H-NMR (300 MHz, CDCY) &: 2.43 (3H, s), 7.29
(2H, d,J = 7.8 Hz), 7.35-7.40 (3H, m), 7.48 (2H,H= 8.0 Hz),
7.85-8.95 (2H, m)**C-NMR (75 MHz, CDC}) &: 21.2, 122.89,
122.94, 123.0, 124.2, 124.3, 128.6 (2C), 129.4 (2133.1,
137.3,138.0, 138.1, 140.7.

4.4.7.2-(p-Tolyl)benzofuran3g)*. White solid; yield 74 mg (71
%); m.p. = 115-117°C (Hexane); IR (KB®):1613, 1587, 1504,
1451, 1257, 1033, 801 ¢m'H-NMR (300 MHz, CDC}) &: 2.38
(3H, s), 6.94 (1H, s), 7.15-7.30 (4H, m), 7.50 (1H] €,7.9 Hz),
7.55 (1H, dJ = 7.0 Hz), 7.75 (2H, d] = 7.9 Hz)."*C-NMR (75
MHz, CDCk) &: 21.4, 100.5, 111.1, 120.7, 122.8, 124.0, 124.9
(2C), 127.8, 129.3, 129.5 (2C), 138.6, 154.8, 156.2

4.4.8.2-(o-Tolyl)benzofuran3h)*’. Colourless oil; yield 69 mg
(66 %); IR (NaCl):v 1605, 1575, 1489, 1473, 1454, 1259, 1019,
921, 805 crit; "H-NMR (300 MHz, CDC}) &: 2.56 (3H, s), 6.87
(1H, s), 7.15-7.35 (5H, m), 7.51 (1H, 8z 7.2 Hz), 7.58 (1H, d,



J = 6.7 Hz), 7.75-7.90 (1H, m§*C-NMR (75 MHz, CDCJ) &:
21.9, 105.1, 111.1, 120.9, 122.8, 124.2, 126.1,212828.5,
129.2,129.9, 131.2, 135.8, 154.4, 155.7.

4.4.9.2-(4-Chlorophenyl)benzofurarif*>. White solid; yield 63
mg (55 %); m.p. = 135-138°C (Hexane); IR (KBr)1602, 1581,
1487, 1450, 1404, 1256, 1104, 1094, 1031, 1010, 836 cni;
'"H-NMR (300 MHz, CDCY) &: 6.99 (1H, d,*J = 0.8 Hz), 7.22
(1H, td,J = 7.4 Hz,"J = 1.2 Hz), 7.29 (1H, td) = 7.7 Hz,"J =
1.6 Hz), 7.40 (2H, dJ = 8.8 Hz), 7.45-7.50 (1H, m), 7.55-7.60
(1H, m), 7.77 (2H, dJ = 8.7 Hz)."*C-NMR (75 MHz, CDC}) &:
101.7, 111.2, 121.0, 123.1, 124.5, 126.1 (2C), 928129.02
(2C), 129.05, 134.3, 154.8, 154.9.

4.4.10.2-(4-Methoxyphenyl)benzofuraBj)?>. White solid; yield
94 mg (84 %); m.p. = 147-148°C (Hexane); IR (KBr)1610,
1593, 1505, 1453, 1440, 1248, 1180, 1023, 835,cr8Y 'H-
NMR (300 MHz, CDCJ) &: 3.82 (3H, s), 6.85 (1H, s), 6.95 (2H,
d,J = 8.5 Hz), 7.15-7.30 (2H, m), 7.49 (1H,H= 7.6 Hz), 7.53
(1H, d,J = 7.1 Hz), 7.78 (2H, d] = 8.4 Hz)."*C-NMR (75 MHz,
CDCl) & 55.3, 99.7, 111.0, 114.2 (2C), 120.5, 122.8, 323.
123.7,126.4 (2C), 129.5, 154.7, 156.0, 160.0.

4.4.11.3-Phenylthiophenes8)**. White solid; yield 12.2 mg (15
%); m.p. = 91-92°C (Hexane); IR (ATRY: 3059, 3033, 1597,
1530, 1493 ci; "H-NMR (300 MHz, CDC}) &: 7.25-7.40 (2H,
m), 7.40-7.50 (4H, m) 7.60-7.65 (2H, nMJC-NMR (75 MHz,
CDCl) 8: 120.3, 126.2, 126.3, 126.4 (2C), 127.2, 128.8),2C
135.9, 142.4.

4.4.12.3,4-Diphenylthiophene5@’)'**. White solid; yield 29.0
mg (24 %); m.p. = 112-114°C (Hexane); IR (ATRB049, 3023,
1670, 1598, 1508 ¢t 'H-NMR (300 MHz, CDC}) &: 7.15-7.25
(10H, m), 7.31 (2H, s)*®*C-NMR (75 MHz, CDC}) &: 124.0,
126.9. 128.1 (2C), 129.0 (2C), 136.5, 141.7.

4.4.13.2-Bromo-4-phenylthiophene5l)®. White solid; yield
21.5 mg (18 %); m.p. = 48-50°C (Hexane); IR (ATR)3082,
3057, 1596, 1492, 1446 &m'H-NMR (300 MHz, CDC})) a:
7.30-7.35 (3H, m), 7.35-7.40 (2H, m), 7.50-7.55 (21, HC-
NMR (75 MHz, CDC}) 5: 112.9, 121.4, 126.2 (2C), 127.6, 128.9
(2C), 129.2, 134.9, 142.8.

4.4.14.3-Bromo-4-phenylthiophene5d)*. White solid; yield
60.9 mg (51 %); m.p. = 57-59°C (Hexane); IR (ATR)3058,
3030, 1600, 1523, 1482 &m’H-NMR (300 MHz, CDC})) a:

7.24 (1H, d,J = 3.5 Hz), 7.35 (1H, d] = 3.5 Hz), 7.40-7.45 (3H,
m), 7.45-7.50 (2H, m)**C-NMR (75 MHz, CDC}) &: 111.0,
123.4, 124.0, 127.8, 128.2 (2C), 129.0 (2C), 13542,0.

4.4.15.4-Phenyl-2,2'-bithiophenes()*>. Pale brown solid; yield
58.1 mg (48 %); m.p. = 72-74°C (Hexane); IR (ATR)3063,
3029, 1596, 1491 ¢y *H-NMR (300 MHz, CDCY) &: 7.02 (1H,
dd,J = 5.0, 3.7 Hz), 7.20-7.25 (2H, m), 7.30-7.35 (2H, M}5-
7.40 (2H, m), 7.44 (1H, d] = 1.4 Hz), 7.55-7.65 (2H, mj°C-
NMR (75 MHz, CDC}) 6: 119.1, 122.9, 123.9, 124.5, 126.3
(2C), 127.3, 127.8, 128.8 (2C), 135.5, 137.3, 13842.9.

4.5.General procedure for the preparation of the haleeth@)
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reduced’ pressure. Purification was done by column
chromatography using hexane/ethyl acetate (9:1)tumaz to
afford the halo ethe®

4.5.1.1-Bromo-2-(phenoxymethyl)benzenga)l’. White solid;
yield 3.085 g (73 %); m.p. = 39-40°C (Hexane); IRB(K v
1597, 1585, 1570, 1497, 1482, 1447, 1437, 13793,13045,
1171, 1154, 1056, 1044, 1024, 750 5cH-NMR (300 MHz,
CDCl) &: 5.14 (2H, s), 6.95-7.00 (3H, m), 7.15-7.20 (1H, m),
7.25-7.35 (3H, m), 7.55-7.60 (2H, mC-NMR (75 MHz,
CDCl) &: 69.3, 114.9 (2C), 121.2, 122.2, 127.5, 128.8,.1,29
129.5 (2C), 132.6, 136.4, 158.4.

4.5.2.1-Bromo-2-((4-methoxyphenoxy)methyl)benzene6b)*}
Colourless oil; yield 679 mg (93 %); IR (NaCl);:1593, 1570,
1506, 1465, 1455, 1441, 1381, 1230, 1108, 1042, B23 cn';
H-NMR (300 MHz, CDCJ) &: 3.76 (3H, s), 5.08 (2H, s), 6.84
(2H, d,J = 9.3 Hz), 6.92 (2H, dJ = 9.3 Hz), 7.17 (1H, dd] =
7.9 Hz,*J = 1.7 Hz), 7.32 (1H, ddl = 7.5 Hz,"J = 1.2 Hz), 7.56
(2H, app. t,J = 7.3 Hz)."”*C-NMR (75 MHz, CDC}) &: 55.7,
70.1, 114.7 (2C), 115.9 (2C), 122.3, 127.5, 12829.1, 132.6,
136.6, 152.6, 154.2.

4.5.3.1-Bromo-2-((p-tolyloxy)methyl)benzenéc)’. Colourless
oil; yield 605 mg (96 %); IR (NaCly 1586, 1570, 1510, 1441,
1380, 1297, 1239, 1044, 1025, 817, 747 'riH-NMR (300
MHz, CDCE) 5: 2.28 (3H, s), 5.09 (2H, s), 6.87 (2H, H= 8.5
Hz), 7.08 (2H, dJ = 8.6 Hz), 7.15 (1H, dd] = 7.7 Hz,"J = 1.5
Hz), 7.30 (1H, ddJ = 7.6 Hz,%J = 0.8 Hz), 7.50-7.60 (2H, m).
L3C-NMR (75 MHz, CDCJ) &: 20.5, 69.5, 114.7 (2C), 122.2,
127.5,128.8, 129.1, 129.9 (2C), .130.4, 132.5,8,366.3.

4.5.4.1-Bromo-2-((4-chlorophenoxy)methyl)benzene  6d).

Colourless oil; yield 667 mg (90 %); IR (NaCl);:1599, 1493,
1439, 1291, 1249, 1174, 1096, 1044 'griH-NMR (300 MHz,
CDCly) 8: 5.10 (2H, s), 6.90 (2H, d,= 9.0 Hz), 7.18 (1H, td] =

7.9 Hz,"J = 1.7 Hz), 7.24 (2H, d] = 9.1 Hz), 7.32 (1H, td] =

7.6 Hz,"J = 1.1 Hz), 7.51 (1H, d] = 7.7 Hz), 7.58 (1H, dd] =

7.9 Hz,%J = 1.1 Hz)."*C-NMR (75 MHz, CDC})) &: 69.7, 116.2
(2C), 122.3, 126.1, 127.6, 128.8, 129.36, 129.41),(232.7,
135.9, 157.0.

4.5.5.1-Bromo-2-((4-fluorophenoxy)methyl)benzete) Y. Pale
yellow oil; yield 540 mg (77 %); IR (NaCly. 1602, 1571, 1505,
1469, 1440, 1381, 1298, 1247, 1220, 1097, 104451827 cnil;
'H-NMR (300 MHz, CDC}) &: 5.09 (2H, s), 6.85-7.05 (4H, m),
7.18 (1H, tdJ = 7.9 Hz,"J = 1.7 Hz), 7.32 (1H, td] = 7.6 Hz,J
=1.2 Hz), 7.52 (1H, d] = 7.7 Hz), 7.57 (1H, ddl = 7.9 Hz,"J =
1.1 Hz).®C-NMR (75 MHz, CDCJ) &: 70.1, 115.9 (2C, )¢

= 21.2 Hz), 116.0 (2C, d)cp = 10.0 Hz), 122.3, 127.6, 128.9,
129.3, 132.6, 136.1, 154.6 (@cp = 2.1 Hz), 157.5 (dJcp =
238.8 Hz)."F NMR (282 MHz, CDCJ): 8 -123.3 (tt,*Jp = 8.0
Hz, ,"Jpup = 4.5).

4.5.6.1-Bromo-2-((3-fluorophenoxy)methyl)benzeré)*f. Pale
yellow oil; yield 616 mg (88 %); IR (NaCly 1611, 1595, 1490,
1440, 1280, 1263, 1166, 1136, 1027, 748 ci-NMR (300
MHz, CDCL) &: 5.18 (2H, s), 6.85-7.15 (4H, m), 7.17 (1H, d,
= 7.9 Hz,"J = 1.7 Hz), 7.32 (1H, td) = 7.6 Hz,"J = 1.2 Hz),

The haloethers were prepared following the procedure 55765 (2H, m)*C-NMR (75 MHz, CDCJ) 5: 70.6, 115.7 (d,

described by Fagncet al*®

To a mixture of potassium carbonate (5 mmol, 690 any
the appropriate phenol (5 mmol), was added acetomal(. To
the stirring mixture was added the required behzghmide (2.5
mmol) followed by heating to 50 °C overnight. Theaaton
mixture was then cooled to room temperature, pounta a
solution of NaOH (2M), and extracted three times wititee The
organic extracts were dried over MgSé&hd concentrated under

“Jep = 1.6 Hz), 116.3 (FJcp = 18.2 Hz), 121.7 (FJcr = 6.9
Hz), 122.1, 124.3 (fJcp = 3.9 Hz), 127.6, 128.8, 129.3, 132.5,
135.9, 146.5 (d*Jcp = 10.6 Hz), 152.9 (dJcp = 246.0 Hz).
F NMR (282 MHz, CDG)): 5-133.9 (m).

4.5.7.1-Bromo-2-((2-fluorophenoxy)methyl)benzene  6g)¥.
Colourless oil; yield 576 mg (82 %); IR (NaCl);:1591, 1571,
1504, 1456, 1442, 1380, 1313, 1284, 1260, 12060,11024,
745 cm'; 'H-NMR (300 MHz, CDC}) &: 5.11 (2H, s), 6.60-6.80
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(3H, m), 7.15-7.25 (2H, m), 7.33 (1H, tll= 7.6 Hz,"J = 1.2
Hz), 7.52 (1H, dJ = 7.7 Hz), 7.58 (1H, dd, J = 7.9 H3,= 1.1
Hz). *C-NMR (75 MHz, CDCJ) &: 69.6, 102.8 (d%Jcp = 24.9
Hz), 108.1 (dJcp = 21.4 Hz), 110.6 (dJcp = 2.9 Hz), 122.3,
127.6, 128.9, 129.4, 130.3 (Micr = 10.0 Hz), 132.7, 135.8,
159.8 (d,%Jcp = 10.9 Hz), 163.6 (dJcr = 245.5 Hz)."F
NMR (282 MHz, CDCJ): 5-111.4 (m).

4.5.8.1-Bromo-2-(phenoxymethyl)-4-(trifluoromethyl)benzene
(6h). White solid; yield 823 mg (99 %); m.p. =

(Hexane); IR (KBr):v 1600, 1586, 1498, 1484, 1459, 1449,

1417, 1342, 1304, 1248, 1173, 1154, 1128, 106(2,1924, 831
cm’; '"H-NMR (300 MHz, CDC}) &: 5.10 (2H, s), 6.95-7.05 (3H,
m), 7.31 (2H, tJ = 7.8 Hz), 7.41 (1H, d] = 8.3 Hz), 7.67 (1H, d,
J = 8.3 Hz), 7.86 (1H, s)°C-NMR (75 MHz, CDC}) 5: 68.8,
114.9 (2C), 121.6, 123.8 (Hlcp = 272.4 Hz), 125.5 (FJcp =
3.8 Hz), 125.73, 125.74 ({5 = 3.8 Hz), 129.6 (2C), 130.2 (q,
Jer = 33.0 Hz), 133.1, 137.7, 158.F NMR (282 MHz,
CDCly): 6-62.6 (s).

4.5.9.2-Bromo-4-fluoro-1-(phenoxymethyl)benzene 6i). (
Colourless oil; yield 548 mg (78 %); IR (NaCl):1601, 1496,
1457, 1304, 1238, 1171, 1054, 1032, 812, 752;ciH-NMR

Tetrahedron

7.53 (1H, dJ = 1.7 Hz), 7.68 (1H, dJ = 7.6 Hz).C-NMR (75
MHz, CDCL) &: 20.9, 685, 117.1, 121.9, 122.6, 123.6, 124.6,
127.5,128.3, 130.1, 130.3, 131.3, 131.6, 152.6.

4.6.4.2-Chloro-6H-benzo[c]chromene 7¢)*". Colourless oil;
yield 93 mg (86 %); IR (NaCly 2842, 1591, 1487, 1445, 1408,
1249, 1259, 1247, 1200, 1093, 1020, 815"'chii-NMR (300
MHz, CDCH) &: 5.10 (2H, s), 6.91 (1H, d,= 8.6 Hz), 7.14 (1H,
d,J = 7.5 Hz), 7.17 (1H, dd] = 8.6 Hz,J = 2.5 Hz), 7.30 (1H,

70-72°C td, J = 7.4 Hz,"J = 1.3 Hz), 7.38 (1H, td) = 7.6 Hz,"J = 1.4

Hz), 7.64 (1H, dJ = 7.5 Hz), 7.67 (1H, d] = 2.5 Hz)."*C-NMR
(75 MHz, CDC}) & 68.5, 118.7, 122.1, 123.1, 124.3, 124.7,
127.1, 128.3,128.6, 129.1, 131.3 (2C), 153.3.

4.6.5.2-Fluoro-6H-benzo[c]chromene 7§*. Colourless oil;
yield 92 mg (92 %); IR (NaCly 2842, 1619, 1577, 1495, 1448,
1426, 1285, 1247, 1173, 1021, 902, 867, 815;¢M-NMR (300
MHz, CDCE) &: 5.08 (2H, s), 6.85-6.95 (2H, m), 7.14 (1HJd
7.3 Hz), 7.30 (1H, t) = 7.4 Hz), 7.35-7.40 (2H, m), 7.60 (1H, d,
J = 7.7 Hz)."®C-NMR (75 MHz, CDC}) &: 68.5, 109.6 (d?Jcr)
= 24.2 Hz), 115.8 (dJcp = 23.5 Hz), 118.4 (F)cr = 8.3 H2),
122.2, 124.1 (d¥cp = 8.1 Hz), 124.7, 128.3, 128.5, 129.4 (d,
*Jep = 2.2 Hz), 131.5, 150.7 (@cr = 2.0 Hz), 158.2 (dJcp

(300 MHz, CDC}) &: 5.08 (2H, s), 6.90-7.10 (4H, m), 7.25-7.35 = 238.9 Hz)'°F NMR (282 MHz, CDGJ): & -121.5.

(3H, m), 7.52 (1H, ddJ = 8.6, 6.0 Hz).®*C-NMR (75 MHz,
CDCly) &: 68.8,.114.7 (d*cr = 21.0 Hz), 114.9 (2C), 119.9 (d,
2Jcr = 24.6 Hz), 121.3, 122.4 ()cp = 9.6 Hz), 129.6 (2C),
130.0 (d.Jcp = 8.5 Hz), 132.3 (dJcr = 3.5 Hz), 158.3, 161.9
(d, Jcp = 250.6 Hz)."F NMR (282 MHz, CDG)): & -112.5
(m).

4.6.General procedure for the intramolecular direct artyden

To a stirred solution of the corresponding arege@(5 mmol)

4.6.6.1-Fluoro-6H-benzo[c]chromene 7f) and 3-Fluoro-6H-
benzo|[c]chromene7f’) (45:55).Colourless oil; yield 89 mg (89
%); IR (NaCl): v 2842, 1618, 1591, 1508, 1486, 1459, 1440,
1262, 1144, 1039, 1025, 966, 793, 763'cir-NMR (300 MHz,
CDCl,) &: 5.07 (2H, s), 5.12 (2H, s), 6.65-6.85 (4H, m), 7.10-
7.20 (3H, m), 7.25-7.45 (4H, m), 7.63 (1H,X5 7.8 Hz), 7.67
(1H, dd,J = 8.6, 6.4 Hz), 8.04 (1H, d,= 7.8 Hz)."*C-NMR (75
MHz, CDCL) 8: 68.7, 68.8, 104.8 (dJcr = 24.3 Hz), 109.3 (d,
Jep = 22.0 Hz), 109.7 (fJcp = 23.3 Hz), 112.3 (cp =

in N,N-dimethylacetamide (2 mL) were added KOAc (1 mmol, 37 Hz), 113.1 (d4J(c 5 = 3.2 Hz), 119.2 (d4J(c 5 = 3.2 Hz)
98 mg) and PdO-K®, (180 mg, 10 mol% Pd). The mixture was 121 7 124.4 (d¥cp = 10.0 Hz), 124.6, 124.7, 126.2, 126.3,

stirred at 140 °C for 48 h. The catalyst was remdwed magnet
and the mixture was quenched with water and extrasi¢u
ethyl acetate (3 x 10 mL). The organic phases weigs dver

MgSQ,, followed by evaporation under reduced pressure tqg3 3

remove the solvent. The corresponding prodictgere usually
purified by chromatography on silica gel (hexartbykacetate).

127.0 (d,Jcp = 3.0 Hz), 127.5, 127.9 (W) cp = 1.1 Hz), 128.5,
129.0 (d.Jcp = 11.1 Hz), 129.5, 130.4, 131.5, 156.0%0 5 =
12.1 Hz), 156.6 (Jicr = 6.6 Hz), 160.7 (dJcr = 250.7 Hz),
(d,"3cp = 247.3 Hz) F NMR (282 MHz, CDCJ): & -
111.5 (m), 115.1 (m). HRMS calcd. (%) for:8sFO: 199.0559;
found: 199.0551.

36 B
4.6.1.6H-Benzo[c]chromene7g)™. Colourless oil; yield 71 mg 4 g 7 4-Fluoro-6H-benzo[c]chromene7§). Colourless oil; yield

(78 %); IR (NaCl):v 2842, 1607, 1594, 1487, 1440, 1245, 1198

1018, 755 cit; *H-NMR (300 MHz, CDC}) &: 5.09 (2H, s), 6.98
(1H, dd,J = 8.1 Hz,"J = 1.2 Hz), 7.03 (1H, td) = 7.5 Hz,"J =
1.3 Hz), 7.11 (1H, dJ = 7.4 Hz), 7.20-7.25 (2H, m), 7.34 (1H,
td, J = 7.6 Hz,"J = 1.4 Hz), 7.67 (1H, dJ = 7.5 Hz), 7.71 (1H,
dd,J = 7.7 Hz,J = 1.6 Hz)."®C-NMR (75 MHz, CDCJ)) 5: 68.4,
117.3, 122.0, 122.1, 122.9, 123.3, 124.6, 127.8.412129.4,
130.1, 131.4, 154.8.

4.6.2.2-Methoxy-6H-benzo[c]chromene7t)®. Colourless oil;
yield 79 mg (75 %); IR (NaCly 2835, 1614, 1572, 1496, 1450,
1219, 1194, 1049, 1037 &m'H-NMR (300 MHz, CDCY)) &:
3.84 (3H, s), 5.07 (2H, s), 6.81 (1H, dds 8.8 Hz,J = 2.9 Hz),
6.94 (1H, dJ = 8.8 Hz), 7.16 (1H, d] = 7.4 Hz), 7.25-7.30 (2H,
m with td at 7.30J = 7.4 Hz,J = 1.2 Hz), 7.38 (1H, td) = 7.6
Hz, %3 = 1.3 Hz), 7.66 (1H, d) = 7.5 Hz)."*C-NMR (75 MHz,
CDCl) &: 55.8, 68.6, 108.3, 115.0, 118.0, 122.1, 123.6,.7,2
127.8,128.4,130.2, 131.9, 148.9, 154.8.

4.6.3.2-Methyl-6H-benzo[c]chromene 7¢)*". Colourless oil;
yield 84 mg (86 %); IR (NaCly 2840, 1607, 1593, 1573, 1498,
1449, 1246, 1199, 1021 &m*H-NMR (300 MHz, CDC})) a:
2.36 (3H, s), 5.08 (2H, s), 6.88 (LH, Xk 8.2 Hz), 7.03 (1H, dd,
J=8.2Hz1=2.0Hz), 7.13 (1H, d] = 7.4 Hz), 7.26 (LH, td]

= 7.4 Hz,"J = 1.2 Hz), 7.36 (1H, td) = 7.6 Hz,"J = 1.1 Hz),

‘87 mg (87 %); IR (NaCl)v 2843, 1617, 1593, 1575, 1488, 1467,

1438, 1299, 1279, 1258, 1221, 1014, 900, 753;cH-NMR
(300 MHz, CDC}) &: 5.19 (2H, s), 6.97 (1H, td)4 ) = 8.0 Hz,
I = 5.1 Hz), 7.04 (1H, ddd) 5 = 10.1 Hz Jppy = 8.1 Hz,
I = 1.6 Hz), 7.17 (IH, dJupy = 7.4 Hz), 7.31 (1H, tdIpp
= 7.4 Hz,"Jppy = 1.3 Hz), 7.39 (IH, tdJpp = 7.4 HZ, I =
1.3 Hz), 7.49 (1H, dtu = 7.8 HZ, Y = Jp = 1.3 H2),
7.68 (1H, d,°Jup = 7.5 Hz)."®*C-NMR (75 MHz, CDC})) &:
68.7, 115.9 (d?Jcp = 18.2 Hz), 118.4 (dJcr = 3.5 Hz), 121.6
(d, 3Jcp = 7.2 Hz), 122.3, 124.8, 125.4 (Ucp = 2.1 H2),
128.2, 128.6, 129.3 (d)cp = 3.2 Hz), 131.1, 142.6 (QJcp =
11.5 Hz), 152.1 (d}Jcp = 245.5 Hz)."F NMR (282 MHz,
CDCly): 8 -136.0 (dddJpr = 10.2 Hz,'Jpp = 5.2 Hz, Iy =
1.1 Hz). HRMS calcd. (%) for GHgFO: 199.0559; found:
199.0559.

4.6.8.8-(Trifluoromethyl)-6H-benzo[c]chromene7H)*. White
solid; yield 105 mg (87 %); m.p. = 68-70 °C (Hexanky
(NaCl): v 2851, 1607, 1483, 1424, 1333, 1246, 1164, 1078, 75
cm’; "H-NMR (300 MHz, CDC}J) 8: 5.14 (2H, s), 7.02 (1H, dd,

= 8.1 Hz,"J = 0.9 Hz), 7.08 (1H, td) = 7.6 Hz,"J = 1.2 Hz),
7.30 (1H, tdJ = 7.8 Hz,"J = 1.5 Hz), 7.41 (1H, s), 7.61 (1H, d,
=8.3 Hz), 7.74 (1H, ddl = 8.0 Hz,"J = 1.5 Hz), 7.77 (1H, d] =

9.0 Hz).™C-NMR (75 MHz, CDC})) &: 68.0, 117.6, 121.6, 121.7



(@, Ycp = 3.8 Hz), 122.3, 122.4, 123.8, 124.1 (§e r, = 272.1
Hz), 125.3 (9. Jcp = 3.8 Hz), 129.5 (J.c ) = 32.6 Hz), 130.7,
131.8, 133.7, 155.1%F NMR (282 MHz, CDGJ): 5 -62.5.

4.6.9.9-Fluoro-6H-benzo[c]chromene 7{)*. Colourless oil;
yield 77 mg (77 %); IR (NaCly 2846, 1598, 1574, 1504, 1455,
1422, 1246, 1180, 1040, 1015, 757 trfH-NMR (300 MHz,

CDCly) §: 5.07 (2H, s), 6.90-7.15 (4H, m), 7.20-7.30 (1H, m),

7.35 (1H, dd,SJ‘EHVF) = 9.9 Hz,"Ju = 2.5 Hz), 7.63 (1H, dd,
Jpumy = 7.7 HZ," Iy = 1.5 Hz).”C-NMR (75 MHz, CDC})) &:

67.9, 109.0 (d2Jcp

23.2 Hz), 114.3 (d¥cp = 22.1 Hz),

117.5, 122.1 (d}cr = 2.5 Hz), 122.3, 123.5, 126.2 Wcp =
8.5 Hz), 127.0 (dJcp = 2.9 Hz), 130.1, 132.3 (d)cp = 8.3
Hz), 154.7, 163.1 (dJcr = 244.8 Hz)."F NMR (282 MHz,
CDCly): 6-113.5 (m).

Acknowledgements

The authors thank the Irish Research Council (F8€)ence

Foundation

Ireland (SFI/12/IP/1315 and SFI/12/RCE)2

Spanish Ministerio de Economia y Competitividad QVNIN;
CTQ2011-24151, University of Alicante and MICINN FPI
program (JMP).

Supplementary data

Catalyst full characterisation data can be found tfae
supplementary data associated with article.

References and notes

©o~N

10.

11.

12.

13.
14.

Horton, D. A.; Bourne, G. T.; Smythe, M. Chem. Rev2003
103 893-930.

Negishi, E.Handbook of Organopalladium Chemistry for Organic
SynthesisWiley: New York, 2003.

(a) Alberico, D.; Scott, M. E.; Lautens, @hem. Rev2007, 107,
174-238; (b) Ackermann, L.; Vicente, R.; Kapdi, R. Angew.
Chem. Int. Ed.2009 48, 9792-9826; (c) McGlacken, G. P;
Bateman, L. MChem. Soc. Re2009 38, 2447—-2464.

Godula, K.; Sames, [Bcience2006 312 67-72.

(@) Trost, B. M.;Sciencel991, 254 1471-1477; (b)Green
Chemistry: Designing Chemistry for the Environméuatastas, P.
T.; Wililamson, T. C., Eds.; American Chemical Sxyi
Washington, DC, 1996; (c) Trost, B. Mcc. Chem. Re002
35, 695-705; (d) Sheldon, R. A.; Arends, |; Hanefdltd,Green
Chemistry and CatalysisWiley—VCH: Weinheim, Germany,
2007; (e) Guillena, G.; Ramoén, D. J.; Yus Ahgew. Chem. Int.
Ed. 2007, 46, 2358-2364; (f) Guillena, G.; Ramén, D. J.; Yus M.
Chem. Rew201Q 110, 1611-1641.

For recent reviews see: (a) Mousseau, J. J.; Ghaet B. Acc.
Chem. Re2013 45, 412-424; (b) Shibahara, F.; Murai, T. Asian
J. Org. Chem.2013 8, 624-636; (c) Yuan, K; Doucet, H.
ChemCatChen2013 5, 3495-3496; (d) Rossi, R.; Bellina, F.;
Lessi, M.; Manzini, CAdv. Synth. CataR014 356, 17-117; (e)
Rossi, R.; Bellina, F.; Lessi, M.; Manzini, C; Pgoe L. A.
Synthesi®014 46, 2833-2883; (f) El Kazzouli, S.; Koubachi, J.;
El Brahmi, N.; Guillaumet, GRSC Adv2015 5, 15292-15327;
(g) Liang, Y.; Wnuk, S. PMolecules2015 20, 4874-4901.

de Vries, J. GDalton Trans2006 421-429.

Garret, C. E.; Prasad, Rdv. Synth. CataR004 346, 889-900.
Ross, JHeterogeneous Catalysis Fundamentals and Appliegtio
Elsevier: Amsterdam, 2012.

Cano, R.; Schmidt, A. F.; McGlacken, G.®hem. Sci2015 6,
5338-5346.

(a) Djakovitch, L.; Dufaud, V.; Zaidi, RAdv. Synth. Catak006
348 715-724; (b) Cusati, G.; Djakovitch, Tetrahedron Lett.
2008 49, 2499-2502;

(a) Wang, L.; Yi, W.-b.; Cai, CChem. Commur2011, 47, 806—
808.; (b) Areephong, J.; Hendsbee, A. D.; Welch,CGNew J.
Chem 2015 39, 6714-6717.

Huang, Y.; Lin, Z.; Cao, RChem. Eur. J2011, 17, 12706-12712.
(a) Tang, D.-T. D.; Collins, K. D.; Glorius, B. Am. Chem. Soc.
2013 135 7450-7453; (b) Tang, D.-T. D.; Collins, K. D.;n&t, J.
B.; Glorius, F.Angew. Chem. Int. ER014 53, 1809-1813;
Collins, K. D.; Honeker, R.; Vasquez-Céspedes,Tang, D.-T.

15.

16.

17.

19.

20.

21.

22.

23.

24,

25.

27.
28.

29.

30.
31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

9

D.; Glorius, F.Chem. Sci2015 6, 1816-1824; (d) Hayashi, S.;
Kojima, Y.; Koizumi, T.Polym. Chem2015 6, 881-885.
Malmgren, J.; Nagendiran, A.; Tai, C.-W.; Backvall,-E.;
Olofsson, BChem. Eur. J2014 20, 13531-13535.

Lee, J.; Chung, J.; Moon Byun, S.; Moon Kim, B.;eLeC.
Tetrahedror2013 69, 5660-5664.

Baumann, C. G.; De Ornellas, S.; Reeds, J. P.;r,StorE.;
Williams, T. J. Fairlamb, 1. J. Setrahedror2014 70, 6174.

(a) Zzhang, W.; Zeng, Q,; Zhang, X.; Tian, Y.; Yi&; Guo, Y.;
Wang, Z.J. Org. Chem?2011, 76, 4741-4745. Zhang, W.; Tian,
Y.; Zhao, N.; Wang, Y.; Li, J.; Wang, Z.etrahedron2014 70,
6120-6126; (c) Keshipour, S.; Shaabani,Appl. Organometal.
Chem.2014 28, 116-119; (c) Le, H. T. N.; Nguyen, T. T.; Vu, P.
H. L.; Truong, T.; Phan, N. T. 9. Mol. Catal. A: Chem2014
391, 74-82.

Phan, N. T. S.; Nguyen, C. K.; Nguyen, T. T.; Trgoil. Catal.
Sci. Technol2014 4, 369-377.

Zoeller, J.; Fabry, D. C.; Rueping, MCS Catal2015 5, 3900—
3904.

Liu, H.; Yin, B.; Gao, Z.; Li, Y.; Jiang, HChem. Commur2012
48, 2033-2035.

(a) Martinez, R.; Ramon, D. J.; Yus, Mdv. Synth. CataR008
350, 1235-1240; (b) Martinez, R.; Ramoén, D. J.; Yus,Ofg.
Biomol. Chem2009 7, 2176-2181; (c) Cano, R.; Ramoén, D. J.;
Yus, M. Synlett2011, 2017-2020; (d) Cano, R.; Yus, M.; Ramon,
D. J.Tetrahedror2013 69, 7056—7065.

(a) Aliaga, M. J.; Ramén, D. J.; Yus, Mdrg. Biomol. Chem.
201Q 8, 43-46; (b) Cano, R.; Ramén, D. J.; Yus, 8M.Org.
Chem.201Q 75, 3458-3460; (c) Cano, R.; Ramon, D. J.; Yus, M.
Tetrahedron2011, 67, 5432-5436; (d) Cano, R.; Ramén, D. J;
Yus, M. J. Org. Chem2011, 76, 5547-5557; (e) Cano, R.; Yus,
M.; Ramon, D. JTetrahedror2011, 67, 8079-8085; (f) Cano, R.;
Yus, M.; Ramén, D. JTetrahedron2012 68, 1393-1400; (g)
Cano, R.; Yus, M.; Ramoén, D. ACS Catal2012 2, 1070-1078;
(h) Cano, R.; Yus, M.; Ramén, D. Chem. Commur012 48,
7628-7630; (i) Pérez, J. M.; Cano, R.; Yus, M.; RanD. J.Eur.

J. Org. Chem2012 4548-4554; (j) Pérez, J. M.; Cano, R.; Yus,
M.; Ramon, D. JSynthesi2013 45, 1373-1379; Cano, R.; Pérez,
J. M.; Ramon, DJ. Appl. Catal. A: Gen2014 470, 177-182; (k)
Pérez, J. M.; Cano, R.; Ramén, DREC Adv2014 4, 23943—
23951; () Pérez, J. M.; Ramon, DAllv. Synth. CataR014 356,
3039-3047; m) Marset, X.; Pérez, J. M.; Ramén, DGrken
Chem.2015 DOI 10.1039/C56C01745A.

Collins, G.; Schmidt, M:, O’'Dwyer, C; Holmes, J.;McGlacken,
G. P.Angew. Chem. Int. E@014 53, 4142-4145.

Pal, J.; Pal, TNanoscale€2015 7, 14159-14190.

(&) van de Sandt, E. J. A. X.; Wiersma, A.; Makkbkk; van
Bekkum, H.; Moulijn, J. AAppl. Catal. A Gen1998 173 161—
173; (b) Urbano, F. J.; Marinas, J. Nl.. Mol. Catal. A Chem.
2001, 173, 329-345; (c) Kar, P.; Mishra, B. &.Clust. Sci2014
25,1463-1478.

Campeau, L.; Fagnou, IChem. Commur2006 1253-1264.
Bielawski, M.; Aili, D.; Olofsson, B.J. Org. Chem2008 73,
4602-4607.

Phipps, R. J.; Grimster, N. P.; Gaunt, M.JJ.Am. Chem. Soc.
2008 130 8172-8174.

Funaki, K.; Sato, T.; Oi, rg. Lett.2012 14, 6186-6189.
Guilarte, V.; Castroviejo, M. P.; Garcia-Garcia; Pernandez-
Rodriguez, M. A.; Sanz, R. Org. Chem2011, 76, 3416-3437.
Rao, M. L. N.; Jadhav, D. N.; Dasgupta, Bur. J. Org. Chem.
2013 781-788.

Denmark, S. E.; Smith, R. C.; Chang, W.-T. T.; Maihd. M. J.
Am. Chem. So2009 131, 3104-3118.

Schnapperelle, I.; Bach, ThemCatCher013 5, 3232-3236.
Varello, S.; Handy, S. TSynthesi2009 1, 138-142.

Parisien, M.; Valette, D.; Fagnou, K. Org. Chem2005 70,
7578-7584.

Sun, C.-L.; Gu, Y.-F.; Huang, W.-P.; Shi, Z.&hem. Commun.
2011, 47, 9813-9815.

Campeau, L.-C.; Parisien, M.; Jean, A.; Fagnou).KAm. Chem.
Soc.2006 128 581-590.

Barluenga, J.; Fafianas, F. J.; Sanz, R.; Fernaid&hem. Eur.
J.2002 8, 2034-2046.

Manley, D. W.; McBurney, R. T.; Miller, P.; Waltod, C.J. Org.
Chem.2014 79, 1386-1398.

Xie, H.; Lin, F.; Lei, Q.; Fang, WOrganometallics2013 32,
6957-6868.



