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1. Introduction

The application of ionic liquids (ILs) in catalytieactions
has grown continuously over the years due to theique

features. lonic liquids have been used as solvents in a

variety of reactions such as Diels-AldeEriedel-Crafts’
Heck! Suzuki coupling, hydroformylatio§ and
hydrogenation reactiorfsAlso many electrolytes based on
ionic liquids have been develop&drheir application as
electrolytes shows their potential in electrochahic
reactions and solvents for oxidative reactions.niplas for
the latter are the Ni(acaejatalysed aerobic oxidation of
aromatic aldehydes, the TEMPO catalyzed aerobic
oxidation of alcoholg,the palladium-catalyzed oxidation of
styrené® and benzyl alcohdl and the N-
hydroxyphthalimide-catalyzed oxidative productionf o
phthalic acids from xylen€$. The application as solvents in
these reactions is beneficial, since problematit laarmful
molecular solvents can be exchanged with the ibgigds.

In comparison to many conventional used solventsiyma
ionic liquids have a low vapor pressure, excellsivation
properties for salts, are not flammable or explesizan be
easily handled and recycléd.

Although ionic liquids can be used as solvents f@any
reactions, there can be limits to their applicatiore to their
own reactivity with some reagents under certairctiea

conditions'* Especially the most common used ILs based on

1,3-dialkylimidazolium ions can be deprotonated emd
basic condition$®° or oxidized via C-H bond activation to
give carbene species and carbene complexes iréksence

of a metaf****® Hence, ionic liquids are rarely applied as

solvents in oxidative C-H functionalizatiohs.Yet, with
Cp*-Rhodium complexes C-H bond activations
[BMIM][NTf ;] are possiblé® In addition, a manganese
complex in [HMIM][OTf] could be applied as a catatyin
an oxime-directed C-H amidatioh.  For
tetraalkylammonium salts dealkylations have begonted
for harsh conditions, which can be of thermal oeroical
nature® In the catalytic hydrodimerization of butadiend; P
(I) species are used as catalysts, which are inlinet in
ILs. In this case, dealkylations of imidazolium-edsILs
could be observed at higher temperatdtds. case of the
base-catalyzed Baylis-Hillman reaction the ioniqulds
based on 1-butyl-3-methylimidazolium cations
deprotonated to their corresponding carbenes, whacict
with benzaldehyde resulting in the inhibition o&tHesired
reaction and make the recycling of the ILs impdssib

Yet, the base-initiated deprotonation of the C-2itpon for
the generation of N-heterocyclic carbenes is ddsiifethe
latter are used as ligands in transition-metaligadal

in
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synthesis of biaryl moieties was us@do evaluate different
ionic liquids in an oxidative C-H activation reamtifor a C-
C bond formation. The best oxidants for oxidatiw€ ®ond
formations are environmental friendly compoundse lik
oxygen or salts based on iron which are non-tociieap,
easy to handle and readily availaBldn comparison to
other techniques no additional steps are needadrtaduce
reacting functional groups in C-H activations. TWigy time
and materials can be saved and waste is avéid&te
biaryl moiety is an essential part for a variety raftural
products, agrochemicals, ligands or pharmaceutitals
Hence, environmental friendly and resource savieghods
for the synthesis of these moieties are highlyrdegé.

2. Results and discussion

The oxidative homocoupling reaction was investigatéth
2-phenylpyridine 1), a ruthenium catalyst and iron(lll)
chloride as oxidant which gives the product 2,xgiidin-
2-yl)-1,1'-biphenyl 2) (Scheme 1). An improved reaction
protocol towards2 would be desirable since so far
chlorobenzene and a sensitive ruthenium complealyit
were reported as optimal conditions for this react?

RuCly

oxidant, solvent
_—

110 °C, t

N/

Scheme 1

First, the impact of different ionic liquids (Scher) on the
homocoupling of 1 was examined. The results are
summarized in Table 1. In order to obtain a basdior the
study, a literature known procedure was repeatetl Wi
mol% RuCk as catalyst and FeClas oxidant in
chlorobenzene as solvent. A yield of 6% was obthine
(Table 1, Entry 2) which is slightly lower comparéd a
reported 27% in the literature for these conditi¢hable 1,

areEntry 1)?° With the established reference point initially the

oxidizing agent FeGlwas replaced with different iron-based
ionic liquids, since the later were catalyzing aidation in

a preceding work® [BMIM][FeCl,] (3) and
[THTDP][FeCl] (4) were applied as oxidants in the
reaction. Both ILs increased the yields of the tieacto
24% with 3 and 42% with4 (Table 1, Entries 3-4).
[BMIM][Fe ,Cl;] (5) with a higher FeGlcontent resulted in

reactions! E.g. Pd-catalyzed cross-couplings in ILs area yield of 33 % (Table 1, Entry 6). After exploritige iron-

improved via this proce€8 However, under these condition
the recycling of the ILs is compromised, and in sorases
the carbene complexes may also hinder the reaction.

As part of our effort on ionic liquid¥?* we recently
reported the application of an iron-based IL aslygat and
oxidant in a dehydrogenation reactfnin the presented
work a transition metal catalyzed C-H bond actwati
followed by a C-C bond formation for the resouremisg

based ILs as oxidants, the influence of water enréaction
had to be considered. By changing from anhydro@fe

its hexahydrate analogue a yield of 78% was isdléi@ble

1, Entry 6), which makes the latter system moriiefiit for
the oxidation than the applied metallic ionic lidsi Hence,
for further reactions Fegl6 H,O was the oxidant of choice.
In order to start the examination of different mtiquids in
the oxidative C-C bond formation via C-H activatitime
problematié’ and volatile chlorobenzene was replaced with



various ionic liquids. While [BMIM][CI] 6), [BMIM][PF¢] RuCls
(7), and [BMIM][OAc] (8) did not support the reaction — oxidant, solvent
(Table 1, Entries 7-9) and no conversion was oleskrv }\1 Tm’
[BMIM][BF 4] (9) gave a yield of 60% (Table 1, Entry 10) ’
and [BMIM][NTf,] (10) a yield of 66% with a reaction time
of 48 h (Table 1, Entries 10,11). 1 2
Table 1.Homocoupling reaction of 2-phenylpyridide
Entry? Oxidant Solvent t[h]  Yield [%]
. NN . [BMIM][FeCly] 3 1° FeCh CeHeCl 16 27
Y Me [BMIM][Fe,Cl7] § 2 FeC} CoHsCl 16 6
[BMIM][CI] 6 3 3 CeHsCl 16 24
[BMIM][PFg] 7 4 4 CeHsCl 16 42
[BMIM][OAC] 8 5 5 CeHsCl 16 33
[BMIM][BF,] 9 6 FeCh- 6 HO GeHsCl 16 78
[BMIMJINTA,] 10 7 FeCl- 6 HO [BMIM][CI] 6 16 -
8 FeCl - 6 HO [BMIM][PF¢] 7 16
DR! A@ [THTDP][FeCl,] 4 9 FeCt - 6 HO [BMIM][OAC] 8 16 -
R2-P—R! [THTDP][NTf,] 13 10 FeCi- 6 HO [BMIM][BF 4] 9 48 60
é1 [THTDPJ[CI] 14 11 FeCi - 6 HO [BMIM][NTf ;] 10 48 66
12 FeC} - 6 HO EAN11 16 -
® O 13 FeC} 6 HO [TBP][CI] 12 16
~NHzA EAN 11 14 FeCi- 6 HO [THTDP][NTf] 13 16 -
15 FeC} - 6 HO [THTDP][CI] 14 16 17
@ o 16 FeCl- 6 HO  [BUEGN][NTf,] 15 16 45
Bu ¢ [TBPI(CI] 12 17 FeCl - 6 HO  [BUEGN][NTf,] 15 24 60
Bu—P—Bu 18 FeCl 6 HO  [BUEGN][NTf,] 15 48 83
Bu 19 FeCl- 6 HO  [BUEGN][NTf,] 15 72 66
® 20 FeCl- 6HO  [BUE&N][PFe 16 48 12
Et A@ [BUEt3N][NTf,] 15 21 FeCl- 6 HO  [BUELN][HSOJ] 17 16 -
Bu—l}l—Et [BUEt;N][PF¢] 16 22 FeCl- 6 HO [PrEEN][NTf,] 18 48 63
Et [BUEtsN][HSO4] 17 2 reaction was performed with 0.5 mmol 2-phenylpyrdin 0.4
&) _mmol .oxi.dam, 5 moI%lRu@cbnd 1mL chlprobefgzene or0.5mL
IIEt A® [PrELNJINTS] 18 ionic liquid; ® isolated yields; result from Li et af.
PreN—Et Taking into account that [BuUgM][NTf,] (15) resulted in the
Et highest yield, further studies were conducted ik ionic
R'= hexyl, R2= tetradecyl liquid and are summarized in Table 2. To gain aebbénside
Scheme 2 on the influence of water, once pure water and oace

mixture of [BUEEN][NTf,] (15) and water was applied as
solvent. In both cases no product was found witbaetion

Since imidazolium-based ionic liquids are known foeir temperature of 100 °C (Table 2, Entries 1-2). Heacemall
capability to form carbene species via deprotomaipC-H  55unt of moisture is beneficial for the reactioet ywan
activation®>****® which could decrease the yield for the excess of water has the opposite effect. For opéititn of
reaction, the influence of non-imidazolium-basecdico the temperature one reaction was carried out &tC8@nd
liquids as solvents was explored. The protic IL EAN)  4nother at 130 °C. In the first case a strong deeref the
did not support the reaction (Table 1, Entry 120 aeither yield to 17% was found and in the second a smaltetese
did [TBP][CI] (12) or [THTDP]INTf;] (13) (Table 1, Entries {5 7194 was observed compared to the optimum yield

13-14).. Only starting material co.uld be recovered.c (Table 2, Entries 3-4). The decrease was du¢héo
Interestingly, [THTDP][CI] (4) gave a yield of 17 % (Table ¢,mation of by-products via decomposition.
1, Entry 15). A significant increase of the yietd45% after

16 h was found with [BUBIN][NTf,] (15). The extension of

the reaction time to 48 h gave a maximum yield 3#8 A

longer reaction time of 72 h decreased the yiel@68% due

to decomposition and possible subsequent side ioeact

(Table 1, Entries 17-19). Applying [BUlRJ[PF¢] (16) gave  Tapje 2. variation of reaction conditions for the
a yield of 12% with a reaction time of 48 h, whilee homocoupling of 2-phenylpyriding
reaction with [BUEIN][HSO,] (17) failed to give the desired

product (Table 1, Entries 20-21), showing a tengetat

lipophilic anions support the reaction. Finally,

[ProELN][NTf,] (18) with a slightly smaller cation

compared tdl5 gave a lower yield of 63% after 48 h (Table

1, Entry 22).
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Entry?* Catalyst Oxidant Solvent Yield of the catalytic ruthenium species. To determine th
[%]"° influence of chloride further, different chloridalts were
1 RuCh FeCk - 6 HO H.O - explored in the reaction under air or oxygen. Uradeand 2
2 RuCk FeCk- 6 HO 15H0 - eg lithium chloride as substitute for the oxidanyiald of
3; RuCk FeCh - 6 HO 15 13 19% was obtained (Table 2, Entry 14). The amount of
4 RuCk FeCh - 6 HO 15 1 lithium chloride was chosen in order to maintainrdoride
5 RuCh FeNQ - 9 HO 15 ) level close to FeGl This is a significant improvement to the
6 RuCk Ks[Fe(CN)] 15 . : )
absence of a chloride salt under air which gavepnoaluct
7 RuCk Fe(OAc) - 4 HO 15 6 . . S
8 RUCK H,0, 15 36 (Table 2, Entry 10). Additional water in the reactiwith
9 RUCk FeCk- 6 HO / 15 43 LiCl gave no product, while a run under an atmospha
H,0, oxygen with LiCl improved the yield to 76 % (Tabk
10 RUC} . 15 . Entries 15-16). The absence of product with lithium
11° RuCk FeChk - 6 HO 15 56 bis(trifluoromethylsulfonyl)amide as a replacemént LiCl
12 RuC} FeCk- 6 HO/ O 15 80 supported the importance of chloride anions furifieble
13 RuC4 C 15 33 2, Entry 17). Other chloride salts like sodium chde or
14 RuCi _ucl 15 19 potassium chloride were decreasing the vyield (Tahle
15 RuC4 LICI / H0 15 - Entries 18-19). Further optimization studies wevaducted
13 Eﬂgi L||_(i:|\|14f02 12 7_6 with FeCk - 6 H,O as oxidation agent. Reducing FgCb
18 RUCH Nacf 15 21 H,O from 0.8 eq to 0.5 eq decreased the yield to 7&8n%
19 RUC} KCl 15 . 0.25 eq to 41 % (Table 2, Entries 20-21).
20 RuCk FeCk - 6 HO 15 75 ) )
219 RuCk FeCl - 6 HO 15 41 Finally, other possible catalysts were also expmloes
22 CoC} FeCk - 6 HO 15 - substitutes for RuGl No product was formed with Cogl
23 CuCl Fed: 6 HO 15 - CuCl, CuC}, RhCk 3 H,O, iridium(l) chloride-1,5-
24 CuC} FeCk - 6 HO 15 - cyclooctadiene complex9) and PtCJ (Table 2, Entries 24-
25 RhC} - 3 FeCk - 6 HO 15 - 27). PdC} gave a low yield of 13 % (Table 2, Entry 28).
H.O
26 Ir ()19 FeCh- 6 HO 15 . Hence, the optimum conditions for the reaction wih
27 PICl FeCh- 6 HO 15 ) phenylpyridine 1) and [BUESN][NTf,] (15) as solvent were
28 PdC) FeCk - 6 HO 15 13 o i .
g RUCL FeCl - 6 HO 15 %1 5 mol% RuC} as catalyst, 9.8 e_q FeCb HZO_ as OX|dant_ at
30 RUCk FeCh - 6 HO 15 77 :I_.lO_ °C for 48 h unde_r air. Slmplg r(_acycllng of thIE]IF:
31k RUCk FeCh - 6 HO 15 71 liquid was possible during the purification of theoduct via

% reaction was performed with 0.5 mmol 2-phenylpyridin 0.4

mmol oxidant, 5 mol% catalyst and 0.5 mL ionic ldjuat a
temperature of 110 °C for 48 K: isolated yield;® reaction
temperature 80 °c! reaction temperature 130 °€under N;f

0.5 eq FeGl' 6 H,0; ¢ 0.25 eq FeGl' 6 H,0; " recycled ionic
liguid was used;bis(1,5-cyclooctadiene)diiridium(l) dichloride;
a scale up reaction with 5 mmblvas carried ouf! reaction with
5 mmoll and recycled ionic liquid

Next, different oxidation agents were evaluatedffedent

column chromatography. Alternatively, the reactioixture
was added directly to ethyl acetate and the orgphise

was washed with an aqueous solution of potassium

hydrogencarbonate to remove ruthenium and irors sast
well as remains of HCI. After the removal of etladetate,
the product was extracted from the ionic liquidhadtiethyl
ether. The ionic liquid was dried and obtained imepform
and could be reused (Table 2, Entry 29).

iron salts as well as 4, and also the absence of anlIn Scheme 3 a possible reaction mechanism is dmpas it
oxidation agent resulted always in lower or no géel has been suggested by several grétgsitially, RuCk
compared to FeGl 6 H,O (Table 2, Entries 5-10). The reacts with 2-phenylpyridine via a C-H activation to

application of deoxygenated ionic liquid under &agen

complexA. Next, intermediaté\ loses HCI in a reductive-

atmosphere with Fe¢l 6 H,O decreased the yield to 56 % €elimination to form complexB. A second 2-phenylpyridine

(Table 2, Entry 11). When the reaction was conaletéh

1 undergoes the same process and the intermed@iate

FeCl ' 6 H,O under an atmosphere of oxygen, a yield of 8dormed after the release of HCI. Finally, the oxida

% was obtained comparable to the result with a@b(@ 2,
Entry 12). A reaction under oxygen but in the albseof
any other oxidant furnished a yield of 33% (TableERtry
13). Hence, the presence of oxygen is beneficialtlie
reaction as is an iron salt with a chloride coumtgion. The

coupling produce is formed via reductive elimination. The
ruthenium catalyst is regenerated by the oxida@lf&& he
formation of HCI can be observed by the decreagsbeopH
value. The reaction mixture becomes gradually memd
more acidic. Obviously, the product is being praiiea by

conversion of 33% without an oxidant besides oxygenthe HCI. In its protonated ionic form, the prodeennot be

showed that a substoichiometric use of keidl further
experiments was sufficient.

The importance of chloride can be attributed togieposed

extracted from the ionic liquid. This causes theeassity to
use a base like triethylamine or KHg@ the work up
procedure in order to obtain the non-protonatedipco For
the regeneration of the catalytic active Ryuée next to the

mechanism with RuGlas catalyst (Scheme 3). In this Oxidation the presence of two chloride anions nemss In

mechanism the chloride anion is necessary for ehgcling

general, these could come from the released HClthad
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formed pyridinium salts, however, it appears thathkoride Entry? 2-Arylpyridine Product Yield [%)
source from FeGlor LiCl is more efficient, since some HCI 1 @ 83
could be lost as gas. Furthermore, it is possiid the iron SN
is reoxidized by oxygen or maybe it functions eggbcas a 1
source for chloride anions and the oxidation tograduct is
mainly performed by oxygen. The oxidation of irdh(l 2 = 58
could be also promoted by presence of water imehetion. N
F 20
3 3 69
°N
MeO
21
7 N\ 4 @ 68
=N Me N
H
1 22
7\
=N 5 ) 75
RucCl 7\ N
N= _ Me
9 N._ 23
/ ClgRy 6 Jij/m 39
C H N
A N
HCI F 24
7\
—N
H>RUCl, v 4 22
N HCI OoN N
\_/ 25
7\
=N._ g @ 58
R _
Cly N
7 N\ cl
—N = 26
H % reaction was performed with 0.5 mmol 2-phenylpyrdin 0.4
1 mmol oxidant, 5 mol% catalyst and 0.5 mL ionic ldjuat a
temperature of 110 °C for 48 hijsolated yield* 72 h reaction
time.
Scheme 3
After the studies on the influence of various pagten on 3. Conclusions

the reaction were completed, different 2-aryl-pyrés were
coupled under the optimized conditions as showraible 3. an efficient ionic liquid in an oxidative C-H adiition

In general, different analogues with electron wittdng reaction. The ionic liquid resulted in higher yigldompared

Zg?/ve?/(;?a“?hge gr?eulgi Z?eréret;ese:pprlr:idre mwl:[gra'n rsli?tlfor{b imidazolium-based ionic liquids. This could heedo the
! Y Pact that a C-H activation on the ionic liquith is not

withdrawing substituents were present in the angs. An . - .
. - o possible compared to imidazolium-based systems.
explanation for this could be a less stable inteliate due o oy . . L .
addition, also lithium chloride in combination witAn

to the absence of ligands for the ruthenium corrgsex oxygen atmosphere was found as a suitable oxidatistem

It was possible to demonstrate that [BMNEENTf,] (15) is

In

for the RuC]} catalyst. Up to 83% yield were obtained in the

homocoupling of 2-arylpyridine and the ionic liquaduld
be recycled. This finding will lead to further ajggitions of
tetraalkylammonium-based ionic liquids in thesedkirof

Table 3. Application of 2-arylpyridines under optimized reactions.

conditions.
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4. Experimental section 7.

General methods: [BUEGN][NTf,] (15), [BUE&N][PFeg] 8.
(16) and [BUEIN][HSO,] (17) and [ProEMN][NTf,] (18) 9,

were prepared according to the literature fronthgilamine,  10.

bromobutane or bromopropaffe. [BMIM][FeCl, (3),

[BMIM][Fe ,Cl;] (5) and [THTDP][FeC]] (4) were prepared 11.

according to the literatuf®. The 2-arylpyrdine0-26 were
prepared according to literature proceddfesll other
reagents were commercially available and used pglisd
without further purification. IR spectra were reded on a
Bruker VERTEX 70 FT-IR spectrometer. THe-NMR and
3C-NMR spectra were recorded at 500 MHz or 125 MHz o
a Bruker Avance 500 spectrometer using the dewt@rat
solvent as the lock and the residual solvent or T&dShe

internal reference. Mass spectra were obtained Bruker  14.

Esquire 3000 plus mass spectrometer (Bruker-Franzen
Analytik GmbH, Bremen, Germany) equipped with anl ES
interface and an ion trap analyzer. High-resolutinass
spectra (ESI) were recorded on a Waters Quadrupafte-
Synapt 2G. The reactions were followed by thin taye
chromatography on silica gel.

General experimental for the preparation of 2,2'-d{2-

pyridinyl)-1,1'-biphenyl 2. 2-Phenylpyridine (77.5 mg, 6

0.5 mmol, 1 eq), Rugl(2.6 mg, 0.0125 mmol, 5 mol%),
FeCk 6 H,0 (108 mg, 0.4 mmol) and [BUR][NTf,] (15)
(0.5 mL) were added under an atmosphere of aird aL
round bottom flask. The reaction was stirred forr4at 110
°C. After completion of the reaction it was cooledroom

temperature and then ethyl acetate (1 mL) anchyi@mnine 17
18.

(1 mL) were added and the mixture was allowed itofst
30 min. The purification was performed by flash
chromatography (diethylether/ n-hexane = 1 : 1afford 5

(64 mg, 21 mmol, 83 %)H NMR (500 MHz, CDC)) &: ;o

8.34 (ddd, J=5 Hz, 2 Hz, 1Hz, 2H), 7.54 — 7.57 @H),
7.37-7.43 (m, 6H), 7.33 (ddd, J=7.5 Hz, 7.5 Hz,2 BH),

7.01 (ddd, J=7.5 Hz, 5 Hz, 1 Hz, 2H), 6.80 (ddd[.9Hz, 1  20.

Hz, 1 Hz, 2H) ppm**C NMR (125 MHz, CDGCJ) &: 157.1,
148.9, 139.9, 139.8, 135.1, 131.3, 130.0, 128.47.72

124.4, 121.1 ppm. The spectral data of the proadums  21.
consistent with literature valués. 22.

Supplementary Material

Supplementary material as a pdf file with NMR spectra

available online. 23.
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Highlights
¢ Tetraalkylammonium based ionic liquids as green reaction medium.
¢ lonic Liquids for C-H bond activation reactions.

* Robust simple RuCl; as catalyst for a C-H Activated Homocoupling.
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