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Abstract

lonic liquids (ILs) have received great attentinrrecent yearss solvents or catalysts due to
their unique properties. This work focused on developing a cheap, environmentally benign,
recyclable ILs system for epoxidation and suidiation.

This thesis is divided into three partshich present the results that have been discovered

within three years of research.
Imidazolium perrhenate ionic liquids

Imidazoliumbased ionic liquids (ILs)kontainingperrhenate anions were synthesized a
characterized. In addition, their catalytic activity was examined in epoxidation of olefins and
oxidation of sulfides The results showhat ILs containing perrhenate are very efficient
reaction media and catalysts for these two oxidation reactionshyittogen peroxide as
oxidant, thus affording good yield of the corresponding product. A deeper understanding of
the mechanisnof the oxidation systers was obtained by investigations witRaman, IR,

NMR spectroscopy and DFTalculation Hydrogen bonds be®en the oxidant and
perrhenate activatthe oxidant, thereby leading to the transferaaf oxygen atonto the
substrates such as olefinssuifides, demonstating the special features tifs as a reaction

environment.
lonic liquids with weakly coordinating anions

A protocol for oxidation of sulfides to sulfoxides mediated by With weakly coordinating
anions([BF4]” and [B(AF)4] (Ar™ = GsFs, 3,5(CFRs)-CsHs) was established. Besides their
catalytic performance, the mechanism of oxidation systems wi® investigated.The
hydrogen bond formation betwe#re IL anionandthe oxidant appears to be the crucial step

during the oxidation reaction.
Transition metal catalysts in ionic liquids

New transition metal compoundSchiff-base complexes of methyltrioshenium (VII) and
polyoxometalates salts are used as catalystegoxidation and sulfoxidatiowith ILs as
solvens under mild conditions. Currently aVable catalytic systems providan

environmentally benign arglistainablevay for oxidation reactian
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Chapter 1

1 Introduction

1.1 lonicliquids

In recent years, the grovgrawareness of environmental issuas broughtattention on the

need forfigreened and moresustainable technologies amemical industr{) The chemistry
community has beemnrgedto develop neweaction pathwayshat are less lzardous to
human health red environment? Due to the necessity &folventsfor most homogeneous
reactions alternative less harmfulsolvents have been developed. The ideal solvent should
have very low volatility, be easy to handle and recycle, feawade liquid range, and be
chemcal and physical stable. In thesespect ionic liquids (ILs) appear to be good
candidates

lonic liquids (ILs) have received great attention due to their unique properties, such as
non-volatile nature honmeasurable vapor pressubeoad liquid temprature rangesability

to dissolvea wide range of inorganic and organic compoufidghus, ILs have commonly
been quoted as fAgreeno replacements firor org
overall environmental impa{.

The first IL, [E4N][NO3], was reported by Waldealreadyin 1914 Later, Hurelyet al.
developed the first room temperature IL frofamim]CI-AICl3 system for aluminium
electroplating in 1948! However, these chloroaluminabased IL systemsere broughto a

more generahudience by the groups of Osteryoung and Wilkes ontigegri970s The scope

was extendetby the groups of Hussey aisddon in 1980s, mainly felectrochemical and
spectroscopic studié8.In 1972 Parshallet al. developedLs based on tetraalkylammiom
chlorostannate with dissolved P1G@Is a reaction medium for several homogeneous catalytic
reactions of olefinf in 1992, Wi | k eeseivedg majon preakthgoagh m IL
chemistry by the discovery of aiand moisturestable imidazolium satwith anions such as
[BF,” and [PR],' leadingto the diversification of ILs with numerous combinations of
cations and anions. At the onset of the new millennium, the concept epasific ionic
liquids was introduced by Davi¥! These compoundsadefined as ionic liquids in which

the anion, cation, or both covalently incorporate a functional group (designed to endow them
with particular properties, either physical or chemical or in terms of reactivity) as a part of the
ion structures. Today, the are up to 1§ kinds of ionic liquids that can in prifge be
produced, which presemnormousopportunities to design or optimize the most suitable

system for secific catalytic processes (kiggl).
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Figure 1. Typical cations and anions in ionic liquids.

lonic liquids are not only usesk green solvent, but also astcatalysts, catalysts activator, or
co-catalysts for different reactions. In some tbe more recent examples found in the
literature,ILs are deliberatéy prepared so that one of the ions serves as the catalyat for
specific reaction’™” Cole and ceworkersdesigned a series of watstable Briwsted acidic
ionic liquids in 200212 and many organic reactions involving esterificatfof nitration!**
andacetylatioh® have been preformed with these ionic liquids, resulting in excellent yields
and selectivity. Functionalized ionic liquids containing anionic selenium speciesMSEO
have been preparéd These salts have been used as selenium catdtysthe oxidative
carbonylation of anilines. Analogously, ionic liquids bearing acid counteranions ([HBO
[H.PQ4]) have been used in catallyg esterifications as recyclable reaction métfalonic
liquids, containing the function S8, have recetty been employed in the oligomerization of
various alkenes to produce branched alkene derivatives with highrsmmgand excellent
selectivited'® All of these studies offer the possibility of designing suitable catalysts for
specialreactiors.

Anothe advantage of ILs in catalysis is the immobilization of the catalyst. Besides the

2
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tunable solubility to most organic chemicals, ILs are also able to dissolve a wide range of
inorganic and organometallic compounds, and therefore large numbers of cdtalyats

polar or ionic character can be immobilized in ILs, which can greatly facilitate the separation
and subsequent reuse of the catalyst. In addition, the technological integration of ILs with
other advanced technologies, including supercritical fl@sgtrochemistry, biocatalysis, and
nanotechnology, with great potential for growth, has received more and more attention in
green catalysis, and for a long period to come, the importance of the ILs as excellent process

solvents in these integrated techuyies will be gradually recognizét?
1.1.1 Metalcontaining ILs

Metal-containing ionic liquids have beersedas versatile reaction media, catadystatalyst
precursors and reagents for various chemical procE9s8eme metabased imidazolium
saltswith m.p. above 100C were also included to provide information about solid state ionic
interactions and catalytic properties. Additionally, the presence of metal ions provides many
additional properties such as color, geometry, magnetism and the weakercation
interactiond?” For example, Weltoet al developedmidazolium salts [Emim]MCl4] (M =

Co or Ni) with m. p. 96100 °C by mixing the corresponding metal chloride with [Emim]CI
under dry nitrogen atmosphere. The crystal structure of [Emm][ and [Emim][NiCl]
showed tha extended hydrogen bonding wetks observed between the [ME! and ring
hydrogens?? The [Rmim][ZnX.Y] (R = Me, Et, RBu, benzyl; X =Y = Cl or Bror X = Cl, Y

= Br) systers are used for the coupling reaction of £&hd ethylene or propylene oxide to
produce cyclic carbonaté$®! The catalytic activities increasevith the increasing
nucleophilicityof the halide ion.

On the other hand, metBlHCs-containing ILs with their recent advances in catalytic
reactions enrich their potential applications. For example, Shreeve andvar&ers
synthesized pyrazohfunctionalized Nheterocyclic carbene complexes of palladium (lI)
(Pd(Me)(3mesityt1-(pyrazolylmethylengmidazoliumxhloride) by using a silver (I)
N-heterocyclic cebene complex as a ligand transfer reagéiné obtained complex is aiand
moisture stable and was investigated in the Heck reaction of iodobenzene-bntyl
acrylate at 120 € with a catalyst loading of 2 mol %. The reaction yielddultyl
(E)-cinnamate in excellent yields. The catalyst was recycled three times without an evident
loss of activity.The high catalytic activity and recyclabilityas obtained dut the strong Pd
(II)-carbene bond and the weak (iJ-nitrogen bondThe Pd (0) intermedia can easily be
formed and is additionall y -bandbetivdemn theecdrbeaen d

a C
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electron pair and the Pd ceni@.

It is obvious that ILs provide high reaction rates and specific selectivity in different fields of
catalytic gplications. However, the problem of leaching effects in the catalysis reaction is
produced. In order to avoid this problem, modifying the metahplex catalyst to make it
more alike to IL solvent medium become®cessary. In this regardagging of the
IL-functionality (imidazolium cation) to the ligand of metal complex catalysts has been
confirmed as useful technique to preverdtalyst leaching due to the increased ionophilicity
towards I1s.[??

1.1.2 Industrial applications

The most successful exampler an industrial process using ionic ligaidechnology is
probably theBASIL (Biphasic acid scavenging utiing ionic liquid) process established by
BASF in 20022% The BASIL process is used for the production of the generic photoinitator
precursor &oxyphenylphosphines (Figure 2).

OR
P/ pure liquid
\ product
Cl Rl
/

ROH
P >
\ =
R N— —
N _N N— ionicliquid
\ H o N
recycle ©)

Cl

Figure 2. The BASIL process

In the conventional process, triethylamine was used to scavenge the acid that was formed in
the course of the reaction, but thethodmade the reaction mixtufficult to hande due to

the waste byproduct(triethylammonium chloride formed a dense insoluble paSteus,a

new idea replacing triethylamine with-methylimidazole was producedForming
1-methylimidazolium chloride ionic liquidan beeasily sepaated out of the reaction mixture

as a discrete phase due to form two liquid phases. Additionally, this new process uses a much
smaller readr than the original technologgnd the spacéme yield is increased from 8 kg
m3hto 690,000 kg Mh?, as wédl as the yield increased from 50 % to 98 %.
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1.2 Epoxidation of olefins

The epoxidation of olefins is of high interest in both industry and academia. Epoxides are
very important intermediates in the synthesis of numerous fine chemicals, such as perfumes or
pharmaceutical compounds, particularly for the synthesis of various polyiflefhe
epoxidation of olefins using peracids R¢Das oxidant was firkt discoveredoy Russiann
chemist N. Prileschajew in 1968 However, peracides are often dangerous (estpé) and

must be handled with greatest care. Subsequently, it was found that Lewis acidic transition
metal oxo complexes can transfer one oxygen atom to olefins. Therefore, many transition
metal complexes have been successfully used to be catalystsl towAn epoxidation in

order to obtain kinds of epoxides.

1.2.1 Methyltrioxorhenium (VII) in olefin epoxidation

Among the multitude of organometallic oxidation catalysts, methyltrioxorheniurgReH,

MTO) has been recognized to be the most active catiayslefin epoxidation. Aside from

its application as an oxidation catalyst, MTO is also used to catalyze the other reactions, such
as olefin epoxidation, oxidation of conjugated dienes, allylic alcoholsand alkynes, aldehyde
olefination and olefin meta#isis’®® However, the synthesis of MTO suffers from some
disadvantages with respect to large scale applicglfi®ri) direct alkylation of dirhenium
heptoxide (RgD7) with the norreducing alkytransfer reagent tetramethyltin wastes half of
the rhenium B concomitation formation of (catalytically inactive) trimethyltin perrhenaje;

the very toxic reagent t@methyltin is necessary toe usal. Therefore, the new method
replacing the toxic reagent by the methyl zinc acetate as a methylating reageatalapeat]

by Herrmann (Schent®.*Y

0 O
H 3C_< )]\ CH3
Cl @) C
>

H3  CH,ZnOOCCH,4

|
/Re
AN,

AgReO4

;U_

e
oé| No o)

®)

Schemel. Formation of MTO employing organozinc compound.

Among all applicatios of MTO, olefin epoxdation is the most widely investigated reaction.

MTO can catalyze the epoxidation whrious olefins with hydrogen peroxidehich is
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environmentally friendly oxidant since water is produced as only byproduct. Moreover the
concentration of MTO used in the epoxidation of simple olefins is 0.1 mol % at different
temperatur&®?

Recently, MTOshowed high catalytic activity in epoxidation system with urea hydrogen
peroxide (UHP) as oxidant ards as solvent®® The advantages of this oxidation system in

ILs are numerous: 1) This system is a homogenous oxidation solution due to good solubility
of ILs; 2) The oxidation solution is nearly watieee, so conversion of the substrate yields
only the epoxides and nby-productdiols; 3) The system of ionic liqusctan be recycled for
several times, which present a high interest for industrial apphicat?

With respect to mechanistic studies in the epoxidation reaction using MTO as catalyst in
different solvent, Herrmanet al found MTO formed monoand bisperoxide complexes

with 1 or 2 equivalents of #D,. Moreover, the biperoxo complex has adeen isolated and
structurally characterized (Sche@)é>?

CHs
C|3H3 CHs ol o
Re. —HQ2 1.0 Ho, | R
20, = =R | ——= 07 |I\>©
o~ || o @) ~
H,0 | "o O 5
O
/N
Y H

Scheme2. Formation of the monaand bisperoxo species

Experiments with the isolated bis (peroxo) complex {&e(0%).0 A4 have shown that it
is the active sgcies in olefin epoxidation catalysis and several other catalytic reséfldn
situ experiments show that the mperoxo complex exits solely in equilibrium with MTO
and is also catalytically active in epoxidation processes. Kinetic experiments enthaathe
rate constants for the transformation of substrate into their oxidation productsalysisa
with the mone and bisperoxo complex are of a comparable order of magniflidehe most
acknowledge mechanism of the epoxidation of MTO is a bicyegchanism involving both

monao and bisperoxo complexes (Scherg
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Scheme3. Mechanism of the epoxidation of olefin catalyzed by MTO

Theresults of both cycles indicatkat of key mechanistic importance is the formatbthe

bis (peroxo) rhenium (VII) complex (GYRe(%).0 AJ® from MTO and two equivalents of

H.O, in a clean reaction, which seems to be one of the most reactive peroxo metal complexes
for epoxidationof olelfins. For other rhenium oxides such as@ehave lower activities for
epoxdation due to subsequent hydrolysis (HRe®hich does not occur with MTO under the
conditions of catalystd? It is interesting to point out that for both cycles, a concerted
mechanism is suggested in which the electron dolbble bond of the alkene attacks a
peroxidic oxygen of (CERe(%).0 A4, which has been inferred from experimental data
that system may involve a spiro arrangent&ht.

However, a drawback of MTO for the epoxidation of olefin was soon discovered: the Lewi
acidity of the rhenium center causes hydrolysis and concomitant cleavage of the epoxide ring
leading to the formation of byroduct diols in the repsence of wdf8rSeveraimethods have

been suggested to overcome this problem. An efficient proceduetoded to avoid this side
reaction requires the use of urea hydrogen peroxide adduct (UHP) as oxidant, which enables
epoxidation to be carried out in nagueous medi4**? Another method is that the aromatic
N-base ligands work by coordinating to the ¢&ater, thereby reducing the Lewis acidity of

the catalyst and accelerating the catalytic reactions additidffaNievertheless, the activity

of MTO-Lewis base adducts was originally found to be significantly lower than that of MTO
itself[*? Surprisindy, K. B. Sharpless found the excess use of pyridine did not only hamper
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the formation ofby-productdiols but also increased the reaction velocity in comparion to
MTO itself as catalyst precurs8?. Subsequently, -8yanopyridine and particularly pyrazole

as Lewis bases are found to be more effective and less problematic for epoXitfafdn.
Therefore, many Nbase adducts of MTO were isolated and characterized and in several cases
employed for olefin epoxidation cataly$§i¥. Schemes represents somexamples of Lewis

base adducts of MTO.

CHg CHy L
O7/Re=0 O%Ilqe
© T 71| L2
L1 ©
L1 = quinclidine -bipyridine
N,N&dimethylpiperazine 2-(aminometyl) pyridine
p-methoxyaniline piperazine
urotropine 2 , -Bigyridine-N-oxide
2,6-dimethylaniline 1, ipBedanthroline
2-(p-tolyliminomethyl) phenol 2 , -Bipyrimidine
PyridineN-oxide 2 , -Bigyridine-N-oxide

Scheme4. Lewis base adducts of MTO

The activity of the catalytic Lewis base adducts of MTO depends on the diidieis base
ligand, most likely due to the ligands stability against oxidation §y.tnd the contribution

of ligand basicity to the catalytic systeffis.
1.2.2 Polyoxometalates imlefin epoxidation

Polyoxometalates (POMsre a subset of metal oxidekat represent a diverse range of
molecular clusters with an almost unmatched range of physical properties and the ability to
form dynamic structurdé® POMs werefirstly discovered by Berzelius in 18%6) and then

has been expanded to a huge family.dddition to its fundamental importance, POMs are
ubiquitous in chemical research with numerous applications ranging, such as
nanotechnology™®! biology!®*! surfaced>?! catalysis,>*! supramolecular materigis?!

electronic material¥’ and molecular matiis ®*® Generally, the synthesis of PGMlIusters
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is often very simple synthetic manipulations requiring a small number of steps, or even just
one step (on@ot syntheses}” Some greatest importance synthetic variables in synthesizing
such clusters shddibe attention: 1) concentration/type of metal oxide anion, 2) PH and type
of acid, 3) ionic strength, 4) hetroatom concentration, 5) presence of additional ligands, 6)
reducing agent and 7) temperature and solvent of the reaction.

It is also well knowrthat POM catalysts are widely used for organic reactions due to catalytic
features such as good catalytic activity and selectivity, the feasible design of catalytically
active sites and controllable redox and acidic properties at atomic or moleculat®fevels
These characteristics make them economical and environmentally attractive in both academic
and industial applications. For examplester hydrolysis in water can be greatly enhanced by
the catalysis of the POM, sAW;,040, immobilized on organomodifte mesoporous silica.

This design overcomes the difficulty involved with the use of solid acides by which catalytic
activity is often severely deactivated by waterThe epoxidation otis-cyclooctene was
investigated with [WO.]*> as catalyst and hydreg peroxide as oxidant by Hou and

co-workers (Schems).[°?
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Schemeb. The anion [WO;]? functionalized catalysts

It was found that [HDImJW,0,;] can be regarded as a reactinduced phaseeperation
catalyst which wasproved to be the most activeatalyst. A noteworthy fact is that the
catalytic system switched the reaction mixture from triphase tossonulthen to a biphasic

system leadingthe catalyst self precipitated from the reactthe end of the reaction
1.2.3 Industrial processes

Epoxdes, particularly ethylene and propene oxide, are key raw materials of a side variety of
chemicals andare often appliedas building blocks for polymers. In 1993, the worldwide
production capacity for propylene oxide was about 4.0%td0nes per year afhich 1.7, 1.4

and 0.36x 10°tonnes per year in the USA, Western, Europe and Japan, respettividie

10
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traditional route proceedsa the conversion of propylene to chloropropanols (Sch&me

OH

PN cl, )\/g NaOH or c:a(OH)2> /QO

H,0

Schemeb. The chlorhydme process

The reaction is performed at-3% °C and 23 bar of pressure using aqueous solution chlorine

as oxidant. The resulting chlorhydrine is in situ dehydrochlorinated to propylene oxide using
basic solution of NaOH or Ca(OHR)Afterwards, the propghe oxide is distilled out of the
reaction mixture to avoid direct hydration. Due to the environmental pressure (toxic chlorine)
and huge amount of bByroducts, a new direct oxidation route was developed in 1967 using
organic hydroperoxides as oxidant agemd different tranisitiometal catalyst€? Until

1983, the breakthrough was made by EnicHériTthe system using a titaniusubstituted
silicalite (TS1) catalyst which has a hydrophobic surface was developed, moreover, this
catalyst has been proved be effective to a variety of liquiphase oxidation with the
environmental hydrogen peroxide. Based on this technology, BASF, Dow and Solvay
developed the HPPO (hydrogen peroxide to propylene oxide) process for the production of
propylene oxide. Water ithe coproduct of this reaction. Hydrogen peroxide is converted
completely and the propylene conversion is nearly quantitative. The crude propylene oxide
product is purified by distillation. Additionally, methanol can be recycled.

HPPO has significant gmwmonmental benefits versus the conventional processes: 1)
wastewater is reduced by up to 80 %; 2) energy use is reduced by 35 %; 3) the simple raw
material integration and avoidance of-mmducts reduces the infrastructure and physical

footprint of the jant significantly.
1.3 Oxidaion of sulfides

Organic sulfoxides and sulfones are useful synthetic intermediates for the construction of
various chemically and biologically active molecules, including dtsflavors!®
germicides®® cardiotonic agerst®”’ vasodilator$®® and catabolism regulatof®’ The
oxidation of sulfides is the most straightforward method for the synthesis of sulfoxides and
sulfones. The sulfur atom can be easily oxidized by different electrophilic oxidants, but
special conditios must be set up to chemoselectively obtain sulfoxides or sulf8rse to

a great interest of theses compounds, different synthetic methods have been developed for

11
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chemoselective oxidation of sulfides.
1.3.1 Catalystfree sulfoxidation

The oxidation bsulfides to the corresponding the sulfoxides by the use of hydrogen peroxide
in acetone and acetic acid were initially developed by Gazdar in!fb@8nce that time,
many sulfoxides were obtrainettirough their proceduré’® In 1981, Drabowicaet al
observed that use of methanol instead of acetone as the solvent for oxidation of sulfides to
sulfoxides with HO, as oxidant agent decreddbe reaction time from 24 h to 18 h (Scheme
7)-[73]
I
AN S\
H20;
'
CH3OH, 18 h, r. t.

Scheme7.0Oxdaiton of sulfidego sulfoxides in methanol

However, many functional groups in the sulfides were easily destroyed in this system. In this
case, Ravikumaet d. found the transformation of various sulfides into sulfoxides g9,Hh
hexafluore2-propanol (HFIP) as solveHf! The results showed that the oxidation reactions

in HFIP proceed smoothly with high yield of sulfoxides. However, this system was severely
restricted in practical organic synthesis by using poisonous HFIP as solvent due to
environmental pressure. Afteeseral years, Xwet d. developed a newconvenient and
selective oxidation method of some alkyl phenyl sulfides to the corresponding sulfoxides
using hydrogen peroxide as oxidant agent in phenol at room tempéfatlités system was
proved to be a highl efficient and selective for the oxidation of various sulfides within a
short reaction time. Additionally, the functional groups, even including the highly reactive
aldehyde group, were not affected. Recently, a simple and environmentally benign method fo
oxidation of sulfides with hydrogen peroxide as oxidant agent was introduced 3nd
co-workers!”® This method can achieve approximatively stoichiometric transformation for

some sulfidesresultingan excellent selectivity for sulfoxides under mitthditions.

12
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1.3.2Transition-metal catalystsin sulfoxidation

A wide variety of transition metalatalysts are utilized for oxidative transformations in
oxidation of sulfides to sulfoxides or sulfones. Transition metals are activated by, or serve to
activate a terminal oxidant, such as dioxygen, superoxide, radicals and peroxides. This section
focused on the some transition metatalyzed oxidation of sulfides with peroxides.
The catalysts containing molybdenum and tungsten such as,G#d& LiNbMoOg,!"®
[N-CaHg]aNJ4( M0gO2),"® [CsHsN(N-CieHz2)]sPOW(0)(02)2]4 5" and W(COY®! have

been widely wused for the oxidation of sulfides. Additionally, the neutral
hexamethylphosphoric triamide complexes of both molybdenum and tungsten diperoxo
species, werextéensively studied for the oxidation of sulfidé.1t is important to note that

the differences in the speciation and acidity of these two metal ions can lead to minor
variations in the reactivity. For example, the tungsten complex has a greater catalyti
efficiency for sulfide oxidations by 4@, in the presence of strong acid, whereas the
molybdenum complexes lead to a higher rate ofosidationwithout any acid® 83 This
difference in reactivity can be attributed to the differences in Lewis padimolybdenum

and tungsten, where the harder Lewis acid, molybdenum, forms a stronger coordination bond
with the dianionic peroxo moiety, thus activating it for the oxidation of a nucleophile in the
absence of acif?

Polyoxomolybdenum and polyoxotungstwere found to be very efficient catalysfor the
oxidation of sulfides due timrm oxobridged clusters in the presence of hydrogen peroxide. In
recent yeas, the concept combination of POM anions with IL cations is regarded feasible way
to afford greerPOM catalyst since they might possess the advantages of both IL and POM in
the same material, which has been investigated quite intensively. In this casest Zlao
developed a heterogeneous process for selective oxidation of sulfides with hydrogetepero
catalyzed by alkytethered imidazolium lbased polyoxomolybdenum salt catalysts. The
results showed that the process almost exclusively produces sulfoxide at room temperature
within a very short time of 0.5 h; while sulfone can be selectively cddaat a higher

temperature of 48C with excess hydrogen peroxitfd

13
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1.4 Objective

Developing green chemistry methodologies is one of the main themes of modern synthetic
chemistry ILs have received great attention as environmentally benign sol@méplace
volatile organic solvents in a wide variety of chemical reastidhe main objective of this

work was todevelopa cheap, environmentAkenignand reusable metal containing Ibs a

green system for oxidation reactions.

In a first study, functinalILs containing imidazolium cains with Lewis acidic group can be
used as green organocatalysts. Based on our pervious work, perrhenates which is the
decomposition products of wedikamined epoxidaton catalysts such as MsiQuldbe the
bestcandidatefor synthesizingfunctional ILs. Thereforea series ofmidazoliumbased ILs
containingperrhenate anions were synthesized used as solvents as well as catalysts for
epoxdation of olefin and sulfoxidation. In addition, theoretical studies were aldormed to

better study the reaction mechanism of the catalytic reaction.

In a second study, in order to save the cost the ffrelLswith weakly coordinating anions

were synthesized arapdied for the sulfoxidation. Then catalysis tests are corlias well.

This is especially interesting as no ILs system without any catalyst for sulfoxidation has been
reported so far.

In a third study, development dfansition metal catalysts in ionic liquidshould be
established in order to obtain the greenl aecyclesystem The Schiff-base complexes of
methyltrioxorhenium (VII) angolyoxometalatesvere used as catalysts for sulfoxidation and

epoxidation in ILs.

14
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Chapter 2

2 Activation of hydrogen peroxide by ionic liquids: mechanistic

studies andapplication in the epoxidation of olefins

This chapter originated from the following publication:

lulius I. E. Markovits, Wilhelm A. Eger, Shuang Yue, Mirza Cokoja,
Christian J. Minchmeyer, Bo Zhang, Mifigong Zhou, Alexander Genestnos Mirk,
Shuliang Zang,*Notker Régch* and Fritz E. Kihn*

Chem. Eur. J2013 19, 59725979.

All authors contributed equally to this work.

2.1 Introduction

Although the compound class ¢foom temperatudeionic liquids, henceforth denoted as
(RT)ILs, has ken known since the middle of the 20th centliryesearch on ILs has
experienced an extraordinary growth during the last dé@adbus far, more than 40,000
research articles have been published on ionic lidtlidéove all, their unique chemical and
physical properties such as low miscibility with Aoolar, organic solvents, low volatility,

low flash point, thermal stability, high polaritand at least in several caséow toxicity”
render |1 Ls attractive and ntsgRioreerimgcoraributions nat i \
of the groups of Rogetd, Wasserscheilfl Seddort® Welton™® Dupont,*® amongmany
others! to the studies of SILUP (Supported lonic Liquid Phase) as reaction media for
two-phase catalyzed reactions have made#talytic application of ILs a prominent research
ared™ In several cases, ILs have already found applications as solvents for extractants in
industrial catalytic synthes&$ such as the BASBASIL process'™ However, they also
exhibit a templating é&kct in the synthesis of inorganic materials (nanoparticles, metiXxi
metatorganic frameworks)® The beneficial effect on a reactionterms of reaction rates is
ascibed to a low degree of interactions.d. solvent cages) with the dissolved nmiées.
Recently, many groups focused on the functionalization of ILs, in particular those that contain
imidazolium cations with Lewis acidic or basic groups, which can act as organocatdlysts.
Among many catalyzed processes that have been performedimliquids are epoxidation
reactiond.’®! The original purpose of applying ILs to this reaction was for facile
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procduct/catalyst separation, which indeed could be achieved more easily in several cases
than in the orginal processes. In addition, it waspkel that ILs greatly affected the activity

of the epoxidation catalysts, thereby leading to very activeemstin several cas€d.
Surprisingly, some typically catalytically inactive inorganic compounds, suchrdsepats

(the usual decomposition miocts of welexamined epoxidation catalysts, such as
methyltrioxorhenium (MTO)}?*?? displayed activity i olefin epoxidationwhen applied as
anions of ILs, thus showing very good yields of the epoxides and reusability of the IL. These
observations ledo the study reported herein. The activation of hydrogen peroxide by
perrhenate, which was enabled solely by the ionic Igamiironment, is to the best of our
knowledge, reported for the first time. This new mode of activation allows for easy

epoxidaton of olefins.
2.2 Results anddiscussion

2.2.1 Epoxidation in perrhenatecontaining ILs

Several perrhenateontaining ILs of the general formula J@im][ReQ, (C,mim =
1-CpHn+1-3-methylimidazolium, G= butyl (C,), octyl (G), dodecyl (G2)) were syntheged
and used to study the epoxidation of cyclooctene with different oxidasids; tfea hydrogn
peroxide (UHPandtert-butyl hydroperoxide (TBHP) (Scheme 1).

@ [ReO,] ™

-~ ~ O
H;C NS CaHapt1

b-
R] Rz Oxidant / h

Scheme 10lefin epoxidation in ionic liquids with the perrhenate anion.

Equimolar amountsfdhe IL and cyclooctene, as well as 2.5 equivalents of the oxidant, were
mixed together at room temperature, thus giving a threse medium, which as heated at 70

°C for 4 h under vigorous stirring. After the reaction had been completed, the epoxide was
dissolved in the IL, giving a twphase medium It Product/water H,O,. The epoxide was
extracted withn-hexane (5 1 mL) and the yield of the epoxide was determined by GC.
Nearly quantitative cyclooctene oxideaswbtained when aqueous,®; is used a®xidant

(see Tabld, Entry 1).
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Table 1. Effect of oxidants on the yield of cyclooctene oxide (in percent) in imidazebased ILs with
[ReQy] as anion.

Entry IL Oxidation agent
H,0,/H,0 UHP TBHP
1 [C4mim][ReOy] 99 42 5
2 [Csmim][ReOy] 99 66 6

Reaction conditions: tfamol IL, 1 mmol cyclooctene, 2.Bamol oxidation agent, # reaction time, 7€.

However, with UHP, yields are lower, and with TBHP, no significant yield of epoxide was
obtained. In the case of UHRge yield of cyclooctene oxide was higher when the alkyl moiety

at the imidazolium cation is longer. This effect can be attributed to the increased solubility of
the oxidizing agent in [Gmim][ReQ,] (Entry 3). Other substrates, such as cyclohexene,
styrene and -bctene show good conversions in@im][ReQ,] with UHP as oxidant (see
Table 2). However, the solubility of UHP in {fthim][ReQy] rendered the recycling of the IL

more difficult than with hydrogen peroxide.

Table 2. Epoxidation of various olefins in j@gnim][ReOQ,] and UHP as oxidation agent. In all cases, the
conversion of the olefins are equal to the epoxide yields, i.e. the selectivity is in each case 100 %.

Entry Substrate Product Yield (%)
1 cyclooctene cyclooctene oxide 80
2 cyclohexene cyclohexenexide 63
3 styrene epoxystyrene 37
4 1-methyl hexane 1-methyl cyclohexan&-on 59
5 1-octene 1-octene oxide 15

These promising findings of new peroxide chemistry were a motivation to further
experimentally examine whether the addition of catalytic at® of perrhenate to standard

ILs with different polarities, such as §@im][BF,4] and [Gmim][NTf,], would also lead to
cyclooctene epoxidation (Table 3). Notaldyfferent cationwith [ReQy]” had a tremendous

effect on the activity. Whereas MRleQ, doesnot provide a significant yield of the epoxide,

with potassium perrhenate, yields of up to 53 % (Table 3, entry 2) can be achieved. When the
concentration of perrhenate is decreased to 10 mol % (relative to the substrate), the activity
also drops notablyT@ble 3, entry 3). From Table 3, it is clear that ammonium ions inhibit the
epoxidation of an olefin. Similarly to peroxides, these cations interact with,JRe@/ or

the IL ions Presumably, this interaction causes the inactivity ofRBQ, (Table 3,entries 4

and 5), whereas Kions behave very differently (Table 3, entries 2 and 3). This comparison
also highlights the role of the IL as an environment, which is able to dissolve polar species,
such as perrhenate salts, without the need to includdia potvent shell (e.g., water; Table 3,
entry 8) which would disturb the perrhengieroxide complexation. This argument allows a

rationalizing of why perrhenates are inacti
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passivates the complex.

Table 3 Yields of cyclooctene oxide for various perrhenate concentrations (PC).

Entry Solvent Perrhenate salt PC [mol %] Yield [%0]
1 [Cemim][BF] i i 13
2 [Cemim][BF,] KReO, 100 53
3 [Csmim][BF,] KReQ, 10 10
4 [Csmim][BF 4] NHsReQ, 100 17
6 [Csmim][NTf ;) KReO, 100 3
7 [Cemim][NTf;] NH;ReQ, 100 7
8 H.O NH;ReQ, 100 8

Reaction conditions: 0.l IL, 1 mmol cyclooctene, 2.B1mol H0O, (50 % solution in water), reaction
time 4h, 70C.

By comparing the use of two ILs, §Qim][NTf,] and [Gmim][BF4] as solvents (Entries 2, 4,

6 and 7), we can clearly conclude that the solubility of the perrhenate salt in the respective IL
has a significant influence on the activity towards epoxidation. A more polar IL like
[Csmim][BF4] will facilitate the solubility of the perrhenate salt, leading to formation of
hydrogen bonds between perrhenate an@®,HA reciprocal observation is made with
[Csmim][NTf], wherein NHReQ, and KReQ are entirely insoluble, leading to yields o%«

and 3%, respectivly.

Recycling experiments were carried out on samples of the dmifg][ReOy] (Figure 1).
Constant yields of 989 % were obtained for at least 8 runs, which demonsttatesigh
stability of the IL under oxidative conditions, thus rendering it a goodidate for efficient

olefin epoxidation.

Yied K|
8

; | s ; 10

B . ok

1 2 3 4 5 6 7 8

Run
Figure 1.Yields of cyclooctene oxide after eight reaction runs ignjith][ReQy].

2.2.2 Mechanistic considerations of the activation of }D»

The reactivity of the perrhenat®ntaining IL is intriguing. Ircortrast, by using [@nim][BF4]
without the addition of a metal oxide, cgokcteneepoxide is obtained in 1% yield (Table 2,
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Entry 1), thus pointing to the pivotal role of perrhenate in the conversion of the olefin into the
corresponding epoxide. However, tHismmdamentalet surprisingactivity of [BF4]" can be
rationalized by the formation of hydrogen bonds between][Bfith hydroxides® 2 To

verify whether the [BE" anion is responsible for the activatioh hydrogen peroxide, or
whether they even react with thergeide or waterjn situ *°F-NMR spectra, [Gmim][BF4]

(see Figure 2), were recorded in the presence of perrhenate and hydrogen peroxide.

200 150 100 50 o =50 -100 -150 -200
s E e A B e S e e e S

intensity [a.u.]
1

1 1 1 1 1 1 I
200 150 100 50 ] -50 -100 -150 -200

ppm
Figure 2'%F-NMR Spectra (200 -200 ppm) of [Gmim][BF,] at 70€: without NH ;ReQ,and HO, (A),
with NH;ReQ, and HO, after 30 min. (B) and 90 min (C).

Notably, no change in the fluorine signals during epoxidation were observed, thus showing
that [BR] anion did not react with #D, or was hydrolyzed by wateTherefore, we can
conclude that the [Bf anion is not (or only to a minor degree) responsible for the activation
in the presence of [RaeD, as also corroborated by vibrational spectroscopy.

Welton and ceworkers reported the formation of hydrogen @®etween the IL anions and
water molecule§? Mele et al observed weak H bonding of the imidazolium cation with
watert®® Hence, in Table 2, entd, H0O, is presumably associatesith the IL anion.
Hydrogen bonds to the cation probably do not fornthie presence of a potent-bbdnd
acceptor such as a perrhenate anion. The addition of-metatomplexes, such as [R§0Q
accelerates the reaction, gpuenably through the formatioof OsRef Q4 T Oi OH species,
which ativate the peroxide and hen@nableepoxidation. Semingly, metaloxidemediated
olefin epoxidation in ILs follows a different reaction mechanism to thtkt thie usually metal
catalysts™ in which (hydro)peroxo ligands act as catalytically active species in transferring

an oxo moiety tahe olefin®® The activation of peroxides with the carbonate anion and the

25



Chapter 2

subsequent epoxidation of olefins were reported by Yao and Richaffstowever, their
reactions were performed in water and, thus, the substrates had to contain functiqral grou
(carboxylate, sulfonate, ester) that would render them soluble; hence, the reactions of simple
olefins were not undertaken. The mechanism has also not been examined in detail. Therefore,
to shine some light onto the activation of peroxide with perrieeriaé reaction meehmism

was also examined WYFT calculation.

2.2.3 Spetroscopic and DFT studies of the activation of B, with perrhenate and

subsequent epoxidation

Recent publications presented elaborate schemes for modelif§?L.sThe scope of the
calculations reported herein was to elucidate sugportthe proposed catalytic mechanisms,

in particular in terms of the trends in crucial activation barriers. Therefore, as first
approximation, we refrained from directly including the effects of IL$ @@ often described

by using molecular modeling approaches. We relied on ILs to provide a reaction cavity and
we assumed that gas phase models correctly helped to identify trends. Thus, the absolute
values of barrier heights should be taken with caufidiree complexes from which the
oxidation may start were considered (Scheme 2): that is, encounter coinpletxween
hydrogen peroxide and [Rel> the hydroxehydroperoxo rhenium specied and the
bishydroxeperoxo comple.*?

) et ’"*ﬁ‘; .'K.
®© o L
1.0 2_ts; 112 / 3: 82
@ /.‘kf.;
/! 3 L / . %
5; 156 4 ts; 79

Scheme 2Calculated egijlibrium structures for theeactionof [ReQy]” with H,O, including the transition
states (ts). All of ta complexes are monoanions.e8bdashed lines indicate hydrogen bonds, thick dashed
lines bonds to be broken or formed in a reaction step. Fredoreastergies (kdnol?) relative to1,
activation barriers relative to the preceding initial state. Color coding of the atomiespRegreen large;

O red H white, small.

Before exploring the actual mechanism, it is important to identify active spdwae are
formed with peroxide in the IL. Therefore, the reactions were monitgeeth situ IR and

Raman spectroscopy. Upon addition of the oxidant, the asymmetric stretching vibration splits
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in both the Raman and IR spectra (Figure 3, speciuioirt group analysis shows that this

is consistent with a lowering of the local symmetry of [Ré®om Tgto Cy.

These changes can be assigned to a distortion of the local symmetry of the anion by weak
coordination, for example, hydrogen bonds. This assap is supported by calculated
vibrational spectra of the key intermediatés3 and5; Figure 3). Indeed, in the IR spectra,

the experimentally observed splitting (89@0cm'*; Figure 3, spectruna) of the former
asymmetric stretching mode of the pimaic liquids, which is found at about 9GO * (see

Figure 3)*¥is also reflected in the simulated spectra (Figure 4).

1100 1050 1000 950 900 850 800
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E —~ J[\, N 5
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- J F NN~ 1
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Wavelength [cm™]

Figure 3. Raman and midR spectra of [@mim][ReOQ,] (Re=O asymmetric stretch vibration) after
peroxide addition. Calculated: encoentomplexi, hydroxehydroperoxo comple®, and peroxo complex

5; a: measured, ant: 2nd derivative of the spectra. Peak broadenings indicated as horizontal bars (see
text).

For structurel, a small splitting is calculated, with three peaks within thges865910 cm®,
where as the ligands on the metal center of struct@esd5 induce a significant larger
broadening of the spectra: (840 985cm' % 5: 875 990cm'Y). Both the shift and splitting of
this band, as observed experimentally (spectajnare best reproduced by the simulated for
complex1. Thus, from IR data, structutkeis expected to be predominantly formed. In the

Raman spectra, the asymmetric stretching mode of the pure ionic liquid at aboot Y@e
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Figure 3), is broadened to 8®80cm'* (Figure 4, spectruna). Again, this finding is
supported by the calculated spectrum of encounter complekich exhibits a broadening to
875930cm't. The splitting patterns in the Raman spectr® ahd5 are also significantly
broadened3 840 985cm % 5: 875 990cm'Y). The calculated spectrum of structdreas a
slightly different peak pattern to the second derivative of the experimental spectrum
(spectrumb, extended view). The simulated IR and Raman spectra of struBtanet show

an adlitional peak at about 98fin'*, which is assigned to the hydroxyl groups but is not
observed in experimentally, thus corroborating the dominance of strdctnrthe reaction.
FarlR measurements do not indicate any additionaORabrations, excludinghe formation

of rheniumperoxo species.
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Figure 4. Comparison of calculated and mearsured Raman spectra of the pure ionic liquid}” [ReO
calculated, [@mim][ReO,] measured. The peak at 1028 * in the experimental spectrum results from the
[Csmim]* counter ion.

Thus, structurel can be safely addressed as the predominant equilibrium structure. The
formation of the encounter compléis calculated to be exothermic B30 kJ mol* (Scheme

2), owing to the newly formed H bonds. Compounchn be considedeas an initial state of

all reaction pathways. Thus, all of the free reaction energies shown are given relative to
structurel. A barrier of 11%&J mol™ (2_ts) has to be overcome to arrive at the endothermic

hydroxohydroperoxo comple® (82 kJ mol™). The strongly endothermic peroxo compx
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(156kJ mol™) is reachableia a barrier of 7%J mol™ (4_ts). Hence, these latter alternatives

to structurel are both thermodynamically and kinetically disfavored. These computational
results, together with thiendings on the vibrational spectra, indicate that the equilibrium of

the ionic liquid and hydrogen peroxide will be predominantly shifted towards corhphexa
consequence, during the reaction, [Fé®an be assumed to be coordinated b@Hhrough

H bonds, thus activating the peroxide bond and making it susceptible to attack by an olefin. In
contrast to MTO, the stable delocalized electronic structure of perrhenate implies a chemical
inertness that requires a significant amount of energy to be didiufbr example, by
inserting BO; to yield structure8 and>.

Further computational efforts addressed the question whether a single perrhenate moiety or

peroxidebridged agglomerates of such anions may act as active species (see Figure 5).

H—QO
II \
I C/) ﬂ
H—O . _H
/ \O OCR\e\O’ ,O{Re::0~ N
(a / H/ \O H’ \\
- ,H \ ] \ O \
AN O 4 o /.
O/ \\O \O/ \O/H H\O/
M1 M2: symmetric M2: bridged
o0—0O
/ N
H H.
o 0 o 0
\ i \, =0
O=Re= O H--.o_Re= O Re~
5 o, ~ \O/ O=Re=0 /I/?e\\ VRN
o) 0 O 0O
H H
N\ /
o0—oO
D1 D2

Figure 5. Possible perrhenageroxide complexes, either moer(iM) or dimers (D), as alternatives to M1
(structurel of the article).

Simulated Raman spectra did not exclude such agglomerates (see Figure 6). The formation of
such strutures will depend on the size and the content of the reaction cavity provided by the
IL, specifically on the size of the counterion. Meperrhenates that contain two peroxide

moieties are also conceivable as active species, thus enhancing the poksileitipxidation.
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Figure 6. Calculated Raman spectra of various systems in comparison with

experimental spectra of {@im][ReQy].

Although our spectroscopic studies show that the equilibrium is shifted almost completely
towards comple®, epoxidation migt involve one of the minor intermediates. Therefore, we
examined various plausible transition states). (Accordingly, among all of the reaction
channels studied, the rdimiting barrier (relative to structurgé) was by far the lowest for

direct oxidaton by complexl (see Figure 7).
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Figure 7. Alternative reaction pathways and their activation barriers. Values giee@ibbs free energies
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Transition stat&_ts lies 171 kJmol™* above the preceding intermediate state @%$cheme

3). A second hydrogen bond does not necessarily have to form to the samje (RO
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Scheme 3Calculated reaatn pathway of direct epoxidation through théobhded complex. Gibbs free
energies (in kJ md) are relative to the separated substrates, jRe@d HO,. All of the complexes are
moncanions. Free energies calculated as in Scheme 2. Color codirgyatbthic spheres: C black, small;
the rest as in Scheme 2.

We were unable to identify aalternative structurdor product8 that involved a water
molecule bound through H bonds to the perrhenate anion. A water ligand, which coordinated
at the perrhenatdtough its oxygen atom, analogous to structures that have previously been
found in MTO chemist{??>¥ immediately reorients to form structue The barrier of the
corresponding back reaction was calculated to be 35®dt}; hence, the reverse step is
highly unlikely. Direct insertion, starting from structureencounters a notably higher barrier
(256 kJmol™; see Figure 7). In agreement with experimental findings that identify strdcture
as the prevailing species, alternative epoxidation pathwaysngtiom structure8 or 5, are

far less likely (Scheme 2). The barriers of such alternative oxiygasfer pathways relative

to structurel, that is, neglecting the energy change owing to coordination of the olefin, are at
least 254 kdmol™* (see Figue 7). To elucidate the origin atom in the epoxide product, the
epoxidation of cyclooctene was repeated usif@labeled [Gmim][ReOQs)] and HO. as
oxidant. After work up and product isolation, the record€@dNMR spectrum of cyclooctene
oxide does not shw any signal, even after 24 of acquisition time. This result clearly
excludes the formation of Reydroperoxo §) or Reperoxo b) species, that is, a transfer of
oxo ligands from Re onto the olefin. Thus, the oxygen has to originate fp@ Without

prior direct coordination at the metal center, thus suggesting the pathway starting from
structurel.

Thus far, we have only discussed mechanistic aspects only with regag@tadHoxidant. It

is the question, which effects are responsible for the pantidgpyields when using UHP and
TBHP as oxidants (Table 1). Analogous to structuneith oxidant HO, (Scheme 2), we
examined the Hbonded encounter complexeka(and 1b) of perrhenate and the oxidants
UHP and TBHP, respectively (Figure 4). Oxidant UHiéwed as adduct of @, and urea

(see la), exhibits H bonds between the hydroxyl groups©$ &hd the carbonyl and amino
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functions of ure&? In structurelb, thetert-butyl group of TBHP shields the oxygen center to
be transferred. In contrast to stiwe 1, both structureda and 1b can only form a single

H-bond to perrhenate (Figus.

Beal iy

Figure 8. Encounter complexes of [RgOwith UHP (1a) and TBHP (1b).
Color coding othe atomic spheres: blue, small; the rest as in Scheme 3.

According to thecalculated activation barriers, relative to the correspondingliSs©r 1b;
Scheme 3, Figur8), direct epoxidation with UHP7@_ts 173kJ mol™) is favored over the
reactions of alternative oxidantsABb: 7_ts 192kJ mol™; TBHP: 7b_ts, 189 kJmol™). Thus,

the electronic activation of the peroxide does not correlate with the measured trend of yields
(Tablel).

Notably, the yields are affected by: 1) steric shielding of the activated center, 2) competition
between the substrates, and 3) the thdgymamic driving force, in particular the activation
barrier of the back reaction. Whilst the calculated free reaction energies for the overall
reaction with HO, (-192kJmol™) and UHP {190kJ mol?) are similar, the reaction is far less
exothermic withTBHP (-170kJ mol™). Furthermore, theert-butyl group TBHP that is
coordinated to the perrhenate anion shields the oxygen center, thus (together with the slightly
lower reaction free energy) rationalizing the poor yields (Table 1). Other factors may
contibute to the differing activities of UHP and®,. For instance, urea does not need to stay
close to the complex of perrhenate angd¥l but may coordinate to another perrhenate ion.
According to calculated energies of the H bonds between perrhenataraous\substrates,

urea (34 kJ mai) binds more strongly to perrhenate thasOk(20 kJ moat'), whilst water

binds weakest (BJ mol™). Systeml (H,0,) contains notable amounts of water because the
oxidant is available in agueous solution, whereas sy$teftdHP) only incorporates urea and
H.O,. Thus, the epoxidation yields can be rationalized as the result of competition between
forming a perrhenate complex with either urea e©4 Notably, ammonium ions almost
completely suppressthe reaction (Tabjebecause they form very strong H bonds with
perrhenate anions (464 mol™).

The cations of the IL, not accounted for in our simple models, are obviously not innocent
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(Table 1). Despite its simplicity, this computational approach demonstrates the tgagsibili

the discussed mechanism. Clearly, more elaborate modelihg ehvironment that is set up

by the IL will be desirable. With such more realistic modeling, the calculated activation
barriers would be expected to be lower. Because the high actitatioar of 17&J mol™t is

at odds with the good observed vyields (at least%@) the rate limiting step has been
recalculated with the experimentally used substrate (cyclooctene), which is known to be more
easily epoxidizedhan the model olefin (ethen€Y. The resulting activation barrier of 148J

mol! demonstrates better agreement between the chosen computational model and the
experimental data, as well as the far better reactivitycoboctene in comparison to ette.
Assuming a firsorder reactin and a prexponential factor of 1013'swe estimate a barrier

of about 11kJ mol™* based on the observed 50 % yield after 4 h.

2.3 Conclusion

A new synthetic concept which is based on the solvent effect of ionic liquids on polar
compounds, such agphenate salts is presented. NMR, IR, and Raman spectroscopy, as well
as by DFT studies, indicate that simple anionic metal complexes are able to activate
hydrogen peroxide through hydrogbanding interactions, thus enabling olefin epoxidation
throudh an outessphere mechanism, which does not involve the Re center. This method was
shown to be very efficient, even with catalytic amounts of metal salts, which are easily
separated from the product and reused without loss of activity. This reactionpempe ap

new possibilities for the epoxidation of olefins with compounds that are very stable, readily
accessible, and cheap. These compounds have several advantages over the meanwhile
commonly used, yet expensive molecular Re, Mo, Ti, and Mn compoundsh vane
expensive and often quite sophisticated. Further studies of this reaction system are worthwhile,
particularly in view of affording longeterm stability and performance in the epoxidation of

cyclooctene.

2.4 Experimental section

2.4.1 General

All syntheses and catalytic reaction were carried out in -@rethylimidazole, dbromobutyl,
1-bromooctyl, tbromododecyl, fluoroboric acid (3%), hydrogen peroxide (5% in water),
n-hexane, acetonitrile, and ethyl acetate were purchased from Acros Ord&a@is. pellets

were purchased from J. Baker. Cyclooctene (9%), tert-butyl hydroperoxide 5:6.0 M
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solution in decane, Amberlite IRA0O0 (OH), and acetone were purchased from
SigmaAldrich. *’O-enriched water (10 wt%) was purchased from Deutero GmbAl
chemicals were used as received without further purification.

Microanalyses of the obtained products were performed in the Mikroanalytisches Labor of the
Technische Universitd Minchen in GarchindH, *C and*’O NMR spectra were recorded in
CDCl; with a 406MHz Bruker Avance DPX400 spectrometer. isitu Mid-IR spectra were
recorded with Mettler Toledo ReactIRTM, -situ spectra were measured on a Varian IR
FT670 equipped with an ATR cell (diamond crystal). Raman spectra were recorded on a
Bio-Rad FTS60A. Thermogravimetry coupled with mass spectroscopy-NIS3 was
conducted utilizing a Netzsch TG209 system; typically 10 mg of each sample were heated
from 25€ to 1000 € at 10 K min™. Differential Scanning Calorimetry (DSC) was
performed on a Q 200gkeries DSC instrument, wherar®) of each sample were heated from
-100€T to 150 € at 10 K min™. Density was measured by an Anton Paar DMA4500
densimeter. Catalytic runs were monitored by GC methods on a H&alkard instrument

HP 5890 Series Il equyed with a FID, a Supelco column Alphadex 120 and a
HewlettPackard integration unit HP 3396 Series Il.

2.4.2 Synthess of perrhenate-based ILs

The original synthesis of the perrhenates involved a mixture of imidazolium bromide and
[NH4][ReOy] in acetonewhich was stirred for 48 h at room temperature and subsequently
worked up. Elemental analysis showed that a significant amount of the bromide was present
in the ionic liquid after purification. Because the purity of the new ILs has a dramatic effect
on theepoxidation of olefins, a new strategy was used for the synthesis of the IL perrhenates,
which involved the exchange of bromide by hydroxide on an ion exchange resin and
subsequent addition of [NJjReO,] and stirring at 7@ for 24 h. The only byprodustare
ammonia and water, which can easily be removed in vacuo at elevated temperatures. The
ionic liquids were characterized by 4, Raman,'H-, **C-, "O-NMR spectroscopy and
elemental analysis. In Addition, physical data such as density, melting poiht
decomposition temperature were determined. According to differential scanning calorimetry
(DSC) data, the compounds Jf@m][ReQ,] and [Gmim][ReQ,] were liquid and contain a
glasstransition temperature below room temperature having a glass trarteitnperature

below room temperature. Owning to its high molecular masgmi@][ReQ, shows a
melting point at 4&. Thermogravimetric analysis (TGA) data indicate that all ionic liquids

show negligible volatility and high thermal stability with a decosifon onset temperature
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near to 40CC.

Equimolar amount of alkyl bromide andniethylimidazole (0.%nol) were heated for 1 h at
40°C in THF (40ml). Afterwards, the mixture was heated at reflux for 24 h. After cooling to
room temperature, a mixture ot@Ac and MeCN (40 mL, 3:1 v/v) were added and the
mixture was heated at reflux for 1 h to afford the pure product after drying@tud@er

high vacuum for &.

Preparation of 3-alkyl-1-methyl imidazolium perrhenate: A solution of 3alkyl-1-methyl
imidazolium bromide (0.08 mmol) in water (10 mL) was slowly added onto thexchange
resin (PH 7). The product was slowly washed off the column with water until PH value of the
eluent remained at 7, thus affording the desired product (c = 0.26 ThoSubsquently,
[NH4][ReO4](1.2 equiv) was added and the solution was heated {6 7@ 24 h, followed by
the complete removal of the residual water under reduced pressure. Excg$R¢RH was
removed by extraction of the ionic liquid with @El, (30 mL) to afford the pure product
after removal of the solvent under reduced pressure (98 % yield).

3-butyl-1-methyl1H-imidazolium perrhenate

CgH15N-O4Re (38942),1H-NMR (CDC|3, 400 MH z , r. t. ) . U = 8. 92
(1H, d), 4.30 (2H, 1), 3.68 (3H,),s1.75 (2H, @), 1.28.17 (2H, m), 0.79 ppm (3H, 1);
BCNMR (CDC, 100 MHz, r.t.): 4 = 135.9, 123.6,

IR (ATR, diamond crystal, neaty. = 900 (Re=0 asym.), 916 ¢h{Re=0 sym.);elemental

analysis calc. (%) for §H:5N,O4Re : C, 24.67; H, 3.88; N, 7.19; O, 16.43; Re, 47.82; found:

C, 25.19; H, 4.05; N, 7.2Re, 46.50; §=-76.5°C; d = 1.963; = 399°C.
3-octyl-1-methyt1H-imidazolium perrhenate

C12H2aN204Re (445.53)!H-NMR (CDCk, 400 MHz, r ,s);t7.4D(1H,d), 736 8. 82
(1H, d), 4.16 (2H, 1), 3.95 (3H, s), 1.84 (2H, t), £RT9 (10H, m), 0.79 ppm (3H, t);

B¥C.NMR (CDCk, 100 MHz, r.t., ppm): U = 136.1, 12
28.8, 26.2, 22.5, 13.98 ppm‘O-NMR (CDCk, 100 MHz , r.t.) O = 564 pj
diamond crystal, neaty = 916 (Re=0O asym.), 900 (Re=O sym.), 320"cfRe=0 deform.)

Raman (crif): v = 959 (Re=0 sym.), 908 (Re=0 asym.) 331'¢Re=0 deform); elemental

analysis calc. (%) for GH23N20O4Re: C, 32.35; H, 20; N, 6.29; O, 14.36; Re, 41.79; found:

C, 31.85; H, 5.31; N, 6.29; Re, 40.03; M.p:82 d = 1.658; F=380°C.

3-dodecytl-methyt1H-imidazolium perrhenate

CieHaiN-O4Re (501.64)'H-NMR (CDCk, 400 MHz, r.t.): o = 8.85
(1H, d), 4.21 (2H, 1), 4.01 (3H, s), 1.89 (2H, 1), 1-B24 (18H, m), 0.86 ppm (3H, t);
BCNMR (CDCk, 100 MHz, r.t.): U =136.4, 123.9, 1
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29.6, 29.5, 29,4, 29.1, 26.4, 22.8, 14.2 ppm; IR (ATR, diamond crystal, meatp00
(Re=Casym.), 916 cm (Re=O sym.); elemental analysis calc. (%) fagHG:N.OsRe: C,
38.31; H, 6.23; N, 5.58; O, 12.76; Re, 37.12; found: C, 38.19; H, 6.16; N, 5.63; Re, 36.84;
M.p: 48.2°C; d = 1.433; §=383°C.

2.4.3 Preparation of the *’O-labeled ILs

YO-labeled water (100 L, 10 atom Pewas added to 1;Methytoctylimidazolium
perrhenate (3.7 mmol) and the solution was stirred at room temperature for 16 h. Afterwards,

water was removed under reduced pressure.
2.4.4 Oxidation of cyclooctene tacyclooctene oxide in ILs

The ionic liquid (Immol) was placed in a round bottom flask equipped with a magnetic bar,
followed by the addition of substrate ifimol). Finally, the oxidant (2.81mol) was added
and the reaction mixture was heated up toC70or 4h. Afterwards, the epoxide was
extracted witm-hexane (5 x Inl) and a solution of epoxide mhexane (10QL) was mixed

with 1000pL of internal standard and measured by means of GC.
2.45 Computational details

All electronic structure calculatisnwere carried out with the program package Gaussian
0336 with the hybrid DFT functional B3LYB” For the description of rhenium, we employed

the MWB-60 energyaveraged S$ittgart/Dresden pseudopotenfi@l all other atoms were
represented by the&11+G(dp)>? basis set. In general, we invoked simple models that focus
on perrhenate. These models did not account for the environment provided by the ionic liquid;
in particular, all effects of the 2B-methylimidazolium [RMIM]") counter ions (R = butyl,

octyl, or dodecyl) were neglected. This model approach assumes the environment provided by
the ionic liquid (IL) will not prevent the formation of weak hydrogen (H) bonds between a
perrhenate anion and peroxide (typically aboutk.Biol®). These H bonds areot stable in

a common organic solvent due to strong coordination of the substrate by a solvent. Such
solvent effects are assumed to be absent in afRMIM]" counter ions, known as H bond
donors*® are not expected to participate as H bond acceptdt®ireaction mechanism, e.g.

the complexation and activation of peroxides, in view of their cationic character and the

complete lack of lon@air bearing atomé”
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3 Imidazolium perrhenate ionic liquids as efficient catalysts for

the selective oxidation of sulfides to sulfones

This chapter originated from the following publication:

Bo Zhang, Su Li, Shuang Yue, Mirza Cokoja, Midgng Zhou,

Shuliang Zang* and Fritz E. Kihn*

J. Organomet. Chen2013 744, 108122.

3.1 Introduction

The gnthesis of sulfoxides and sulfones is of interest due to their valuable applications as
intermediates during the preparation of various chemically and biologically important
molecules’” The selective oxidation of sulfides is the most straightforwaethau for
synthesis of sulfones. A plethora of proceduass available using transitianetals such as

V- Re ® Mn- 19 Ti- B Mo-1224 and WS®) based catalysts for the preparation of
sulfones in organic solvents. However, most of thesequlures are not satisfactory due to

high cost, difficult catalyst preparation and separation, and due to the formation of large
volumes of toxic waste. Therefore, a high demand for the development of low cost, green,
efficient and durable homogeneous b&ats for oxidation of sulfides to sulfones exists. In

this respect, ionic liquids (ILs) are environmentally benign reaction media for reactions,
separations, and manufacturing processes due to their favorable physical and chemical
properties! ¥ In paticular, metaicontaining ILs may be particularly interesting candidates

as reaction media or catalysts because of their special characteristics, such as easy preparation
and separatigrecatalyst stability, solubility and reusability. 2 252°!

Since more than two decades, methyltrioxorhenium (MTO) has been known to be a very
efficient catalyst for the oxidation of organic compouliéi& The catalyst recycling and
hence reusability of the system is, however, intrinsically difficult, since bothysa&nd
product are soluble in the same phase. Immobilization of MTO on heterogeneous carrier
materials has been proven to be difficult as well. Notorious leaching quickly leads to

significant catalyst losses in almost all examined ca%&% It is known that certain other
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rhenium (VII) compounds, such as acetyl perrhenatgR€EDAc) and immobilized
benzyltrioxorheniun(VIl), are also displaying catalytic activities under special condiff§ns.

3537 Furthermore, perrhenate itself has so far only beenvn as a mediocre catalyst for the
reaction of diols to olefin§3¥ put it has not been applied as catalyst or initiator in the
epoxidation of olefins, unlike its Re (VII) congener MTO. These results were tempting
enough to extend our investigatioltsdesign perrhenate containing ionic liquids since they
might possess the advantages of both of ILs and catalyst (perrhenate). Initial work in this field
has been focused on the epoxidation that imidazolium perrhenate ionic liquids (IPILs) of the
generakype [Gmim][ReOy] (Comim = 1-C Hazn:+1-3-methylimidazolium; n = 2X), 4 2), 5 3),

6 (4),8 (5), 10 @), 12 (7), see Figre 1) are very efficient reaction media for the epoxidation

of simple olefins (cyclooctene;dctene, styrene) using aqueous hydrogerxide and UHP

as oxidant$’” Due to negligible solverperrhenate interactions in these ILsOxcan form
hydrogen bonds with the R¥o ligands, which activates,8, and makes it susceptible for
epoxidation. Further research, summarized in thiepaghows that IPILs can be used in
catalytic amounts for the oxidation of sulfides to sulfones with hydrogen peroxide as oxidant
and conventional [€nim][BF,] (1-butyl-3-methylimidazoliumtetrafluoroboratgionic liquid

as solvent under mild conditions.
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Figure 1. Imidazolium perrhenate IL%7 (IPILS).

3.2 Results anddiscussion

3.2.1Characterization of the IPILs

Physical data such as density, melting pami decomposition temperature wetetermined
(see Table 1). Compounds5 are liquids at room taperature and a glass transition process
can be detected below room temperature according to differential scanning calorimentry

(DSC) data. Compoundsand 7 show melting points of 38.3 and 48.3 T, respectively. The
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thermogravimetric analysis (TGA) datadicate that all compounds show negligible volatility

and high thermal stability with a decomposition onset temperature near 400 € (see Table 1).

Table 1.Physical data of ionic liquids-7.

Melting point/Glass transition Demmmposition temp.

Density

Compounds temperature onset
[C] [/ cnt] [C]
1 -15.2 2.157 395.2
2 -76.5 1.963 399.3
3 -73.9 1.851 396.7
4 -61.1 1.794 393.9
5 9.2 1.658 380.2
6 38.3 1.527 381.3
7 48.3 1.433 383.5

3.2.2Influence of solvent, oxidant and catalyst

We studied the calytic properties of IPILL, 5 and7 for the oxidation of thioanisole using
aqueous kD, and UHP as oxidants. Faromparison, various oxidants and catalysts in
different reaction mediavere also testedl'he results are given in Table Qveral organic
sdvents and ILs, such as J@im][NTf;]  (1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide), [@miM][HSO4] (1-butyl-3-methylimidazolium hydrogen
sulfate)and [Gmim][PFs] (1-butyl-3-methylimidazolium hexafluorophosphategre applied

as solventsOxidation of thioanisole with aqueous®} as oxidant was found to be strongly
solventdependentWhen using conventional solvents, suchmdmexane and toluene (Entries
1-2) the yieldof sulfoneis below 60 %, and the selectivity toward sulfone is Ieas 80 %,

due to the low solubility of the catalyst in these solvents. Higher yields (> 60 %) were
obtained in MeOH and the examined ILs as solyesince the solvent/substrate/oxidant
mixture is homogeneous (Entries-73 [Csmim][BF4 (1-butyl-3-methylimdazolium
tetrafluoroborateturned out to be the best solvegmovidingthe highest yield (96 %) and the
best selectivity (98 %) (Entry 40ther ILs such agCsmim][NTf,] and [CmMim][HSO,]
exhibited also high yield¢Entries 5and6). For sake of compason,tert-butyl hydroperoxide
(TBHP) and urea hydrogen peroxide (UHP) were also used as oxiuatés the same
conditions.The catalytic activity decreases significantly with TBHP as oxidant (Entry 10). In
the case of UHP, the low solubility appears tectfthe reaction negatively, leading to a low
yield (Entry 9). A blank experiment without oxidant was carried out under the same

conditions and no significant oxidation was observed within 24 h, indicating that the oxygen
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source in the oxidation reactiovasnot air (Entry 8). Based on these resultgDfappears to

be superior to TBHP and UHP as oxidizing agent.

Various easily available rhenium compounds, such as K|Ra@l [NH][ReO4] have been
applied as catalysts in the oxidation of thioanisole withemus hydrogen peroxide (Entries

12 and 13). [NH[ReO, and K[ReQ] provide a yield of up to 93 %. Compared to
[NH4][ReOy] and K[ReQ], compound2 exhibitesa better performance for the oxidation of
thioanisole (Entry 4) due to the better solubility @Grhim][BF4]. Besides, the more lipophilic
IPILs 5 and7 were examined as catalysts for oxidation of thioanisole. The results show that
increasing the carbon dndength in the imidazolium liHittle effect on yield and selectivity
(Entries 14 and 15). Ingptantly, in the absence of perriag®, the sulfone yield decredse

mere 13 %.The sulfoxide yield, howevers 86 % (Entry 11), which is in good accord with
the method selectively oxidizing sulfides to sulfoxides ignf@n][BF4].*Y This result show

t hat t-bei diaoatvieano to sulfones can onlwy be ir
Regarding the mechanism of this reaction, it has previously been shown thafi" [ReO
activates HO,via hydrogen bonds, facilitating the epoxidation of oleffffsAnalogously, the

oxidation of sulfides to sulfones is assumed to take plaoeighthe same mechanism.

Table 2 Catalytic oxidation of thioanisole under different reaction conditfns.

Entry Solvent Oxidant Catalyst Yield™[%] Selectivity™[%]
1 n-hexare H.O, 2 57 58
2 Toluene H>O, 2 50 78
3 MeOH H,0, 2 62 63
6 [Camim][HSO] H,0, 2 92 96
7 [Cmim][PR] H,0, 2 64 66
8 [C.mim][BFJ] 2
9 [Cmim][BF] UHP 2 44 45
10 [Cmim][BF] TBHP 2 <1 <1
11 [C4m|m][BF4] H,0, - 13 13
14 [Csmim][BF,] H,0, 5 90 91

@l Reaction conditions: 10 mmol substrate, 5 mol % catalyst, 40 mmol oxid2mlinsolvent at 60 €
t=15h
[l petermined by GC on the crude reaction mixture using internal standard technology.

It is important to note that both the sulfides and hydrogen peroxide are completely soluble in
[Camim][BF4)/2, therefore being a morefficient and completely homogeneous oxidation
system. Reactants and products are both easily removed from the reaction wixture

extraction with diethyl ether, which is immiscible witts used in this work.
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3.2.3Influence of the reaction temperature

The oxidation of thioanisole under different temperatures was investigated as well. As shown
in Figure 2, a higher reaction temperature leads to an acceleration of the thioanisole oxidation.
A lower temperature, howeveasg disadvantageous for the oxidati@action and the yielts

less than 10 % at O €. Therefore, a reaction temperature of 60 € was chosen for the further

improvement of the reaction conditions.

10 - O Yield
@ Selec

80
S 60
=}
£ 40

=T

0 1 1 1

0 25 40 60

Temperature (C

Figure 2. Catalytic oxidation of thioanisole in the {@im][BF,]/2 system at different tempaures.
Reaction condition: 10 mmol substrate, 5 mo22%40 mmol BO, (35 %) in 2 mL [Gmim][BF4]; t= 1.5 h.

3.2.4Influence of the substrate/catalyst ratio

The influence of the substrate to castlratio was also studied (fige 3). The reaction kto

a yield of 75 % within 90 min when a substrate to catalyst ratio of 1@@slapplied.
Lowering the ratio of substrate to catalyst te higher yields. In this case, in order to obtain
the actual catalytic activity of compou2dand complete oxidation aetion in a short period

of time, 20:1 appears to be the optimal ratio.

45



Chapter3

100

80+

60

40 1

Yield (%)

20 1

. . . : . : . : .
0 20 40 60 80 100
Time (h)

Figure 3. Reaction kinetics of thioanisole in f@im][BF4]/2 at 60 € using different substrati-catalyst
(S/ C) ratios; t = 1.5 hY) S/ C:100/1 (z),

3.2.5Seletive oxidation of different sulfides

The optimized reaction was carried out usag catalyst for oxidation of sulfides salfones

in the conventional ionic liquid [{nim][BF4] at 60 € (Scheme 1).

S

o 0
5 mol % 2, H,0, (35 %) \7/
> S

~N
R®  [c,mim|[BF,, 60°C R T NR2

R

Scheme 10xidation d sulfides to sulfones with #D, using [CGmim][ReQy] (2) as catalyst.

To generalize the developed protocol, a wide range of sulfides with different functional
groups was oxidized under the same conditions. The results are listed in Table 3 and show that
sufones can be obtained in high yields using 35 % hydrogen peroxide at 60 €. Good
catalytic activity and selectivityvere obtained for all tested sulfides. Interestingly, dialkyl
sulfides (Entries 8 and 1f&eremore easily oxidized (within th) than diar{sulfides (Entries

9-11, 15), indicating that the steric hindramveas an important factor in this reaction. For the
oxidation of various phemying substituted sulfides to corresponding sulfones, the electronic
nature and th@osition of the substituenthal less effect on the yield and selectivity of the
product sulfones (Entries4). Furthermore, another useful feature of the presented protocol

is that functional groups, such as double bonds, hydroxyl groups and esters are also tolerated
and no epoxidtion and aldehyde formation is observed (Entries 7, 12 and 13).

The oxidation of dibenzothiophene is of current interest because of its presence in diesel fuels.
It is regarded as a possible cause of acid rain and aef54dlsn the conventional press,
hydrodesulfurization is used to remove sulfur e.g. from dibenzothiophene, a process that is far
from the requirements of environmental legislatifi$”’ Oxidation of thiophenes in fuels
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followed by extraction of the sulfone products is one of dve lhetter methods available for
sulfur removal’®®? In the present protocol, involving a recyclable medium and catalyst
allows a relatively easy catalytic oxidation of dibenzohiophene to sulfone in -pobne
reaction with quantitative yields under mddnditions (Entry 15)This methodology could be

adapted to the removal of sufoontaining compounds from petroletdrrived fuels

Table 3.0Oxidation of sulfldes to sulfones with,&, usmgz as catalyst in [@nim]BF,4 at 60 C.k

Entry R! R® Time Yield” Selec‘uwt);C

(h) (%) (%)
1 Ph Me 15 96 98
2 p-MePh Me 25 95 96
3 p-BrPh Me 2 94 97
4 p-OMePh Me 2 94 97
5 Ph Et 15 95 96
6 Ph CH(CHg), 15 95 96
7 Ph CH,-CH=CH, 4 93 97
8 n-Butyl n-Butyl 1 96 98
9 Ph Ph 4 83 94
10 Ph Bz 5.5 82 94
11 Bz Bz 5.5 83 95
12 Ph CH,CH,OH 5 87 97
13 Ph CH,COOCH; 6 84 95
14 Tetrahydrothiophene 1 97 99
15 Dibenzothiophene 8 56 93

[B] Reaction conditions: 10 mmol substrate, 5 @6l catalyst2, 40 mmol HO, (35 %) in 2 mL
[C4m|m][BF4] at60 C;
"|solated yeld after column chromatography

fc] Determlned by GC oiH-NMR on the crude reaction mixture ngiinternal standard technolqgy
dBz= benzyl.

3.2.6Recycling of the catalyst

It is noteworthy that the system described in this work can be reusedléasaten cycles
(Table 4). Ten consecutive preparations of methyl phenyl sulfoneeshmwsignificant loss
in yield compared with the fresh catsly proving that this system dhaonsistent activity
during the recycling experimés. In addition, the caigst is very well soluble in conventional
ionic liquids, which is a very important feature for practical and efficient applications of

catalytic processes.
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Table 4.The recycling of [Gmim][BF,)/2 in the oxidation of thioanisold.

Cycle 1 2 3 4 5 6 7 8 9 10

Conv!™[%)] 99 99 99 98 98 97 97 97 98 97
Yield'® [%] 96 95 96 93 94 91 90 92 93 92

2 Reaction conditions: 10 mmol thioanisole, 5 mol % of cat&lydd mmol of HO, (35 %) at 60 €,
) petermined by GC on the crude reaction mixturagigiternal standard technology
[l |solated yields after column chromatography.

This approach is a significant improvement in comparison to the procedure reported by
McKervey et al. using homogneous Re(V) catalysts and UHP for oxidation of sulfides in
acetonirile, where the reaction times are considerably higher and the catalysiotdme
reused® The IPILs are more efficient catalysts and recycling provides environmental

benefits and economic viability.
3.3 Conclusion

A simple, efficient andgreenmethodfor oxidation of sulfides to sulfones was developed
using novel perrhenatsntaining ionic liquids as catalysts and hydrogen peroxide as oxidant.
Perrhenate has so far merely been regarded as deactivated decomposition product of MTO or
related catalytidéy active compounds during oxidation reactions. This is very first report on

the catalytic activity of perrhenate for the oxidation of sulfides with peroxides in
homogeneous phase. The IPILs exhibit good catalytic abilities; a series of sulfones were
obtaned with high yields under mild reaction conditions. It was demonstrated that IPILs
could be reused at least ten times without considerable loss of activity. The conversion and
yield did not decrease on recycling and the products obtained were the degicees,
providing an environmentally benign chemical process with potential for industrial

applications.
3.4 Experimental section

3.4.1General

All preparations and manipulation involving air sensitive materials were performed using
standard Schlenk tBoiques under argon atmosphere. Solvents were dried by standard
procedures (EO over Na/benzophenone; @El, over Cah), distilled under argon and kept
over 4 A molecular sieves. All chemicals (purchagethfAcros Organics or Aldrich) were of
analyticalgrade and used as receivéd-NMR, **C-NMR spectra were recorded on a Bruker
Avance DPX400 spectrometaand chemical shifts are reported relative to the residual signal

deuterated solveniR spectra were recorded on Varian FTIB70 spectrometer, using
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GladiATR accessory with a diamond ATR elemehtermogravimetry coupled with mass
spectroscopy (T@1S) was conducted utilizing a Netzsch TG209 system; typically about 10
mg of each sample were heated form°@5to 1000°C at 10 K mirt. Differential Scaning
Calorimetry (DSC) was performed on a Q2000 series DStument;typically about 2 mg

of each sample were heated freb®0°C to 150°C at 10 K mift. Density was measured by
an Anton Paar DMA4500 densimeté&atalytic runs were monitored by GC madis on a
HewlettPackard instrument HP 5890 Series Il equipped with a FID, a Supelco column
Alphadex 120 and a Hewletackard integration unit HP 3396 SeriedMklting points were
determined by MPWMH2 melting point meters. TLC was performed on silich §@F254
plates procured form E. Merck. Silica gel (0.0 mm 60A) was used for column
chromatography. [€nim][BF,], [Camim][NTf;], [Csmim][HSO,] and [CGmim]PF were

synthesized acrding to literature procedurés™?!

3.4.2 Synthetic method and charaterization data

The imidazolium perrhenateli 7 are prepared according to a published procedfréhe
exchange of -alkyl-3-methylimidazolium bromide [@H2,.imim]Br (n = 2, 4, 5, 6, 8, 10, 12;
mim = 3-methylimidazolium)s achieved by hydroxidéa ion exchange resin and subsequent
addition of NHReQ, and stirring at 7€ for 24 h. The only byproductare ammonia and
water, which can easily be removed in vacuo at elevated temperatures. The ioniclkguids
are characterized by AR, 'H-, *C-NMR spectoscopy and elemental analysis.

1: 'H-NMR ([Dg]-DMSO, 400 MHz, r.t.)i1= 9.08(1H, s, mzH,), 7.75 (1H, d, m#,), 7.66
(1H, d, mzHs), 4.16 (2H, q;CH,-), 3.85 (3H, s, NCHs), 1.42ppm (3H, t,-CHs); *C-NMR
([De]-DMSO, 100 MHz, r.t.):0 = 136.74 (mzCy), 124.10 (mzCy), 122.48 (mzCs), 44.75
(-CHy-), 36.22 (N CHs), 15.61ppm (CHs); IR: 3 = 893 (Re=0), 863 cth(Re=0); elemental
analysis calcd. (%) for ¢€111N>.O4Re: C 19.94, H 3.07, N 7.75; found: C 19.85, H 2.98, N
7.71

2: 'TH-NMR ([Dg]-DMSO, 400 MHz, r.t):i = 9.04 (1H, s, mHy), 7.71 (1H, d, ma.,),
7.65 (1H, d, m#Hs), 4.17 (2H, t;CH,-), 3.85 (3H, s, NCHs), 1.80 (2H, m;CH,-), 1.29 (2H,

m, -CHy-), 0.89 ppm (3H, t,-CHs); *C-NMR ([Dg]-DMSO, 100 MHz, r.t.):i = 137.00
(mz-Cy), 124.11 (mzCy), 122.76 (mzCs), 49.17 (CH,), 36.22 (NCH), 31.93, 19.36
(-CH,-), 13.77 ppm (CHy); IR: 3 = 898 (Re=0), 863cth(Re=0); elemental analysis calcd
(%) for GH1sNO4Re: C, 24.67, H, 3.88, N, 7.19; found: C, 25.21, H, 4.12, N, 7.17

3: 'H-NMR ([Dg]-DMSO, 400 MHz, r.t.):li = 9.03 (1H, s, mHy), 7.71 (1H, d, m.,),
7.64 (1H, dmzHs), 4.13 (2H, t-CH,-), 3.86 (3H, s, NCH3), 1.81 (2H, m;CH,-), 1.33(4H,
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m, 2CH,-), 0.85ppm (3H, t,-CHs); *C-NMR ([D¢]-DMSO, 100 MHz, r.t.):ti = 136.99
(mz-Cy), 124.10 (mzC,), 122.74 (mzCs), 49.47 {CH,-), 36.21 (N CHjs), 29.64, 28.20, 22.07
(-CH,-), 14.20ppm (CHs); IR: 3 = 893 (Re=0), 858 cih(Re=0); elemental analysis calcd.
(%) for GH17/N,O4Re: C, 26.79, H, 4.25, N, 6.94; found: C, 26.48, H, 4.24, N,.6.90

4. 'H-NMR ([Dg]-DMSO, 400 MHz, r.t.)ii = 9.04 (1H, s, mH,), 7.72 (1H, d, mH,), 7.65
(1H, d, mzHs), 4.13 (2H, t-CH,-), 3.86 (3H, s, NCHs), 1.78 (2H, m;CH,-), 1.25 (6H, m,
3-CHy-), 0.84ppm (3H, t,-CHs); **C-NMR ([D¢]-DMSO, 100 MHz, r.t.):ti = 137.00 (mzCy),
124.11 (mzCy), 122.76 (mzCs), 49.47 (CH,-), 36.22 (NCHjy), 31.11, B.93, 25.73, 22.42
(-CHy-), 14.31 ppm{CHs); IR: 3 = 898 (Re=0), 849 cth(Re=0); elemental analysis calcd.
(%) for GoH1oN2O4Re: C, 28.77, H, 4.59, N, 6.71; found: C, 28.74, H, 4.69, N, 6.64;

5. 'H-NMR ([Dg]-DMSO, 400 MHz, r.t.)ii= 9.05 (1H, s, mH,), 7.76 (1H, d, ma,), 7.69
(1H, d, mzHs), 4.13 (2H, t-CH,-), 3.85 (3H, s, NCHs), 1.82 (2H, m;CH,-), 1.26 (10H, m,
5-CH,-), 0.86 ppm (3H, CHs); *C-NMR ([D¢]-DMSO, 100 MHz, r.t.)ii= 136.90 (mzCy),
124.07 (mzC,), 122.72 (mzCs), 49.26 (CH,-), 36.21 (N CHj3), 31.61, 29.83, 28.92, 28.78,
25.96, 22.51-CH,-), 14.39 ppm {CHs); IR: 3 = 903 (Re=0), 858 cih(Re=0); elemental
analysis calcd. (%) for gH23N20O4Re: C, 32.35, H, 5.20, N, 6.29; found: C, 31.69, H, 4.92, N,
5.80.

6. '"H-NMR ([Dg]-DMSO, 400MHz, r.t.): ti= 9.14(1H, s, mzH,), 7.75 (1H, d, m#,), 7.68
(1H, d, mzHs), 4.13 (2H, t-CH,-), 3.85 (3H, s, NCH3), 1.77 (2H, n;CH,-), 1.22 (14H, m,
7-CHy-), 0.84ppm (3H, t,-CHs); *C-NMR ([D¢]-DMSO, 100 MHz, r.t.)ii = 137.02 (mzCy),
124.12 (mzC,), 122.77 (mzCs), 49.43 {CH,-), 36.22 (N CHj3), 31.88, 30.01, 29.50, 29.42,
29.27, 28.99, 26.11, 22.680H,-), 14.41ppm+CHs); IR: 3 = 903 (Re=0), 863 cth(Re=0);
elemental analysis calcd. (%) for8,/N,OsRe: C, 35.51, H, 5.75, N, 5.92; found: C,%b
H, 5.88, N, 6.07.

7. 'H-NMR ([Dg]-DMSO, 400 MHz, r.t.)i1= 9.09 (1H, s, mH,), 7.76 (1H, d, mH,), 7.70
(1H, d, mzHs), 4.13 (2H, t-CH,-), 3.85 (3H, s, NCH3), 1.77 (2H, m;CH,-), 1.23 (18H, m,
9-CHy-) 0.86 ppm (3H, t;CHz); *C-NMR ([Dg]-DMSO, 100 MHz, r.t.):li= 137.01 (mzCy),
124.14 (mzC,), 122.80 (mzCs), 49.41 {CH,-), 36.27 (N CHj3), 31.86, 29.96, 29.59, 29.57,
29.51, 29.39, 29.27, 28.95, 26.08, 22.85H,-), 14.46 ppm-CHa); IR: 3 = 903 (Re=0), 858
cm* (Re=0); elemental analysis calog@) for GeHsiNoO4Re: C, 38.31, H, 6.23, N, 5.58;
found: C, 37.93, H, 6.28, N, 5.52.
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3.4.3General procedure for the oxidation of sulfides

To a stirred solution of sulfide (10 mmol) andsf@m][ReQy] (0.1952 g, 5% mol) in
[Csmim][BF4] (2 mL), an aqueauisolution of hydrogen peroxide (35 % in water) (3.5 mL, 40
mmol) is added in 2 to 3 portions at 60 €. The progress of the reaction is followed by TLC.
The reaction mixture is extracted with diethyl ether (5 x10 mL) and the extract is dried over
anhydros MgSQ. The yield and selectivity of methyl phenyl sulfone are calculated from
calibration curvesrf > 0.999) recorded using-rBethylanisole and 1;diacetylbenzene as
inhternal standard. The crude product is obtained by rolling evaporation and pbsified
column chromatography separation (silica gel using hexane/ethyl acetate 90:10 v/v). The
RTIL phase is diluted with Cil, and then treated with Mn@o destroy the excess peroxide.

The obtained liquid is first dried over anhydrous MgS@nd thenn vacuofor 4 hat 50 €

to remove CHCI,. Fresh substrate and hydrogen peroxide are then added for a new reaction
cycle. All products are characterized by melting poitii-NMR, “C-NMR and IR
spectroscopy.

Methyl phenyl sulfonewhite solid, m.p.: 8486 €; IR: v = 1283, 1143 cm; 'H-NMR

(CDCl, 400 MHz, r . tCH),.:7.5917.6%(m,3BH Ar-H), 1.957.97 Bpkh (m,

2H, Ari H); *C-NMR (CDCE, 100 MHz, r (CHs), 927.25,1129.88, #33.724 2
140.53ppm (An C).

1-methyt4-(methylsulfonyl)benzenewhite solid; m.p.: 8697 €; IR: v = 1286, 1144cm™;

'H-NMR (CDCl, 400 MHz, r . tCH)),3.05i(s, 3Hp-ZH¥ B3717.39,(m, 3 H

2H, Ar-H), 7.83 7.85ppm(m, 2H, AriH); *C-NMR (CDClk, 100 MHz 21.60(CHs), ) : U
44.60(p-CHg), 127.35, 129.95, 137.73, 144 6@m (An C).

1i bromo4-(methylsulfonyl) benzene: white solid; m.p.: 1085 €: IR: v= 1304, 114Zm™;

'H-NMR (CDCk,, 400 MHz, r . tCH),7.720.74m, 3H A¥iH), .84 7.833 H

ppm (m, 2H, Ar-H); *C-NMR (CDCl, 100 MHz, r(CHs), 128.97, 82.79, 44 . 5 (
139.58ppm (An C).

1-methoxy4-(methylsulfonyl) benezenevhite solid; m.p.: 190121 €; IR: v = 1312, 1139

cm® 'H-NMR (CDClL, 4 00 MH 23,04 (5, 3H CHy), 3.89(s, 3:OCH;), 7.02 7.04

(m, 2H, Ari H), 7.86 7.88ppm (m, 2H, Ari H); **C-NMR (CDCl, 100 MHz, r.t.):
(CHa), 55.71(0OCHg), 144.50, 129.52, 132.30, 163.@0m (Ar C).

Ethyl phenyl sulfone: white solid; m.p.: 3® €; IR: v=1303, 114&m’; *H-NMR (CDCl,

400 MHz, ril.10.(t)3H Chk), 293 2.98 (mPH, CHy), 7.41-7.49 (m, 3H Ari H),
7.737.75 ppm (m, 2H, Ari H); *C-NMR (CDCl, 100 MHz, (CHJ, 5081 0 =
(CHy), 128.37, 129.52, 133.92, 138.82m (Afi C).
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Isopropyl phenyl sulfone: pale yellow liquid; IR= 1301, 1139 ci; *H-NMR (CDCl;, 400

MHz, rt . ) : ill.105d, @H2GH), 3.00i 3.07 (m, 1H CH), 7.37 7.50 (m, 3H Ari H),
7.697.71ppm( m, 2H AriH); *C-NMR (CDC, 100 MHz, r(CHg),.5526 U =
(CH), 128.76, 129.01, 133.58, 136.,86m (Ari C).

Phenyl allyl sulfone: pale yellow ligg IR: v = 1306, 1141 ciy; *H-NMR (CDCl, 400 MHz,
r.t.) :i3.16 (& 2HBH,)755055.10 (d, 1H CH=CH,), 5.235.25 (d, 1H SO:CH,),
5.675.73(m, 1H SQCH,), 7.477.58 (m, 3H AriH), 7.797.81 ppm (m, 2H Ari H);
3C.NMR (CDCL, 100 MH z60.69(CH4), 124.58(CH), 124.68(SO,CH,), 128.34,
129.07, 133.80, 138.23%m (Afi C).

Dibutyl sulfone:white solid; m.p.: 4647 €; IR: v= 1313, 1124 ci;, *H-NMR (CDCl, 400
MHz, r . ti0)08(m,bH2CH), 1.453.51 (m, 4H2CH,), 1,78 1.85 (m 4H, 2CH),
2.932.97ppm(t, 4H, SQCH,); *C-NMR (CDCl, 100 MHz, KCH$),.2).75
(CHy), 23.91CH,), 52.44ppm (SQCH,).

Diphenyl sulfonewhite solid; m.p.: 124126 €; IR: v = 1312, 1151 cf; *H-NMR (CDCl,
400 MHz, r i%58(m; 6HUAr-H), 7.9 79®ppm (m, 4H Ari H); *C-NMR
(CDClk, 100 MHz, r.t.): U =pphmPAEH).64, 129.28, 133
Benzyl phenyl sulfonewhite solid; m.p.: 140151 €; IR: v = 1287, 1151ci}; 'H-NMR

(CDClk, 400 MHz, r . tCH),:709%7.1E(mLH &riH), 7.30,7.362(H, 3H

AriH), 7.457.49 (m, 2H Ar-H), 7.60 7.67 ppm (m, 3H, Ari H); **C-NMR (CDCl, 100

MHz, r .t . (CH) 128.13, 18356, 928.63, 128.75, 128.86, 130.81, 133.68, 137.89

ppm (Afi C).

Dibenzyl sulfone: white solidn.p.: 150152 €; IR: v = 1297, 1111 ci}; *H-NMR (CDCl,

400 MHz, r .t .,)2CH)U7.4G7.46ppm (M, 10HsAri H)4BC-NMR (CDCL,

100 MHz, r .(GHp),)127.55) 128.995129.00, 430.86m (Arfi C).

2-(Phenyl sulfonyl)ethanl: pale Yew liquid; IR: v = 1287, 1135 cm; ‘H-NMR

((D-DMS O, 400 MHzi3.52( 2H.CH,), 3.76 3.29 (t2H, €1%), 4.86 4.99 (t,

1H, OH), 7.61 7.73 (m, 3H Ari H), 7.95 7.96 ppm (m, 2H, Ari H); **C-NMR ([D¢]-DMSO,

100 MHz, r .(GH),)58.19(CH,)=12%14,.12981, 134.08, 14(pm (Afi C).

Methyl 2-(pheylsulfonyl) acetate: pale yellow liquid; IR:= 1323, 1147 ci}; 'H-NMR

(CDCl, 400 MHz, r . tCH),:4.0di(s, 2HCI,), H48 7.59 §m, 3H3AH H),

7.827.84 ppm (m,2H, AriH); °C-NMR (CDCk, 100 MHz, r(CH).60.63 U = !
(CHy), 128.33(C00)129.52, 134.32, 138.68, 162.8pm (Ari C).

a4
1
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Tetramethylene sulfonguale yellow liquid; IR:v = 1295, 1106 ci; *H-NMR (CDCl, 400
MH z , r . t i2.03 (mii2HAr H),.2822.83 ppm (m, 2H, r-H); **C-NMR (CDCl,
100 MHz, r.t. ppmAiC= 22.58, 51.02

Dibenzothiophene sulfonevhite solid; mp: 23B235€C; IR: v = 1282, 1153 cm; *H-NMR
(CDCl, 400 MHz, 17.571(m, 2H Ar-H), 764 768 (Bn32H Ari H), 7.817.86

(m, 4H, AriH); ®*C-NMR (CDCk,, 100 MHz, r.t.): U = 121.

137.74ppm (An C).
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Chapter 4

4 Oxidation of sulfides to sulfoxides mediated byionic liquids

This chapter originated from the following publication:

Bo ZzhangMing-Dong ZhouMirza Cokoja,Janos Mink,
Shuliang Zang and Fritz E. Kihn*

RSC advancez012 2, 84168420.

4.1 Introduction

The oxidation of sulfides is of considerable significance for industrial chemistry. The removal
of sulfur-containing compounds is an important process in fuel inddTHgerefore, research
efforts focus on costfficient liquid phase processesuch as the oxidation of sulfides, which
are corrosive agents for car engines and problematic for the environment. Furthermore, the
selective transformation of organic sulfides to sulfoxides is of high interest in the synthesis of
fine chemicals. Sulfades are valuable intermediates for the construction of various fine
chemicals as useful building blocks in asymmetric syntt@3isus, there is high demand for

a low cost, efficient and highly selective method for the oxidation of sulfides to sukoxide
There are numerous reports on the oxidation of sulfides to sulfoxides using molectlar V
Re™ Fe B Mn- Ti- 1 Mo-® and W based catalysts in organic solvents. However,
these catalysts bear several disadvantages: firstly, the systifdbe catalysts are often quite
demandig, which renders them expensi@econdly, ovepxidation to sulfones can often not

be prevented. Some cataljste oxidations of sulfides were reported befdfeHowever,

these reactions are usually quite t#omsuming and accompanied by destruction of
functional groups.

Room temperature ionic liquids (RTIL&gavereceived much attention due to their unique
properties, such as negligible volatility, broad liquid temperature ranges and the ability to
dissolvea wide range of inorganic and organic compouhtisn the last 10 years, RTILS
were applied as alternative reaction media for a plethora of catalyzed re&étimetyding

the oxidation of sulfides to sulfon€d. Previously, we and others have shothat ILs are

very convenient reaction media for the epoxidation of olefins catalyzed by organometallic
Re™ and Mecompounds$™ The catalytic activities in ILs surpass those achieved in organic
solventd!® More recently, we discovered th#ts may have a beneficial effect on the

activation of HO, in olefin epoxidatiort*” In this work, a novel, efficient, highly selective

57



Chapter 4

and catalysfree approach for the oxidation of sulfides to sulfoxiddé& s reported.
4.2 Results anddiscussion

4.2.1 Influence of different solvents and oxidants

Thioanisole was treated in a preliminary study with various oxidants in different reaction
media to elucidate optimal reaction conditions (Scheme 1). It is known that the oxidant
selection is very important for thexidation of sulfide to sulfoxide and a variety of oxidants
such as KMn@"® NacClo,,® molecular halogen$? NBS?! andtert-butyl hydroperoxide
(TBHP)!*3 However, these oxidants are disadvantageous due to their low oxygen content,
which not onlymakes product isolation difficult, but also leads to the formation of harmful
byproducts. HO, is a good alternative oxidant for such a process not only due to its low cost
and high oxygen content but also for being an environmental benign reagentgfamyn
water as byproduct. In this study, the activity ofOki for the oxidation of various sulfides
using several ILs such as [Bmim][JRBmim = 1-butyl-3-methylimidazolium), [Emi][SE]
(1-ethyk3-ethylimidazolium  ethyl  sulfate), [Bmim][HS) and [Dhm][BF]
(1,2-dimethy}3-butylimidazolium) both as solvent and promoter was examined. For sake of
comparison, several other reactions using organic solvents, or different oxidants such as UHP
and TBHP were also examined. All these results are summarized &I abl
(@)

Oxidant, 25 °C I

2 > S
R Solvent R T R2

1 5N

Scheme 10xidation of sulfides to sulfoxides.

It is seen in Table 1 that solvent selection is very important for sulfide oxidation. A high yield
can be obtained only if the,B, solution can be dissolved in the sééetsolvent forming a
homogeneous reaction system. In the case of usimgxane, toluene or GBI, as solvent
(Entries 13), a clear biphasic solutiowas observed, leading to a low sulfoxide yield (<
30 %). Conversely, a high yield 5 %) can be obtaed when using C¥CN, methanol and

ILs as solvent since all of them form a homogeneous phase with,@ecbintaining phase
(Entries 5, 7, 142). Additionally, the polarity of the reaction medium may also be an
important factor for the oxidien of sulfides. Methanol, despite very good conversion and
yield, allows only quite long reaction time (18 h) and functional group decomposition
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occursi’® The reaction becomes much faster when using ILs as reaction media (4 h) (Entries
7, 1012). A high conversion98 %) and good yield (9586) within 4 h reaction time can be
achieved in [Bmim]BE as solvent (Entry 7). This is mainly because that the applied IL acts
not only as a solvent but also an activator in the reaction system. A more detailed discussion
of the irteraction between IL andB,, will be given in the spectroscopic paftithough

most ILs in Table 1 represent high conversion89%6) and yields (380 %), [Bmim][BF,]
exhibits better stability than other ILs (such as [Bmim][HE{EMI][SE]). The oxidabn of
thioanisole is completed within 4 h and less than 3 % of sulfone is formed, etten if
reaction time of 24 h is allowed. Therefore, [Bmim]iBRvas selected as solvent. The
oxidation behavior in the IL system was also investigated (Ents#s A blank experiment
without oxidant was carried out and no significant oxidation was observed within 24 h (Entry
6), indicating that the oxygen source for the synthesis of sulfoxide is not air. For different
oxidants such as TBHP and UHRry low conversiong6 % for TBHP, 13% for UHP) and

yields (5% for TBHP, 12% for UHP) were obtained (Entries®.

Table 1.Oxidation of thioanisole in different solvents with different oxidants aC2%5

Entry Solvent Oxidant Time Conv. (%) Yield
/h (%)°
1 n-hexane H,0O, 24 10 7
2 Toluene H>0O, 24 24 21
3 CH.Cl, H,0O, 24 29 28
4 CH:CN H,0O, 24 72 69
5 Methanol H,0, 18 >99 99'%
6  [Bmim][BF,] 24
8  [Bmim][BF] UHP 24 13 12
9  [Bmim][BF] TBHP 24 6 5
10  [Dbim][BF,] H,0, 4 89 86
11 [Bmim][HSOy] H,0, 4 91 83
12 [Em][SE] H,0, 4 92 80

#Reaction conditions: 4 mL of solvent, 10 mmothibanisole, 20 mmol of oxidant
®Determined by G@VS on the crude reaction mixture
“Isolatedyield after column chromatogphy.

4.2.2 Selectie oxidaion of different sulfides

To generalize the developed protocol, a series of sulfides with different functional groups
were selecteqsee Table 2)and all oxidation reactions were performed under the same
conditions as Entry 7 in Table 1. Amongialestigated substratedimethyl sulfide(Entry 6)

was more easily oxidized (within 2 h) than other substrates with bulkier substituents. This

indicates that the steric hindrance is an important factor for this reaction. In general, sulfides
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bearing strag electrordonating alkyl and alkene groups (Entries 1, 2, 5, 6, 9 and 11) display
very good yields (> 80 %). On the other hand, the oxidation of sulfides containing
electronwithdrawing groups such as alcoholate (Entry 7), ester (Entry 8), acetony} (Bihtr

or less electromlonating groups (Entries, 8 and 1214) lead to lower yields. Presumably,
electrondonating groups increase the nucleophilicity of the sulfur atom and hence the
reactivity of the substratedlotably, neither epoxidation of the dowbbond of allyl phenyl
sulfide (Entry 9) nor oxidation of the hydroxy group (Entry 7) was observed. Although the
oxidation of diphenyl sulfide (Entries 3) requires a higher temperature compared to other aryl
sulfides, the presented method still exhibitsredatively easy way to obtain diphenyl
sulfoxides in a ongpot reaction. The reactivity of thioethers is affected by the nucleophilicity
of the sulfur atom and the steric hindrance of the substituted groups. Higher reactivity is

always obtained in the caséstrong electromlonating groups and with smaller substituents.

Table 2 Oxidation of sulfides to sulfoxides with aqueougdklin [Bmim][BF,].%

Entry R R? Time / h Conv. (%} Yield (%)
1 Ph Me 4 98 95
2 Ph Et 6 98 90
3 Ph Ph g° 79 65
4 Ph Ph 24 81 72
5 nBu nBu 6 90 86
6 Me Me 2 98 96
7 Ph CH,CH,OH 8 81 75
8 Ph CH,COOMe 8 78 71
9 Ph CH,-CH=CH, 8 83 80
10 Ph CH,OCH; 8 85 78
11 Ph iPrt 8 91 87
12 Ph BZ 8 79 73
13 Bz Bz 6 89 85
14 Dibenzothiophene gl 38 36

#Reaction conditions: 4 mL [Bmi][BF,4], 10 mmol substrat€0 mmol HO, at 25°C;
® Determined by GEMS or'H NMR on the crude reaction mixtyre

“Isolatedyield after column chromatogpay,

4Reaction conditions: 4 mL [Bmim][Bff; 10 mmol substrate, 20 mmob&; at 50°C;
®iPr = isopopyl,

"Bz = benzyl.

4.2 .3Reaction mechanism

Regarding the mechanism of this reaction, the interaction between the ionic liquid@nd H
appears to be cruciaDrganic sulfides are oxidized by hydrogen peroxide in an heterolytic
process involving the nuelophilic attack of the sulfur atom on the oxyd@éh This also
explains the faster oxidation rate of aliphatic sulfides, which are more nucleophilic than
aromatic sulfides. It may be assumed that the @&fon of the ionic liquid forms a hydrogen

bond withh H,O, and increases the electrophilic ability of a peroxide oxygen atom@f, H
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and at the same time assists the leaving grapii departingrom the reaction intermediate
(Scheme 24%9 However, it is very important to exclude other possible ictéas with
hydrogen peroxide. A thinkable scenario would be the reaction of hydrogen peroxide with the
BF, anion, which would generate hydrofluoric acid, or protons, respectively, which are also
known to catalyze the oxidation of sulfid&8.Further, hpothetically, an oxygen atom could
interact with the imidazolium cation. The interaction ofOx would be strongest with the
hydrogen atom in the £position of the imidazolium ring, since the two neighboring N atoms

have a relatively strong electron witheving ability, rendering thei® bond more acidic.

Rl
\

§—R?

R o (

N @ N/‘HBU F3B_F""H_O\

-/ N\ b—H

0
Me~_. ~\._ _nBu @BF4 I

N N
@ BN

+ 1,0
RZ

Scheme 2Suggested mechanism

A number of spectroscopic examinations of the interactions between water and ionic liquids
were performed to dat®’ Lendl et al. found that water interacts witfBF,] via hydrogen
bonding'®® A similar interaction between the anion of the IL and hydrogen peroxide could be

expected. IR, Raman and NMR spectroscopy are convenient tools to support this hypothesis.
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Figure 1. IR spectra in the range of 900 to 1200 dior the treatment of [Bmim]BFwith different HO,
concentrations. The lines represent the spectra for 0.23, 0.53, 1.5, 318 kgD, concentrations from
top to bottom (the tapost line represents pure [Bmim]BF
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Figure 2. Raman spectra in the range780 to 780 crif for the treatment of [Bmim]BFwith different
H,0, concentrations. The lines represent spectra for 3.4 and 4.1 MeJO, concentrations from top to
bottom (the topmost line represents pure [Bmim)BF
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Figure 3. Raman spectra of @, (solid curve), [Bmim][Bﬂ + H,0, (35 %) (dashed curve) in the range of
840 to 950 cn.

In order to answer the question, which type of interaction is most likely responsible for the
activation of hydrogen peroxide, we performed vibration and nuclear t@gesonance
spectroscopic studies of the ionic liquid [Bmim][BFoefore and after treatment with
hydrogen peroxide. Figures 1 and 2 show the IR and Raman spectra afRhedson of
[Bmim][BF,] at different HO, concentrations. Pure [Bmim]BHas beerexamined in this
range as well, bands were assigned as in previous répbits this study, we concentrated
on BF stretching vibrations regions of 90200 cni for IR and 756780 cm' for Raman as
they are representative of structural changes,®KB5 %).

When increasing the #, molar fraction, the symmetric BFstretching band only slightly
shifts to a higher wavenumber (Fij. Three bands have been observed at ~1045 €033
cm?, ~1016 cnt for the pure ionic liquid®! The BR anion diplays Ty symmetry resulting

in four bands. Two of these bands are polarivezlare depolarizeth Raman andoneband
should be triplein IR. However the three bands change into two (at ~1068 025 crit)
after the addition of bD,, due to the intexction between D, and the Banion A BiF € H
hydrogen bond may be assumed thus leading to a widening of the coriagpbadd (as
compared to B). The original three bands ¥ changed into two with the increasing
concentration of bD,, accordingly. Inthe Raman spectra, the symmetric stretching mode
(B-F) of the ionic liquid is shifted from ~764 ¢hipure form) to 767 ci(Figure 2). This
finding is matched with the IR spectra, which also gives only a minor shift on -the B
vibrational band after thaddition of HO,. The QO vibration band of kD, were also
studied with Raman techniques (&ig 3). The shift difference o8(Oi O) is about 5 cim
between pure D, (~876 cm') and IL+ H,0, (~871 cn'), suggesting the 4D, is weakly
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interacting. Furthenore, B NMR and**F NMR were also performed to show hydrogen
bonding in this system. THéB NMR spectrum shoed one resonance at.86 ppm [BF]).
According to the isotope effect of the boron atdfB,(19.9 % and’B, 80.1 %), two singlets

were obseved in the'®F NMR with an integral ratio of ~1:4 a148.66 and-148.71 ppm.

When adding kO, to the IL, the''B NMR resonance shauda slight shift to-2.16 ppm. The
corresponding®F NMR showvedsignals at150.42 and150.47ppm

The spectroscopic ingégations further show that the symmetry of the tetrafluoroborate
anion has not changed and that no new species such as HF @ BBserved, which could

in principle be formed by a reaction of Bwith H,O,. The slight shift of the Bfsignals

pointst o a change in the coordination sphere of
but not to the formation of Bfwhich would lead to a significantly different peak position

due to the symmetry change. On the other hand, the stretching modes ofitmoiimm ring

Ci H groups (Raman and IR scattering contributions in the range of 3D cnt) should

be affected by this replacement. Yet, the measurements did not show appreciable changes in
positions, maybe as a consequence of the difficulty of thetreppeleconvolution due to the
overlap between thei® and the @©H stretching regionsespecially for a high water content.

To better address this issue, substitution of therGton in the imidazolium ring with a GH

group has been performed for oxidatiof thioanisole under the same conditions, using
[Dbim][BF,4] as solvent for oxidation of thioanisole (TableEhtry 10), yielding sulfoxides in

86 %, which proves that an interaction 0Qd with imidazolium protons does not take
placel®®d However, thee is no possibility to exclude a situation in which they would interact
with each other because of strong el ectrost s
anions reaches a certain conté®t.with the applied amount of aqueousd, the inteaction

between HO, and the Bl anion is much stronger and more stable than that betwgén H

and the catioff*® Based on the above described experimental and spectroscopic findings and
in combination with published literatufe? a hydrogen bond forntian between a peroxide
oxygen and a Bfanion appears to be the crucial step during the oxidation reaction in the
[Bmim][BF,4] + H20O, (35 %) system.

4.2.4Recycle ability ofIL system

Besides the activity and selectivity, the recyclability and stabifity.® for sulfide oxidations
were also investigate® N MR -148i70 and148.76 ppm) and'B N MR -1(.88 ppm)
spectra of the [BminfiBF4] were recorded aftdour recycling runsconfirming that the IL is

stable and no structural change or decomntipostook place. Furthermore, as shown in.6jig

64



Chapter 4

no significant change of conversion, selectivity and ywetdeobserved. The diphenyl sulfide
has been oxidized using recycled [BmiBH4] as solvent under the same reaction conditions
(Table2, Entry 4). The obtained yield is 6% after 24h, proving that this system has constant
activity and stability during the recycling experiments.

Conv. (%)
Sel. (%)
Yield (%)

Figure 6. Oxidation of thioanisole with D, in [Bmim][BF,4] at 25 € after four reaction runs.

4.3 Conclusion

A selectve and efficient method for the oxidation of sulfides to the corresponding sulfoxides
has been developed. The sulfoxidation can be performed under mild conditions without any
catalyst or additional activation reagent when hydrogen peroxide is presegbdcdhstability

of this system is supported ByF- and *'B- NMR spectroscopic results. No significant
decrease of activity has been observed after four runs. According to IR, Raman and NMR
examinations, the IL used in this system assists the nucleoptélak af the sulfur atom by
hydrogen bond formation between a OH group and a][Bfion. High selectivity and
seemingly good recyclability, as well as the absence of classical (and often quite expensive)
molecular catalysts together with mild conditianake this method useful for the oxidation

of sulfides to sulfoxides.

4.4 Experimental section
4.4.1General

All reactions were performed in owehied glassware under an argon atmosphere using

standard Schlenk techniques. All solvents were collected fioifigation systems and kept
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over molecular sievesH NMR, *C NMR, **F NMR and*'B NMR spectra were recorded on

a Bruker Avance DPX00 spectromete. IR spectra were recorded on Varian -BTIR
spectrometer, using a GladiATR accessory with a diamond AT&nemt. Gas
chromatographynass spectroscopy (G@S) analysis was performed on an Agiléd890
instrument using a capillary column (30 m I
spectra were recorded on a Btad FTS60A. Melting Pointing was meausred by metling

point meters MPMH2. TLC was performed on silica gel 60F254 plates procurech fEo

Merck. Silica gel (0.08®.2 mm60A) was used for column chromatography. All chemicals

were purchased from Acros and ABCR and used without further purification. [Bmigh][BF

[Emi][SE] and [Bmim][HSQ] were synthesized according to literature proceddréd
4.4.2 Typical procedure for the oxidation of the sulfides in [Bmim][BF]

To the stirred solution of thioanisole (1.&@&., 10 mmol) in 4 mL [Bmim][BE], an aqueous
solution of HO, (1.75 mL, 20 mmol, 35 %) was added at room temperature forming a
homogeneous reaction solution. The progress of the reaction was followed by TLC. The
reaction mixture was extracted with diethyl etherx(30 mL) and the extractant was dried

over anhydrous MgSQOThe crude product was obtained by rolling evaporation antigou

by column chromatography separation (silica gel using hexane/ethyl acetate 90:10 v/v). The
RTIL phase was diluted with GBI, and treated with Mn©to destroy the excess peroxide

and dried over anhydrous Mgg@iltrated, and then dried in vacuo #th at 50 € to remove

CHCl,. Fresh substrate and hydrogen peroxide were then added for a new reaction cycle. All
products were characterized #y NMR, **C NMR and IR spectroscopy .

Methyl phenyl sulfoxide: pale yellowil; M.p.: 30 °C, found 2830°C; IR (cm): 1032/s

(SO) *H NMR (CDCls, 400Hz, r.t. ppt1 2.60 (3H s, Me), 7.39 6H, m, Ph), 7.53 (2H m,

PH; **C NMR (CDCk, 100Hz, rt.pphh: U = 43. 75, 123.29, 129.17
Ethyl phenyl sulfoxide: yellowil; B.p.: 284°C; found 285287°C; IR (cm'): 1018&/s (SO)

'H NMR (CDCh, 400Hz, r.t. ppth : U5 (3H, t,Me)02.73(2H, m, CH,), 7.37 (3H, m, Ph),

7.48 (2H, m, Ph); *C NMR (CDCl;, 100Hz, rt. ppm»: U = 6.06, 50. 49,
131.08, 143.78.

Diphenyl sulfoxide: white crystaM.p.: 70 °C; found 7072 °C; IR (cmi?): 1034vs (SQ)*H

NMR (CDClz, 400Hz, r.t. ppm): U = )7CANBRCDEE, m,
100Hz r.t. ppm): 4 = 123.80, 128.31, 130.02,
Dibutyl sulfoxide: white solid M.p.: 31 °C; found 3133 °C; IR (cmi): 1023vs (SQ)*H
NMR(CDClzl, 400Hz, r.t. ppm): U0 =,0890@H (&Y, t, M
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2.97 (4H, m, CH); ®CNMR (CDCl;, 100Hz, r.t. ppm): U = 13.53
Dimethy! sulfoxide: colorless liquidB.p.: 189°C, found 190192°C; IR (cmi?): 1015/s (SO)

'H NMR (CDCk, 400Hz, r.t.ppn : U = ,sMe)d'C NMB (@DCk, 100Hz, r.t. ppm

a = 41.30.

2-(Phenylsulfinyl)ethanol: pale yellowil; B.p.: 362°C, found 36@363°C; IR (cm™): 3343
(OH), 1018s (SO) *H NMR ([D¢]-DMSO, 100Hz, r.t. ppin :  ©7 (H, n® CH,OH), 3.67
(1H, m, CH,SO), 3.84 (1H, m, CH,SO), 510(1H, t, OH), 7.%4 (3H, m, Ph), 762 (2H, m, Ph);

3C NMR (Dg]-DMSO, 100Hz, r.t.ppin: U = 54.32, 59.92, .123.78,
Methyl 2-(pheylsulfinyl) acetate: pale yellowil; B.p.: 341°C, found 342344°C; IR (cm™):

1043/s (SO) *H NMR (CDCk, 400Hz, rt. ppm: U = , 3Mejh 869 (13,iH CHy),

7.39 (3Hm, Ph), 7.547.56 (2H m, Ph); *C NMR (CDCk, 100Hz, rt.ppm: U = 52. 63,

124.03, 129.37, 131.73, 142.92, 165.17.

Phenyl allyl sulfoxide: yellowil; B.p.: 297°C, found 297300°C; IR (cm): 103%s (SO) 'H

NMR (CDCl, 400Hz, r.t. ppn : @5 (2H, n3 CHy), 511 (1H, d, CH=CH,), 5.2 (1H, d,

SOCH), 5.5 (1H, m, SOCH), 7.43 (3H, m, Ph), 7.8 (2H, m, Ph); *C NMR(CDCk, 100Hz,

rtppm : 0 = 59.76, 122.85, 123.27, 124.19, 128
Methoxymethyl phenykulfoxide: yellow oil; B.p.: 296°C, found 295298°C; IR (cm™):

1015/s; *H NMR (CDChk, 400Hz, r.t. pph : 68 (8H, 8 OMe), 4.53 (2H, s SOCH),

7.60(2H, m, Ph), 7.66(1H, m, Ph), 795 (2H, m, Ph); **C NMR(CDCk, 100Hz, r.t. ppm : & =
61.19 87.78 128.74, 129.23, 134.07, 137.39

Phenyl isopropyl sulfoxide: yellowil; B.p.: 290°C, found 292294°C; IR (cm™): 1020ss
(SO}, 'H NMR (CDClk, 400Hz, r.t. pph : 05 (3H, diMe)p 1.14 (3Hd, Me), 2.75 (1H, m,
SOCH), 7.417.44 (3H,m P, 7.51 (2H, m, Ph); *C NMR (CDCk, 100Hz, r.t. ppm :
13.82, 15.84, 54.45, 124.91, 128.83, 130.93, 141.68.

Benzyt phenyl sulfoxide: white solidM.p.:124126°C, found 123125°C; IR (cm™): 102%s
(SO), *H NMR(CDCl, 400Hz, r.t. ppm : 0 (2H,m SOCH), 7.02 (H, m, Ph), 7.35
(3H, m, Ph), 7.46 (5H, m, Ph); °C NMR (CDCk, 100Hz, rt.ppm : & = 63.57, 124.
128.46, 128.86, 129.13, 130.37, 131.19, 142.72.

Dibenzyl sulfoxide: white crystalline powdek.p.:135°C, found 135137 °C; IR (cm™):

1028/s (SO) 'H NMR (CDCk, 400Hz, r.t. pp : U = , 18, CI%20CK)4 AB17.38

(4H, m, Ph), 7.43 (6H, m, Ph); **C NMR (CDCk, 100Hz, rt.ppm: & = 57.18, 128.
130.16, 130.86.

Dibenzothiophene oxidaff-white to pale yellow solidV.p.:194196°C, found 195197 °C;

IR(cm™): 1018/s (SO) 'H NMR (CDCls, 400Hz, r.t. ppm U 6€m,2H,.PH, 7.65 (2H,m,

g
Il
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PH), 7.87 (2H,m, Ph), 8.038.05 (2Hm, PB; *°C NMR (CDCls, 100Hz, r.t. ppm1 =~ U =
126.55, 128.55, 131.55, 136.10, 144.12.
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5 Synthesis andcharacterization of imidazolium salts with the

weakly coordinating [B(CeFs)4 anion

This chapter originated from the following publication:

Bo ZhangMathias Kderl, Alexander Padhig,Mirza Cokoja,
Wolfgang A. Herrmanhand Fritz E. Kihr¥

Z. Naturforsch.B: J. Chem. Sck012 67h, 10331036.

5.1 Introduction

Weakly coordinating anions (WGHA have been a subject of intensive research in the past
decade due to their increasing importance in coordination chemistry and cétalyBiese
applications have grown out of basisearch into the special properties of anions containing
hydrocarbon and fluorocarbon functionality such assfS&]", [B(CsFs)s]” and [OTeR]".!"!

Owing to the importance of WCAs both in fundamental and applied chemistry, a new class of
WCAs has recently den developed. Robertet al. reported the anions
[(CeFs)sM-LN-M(CgFs)3]’, with M = B or Al and the linking group LN being azide,
dicyanamide, and imidazolide, which were found to be the most stable and effective activators
for olefin polymerization reactio®® [CBy;H17]” and related carborane anions developed by
Reed et al. were applied in many systems, despite the expensive and time consuming
multistepprocedurs of their preparatiof”!

The [B(GsFs)4]” anion, commonly abbreviated as BAis much morestable as compared to

the other anions and frequently used as a counteranion for electrophilic £atibtiscan be
introduced by salt metathesis reaction of reagents such as BHEM|C which was first
reported  in 19682  [Mn(NCCHa)e][B(CeFs)a]2®  [H(OEL)J][B(CeFs)a],**
[Li(OEt2)4][B(CeFs)al,*®  [HN"Bug][B(CeFs)al,*®  ["BUN][B(CeFs)a,*” the superacid
[CoMesH4][B(CeFs)al,*  [CpoZr(CHa)I[B(CeFs)al,"**”  [Ag(NCCHz)][B(CeFs)® and
[M(NCCHa)g][B(CeFs)a]2 (M = Cr, Fe, Co, Ni, Zn, 0)*** with labile or sometimes even
covalently bound halides. Recently, imidazolimased ionic liquids (ILs) have received
considerable attention in different research fi#i¥' The synthesis of ILs bearing

[B(CsFs)4] anions and organic catiossich as imidazolium could represent an approach to
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combine the advantages of unreactive and stabilizing WCAs anftiendly ILs with low
vapor pressure. Since [B{&)s] -based organic salts with imidazolium cations are quite
rarel*3? we focused onhe synthesis of new ionic compounds consisting of imidazolium
cations and [B(€Fs)s]" anions via metathesis reactions. In this report, we present the
precursors [LI(NCCH)4][B(CeFs)s] (1) and [Ag(NCCH)4)[B(CeFs)s] (2) as metathesis
reagents for the conv&@on of imidaonlium bromides [Bmim]Br and [Dim]Br (Bmim =
1-butyl-3-methylimidazolium; Dbm = 1,2dimethy}t3-butylimidazolium) to vyield the
imidazoliumbased salts [Bmim][B(€Fs)4] (3) and [Dhim][B(CgsFs)4] (4) with the [B(GFs)4]

anion.
5.2 Results anddiscussion
5.2.1Synthesis of [L(NCCHs)4][B(CsFs)4]

The alkali metal salt [Li(OE}J4][B(CsFs)s] was prepared according to literature procedires,
but using GFsl instead of GFsBr. The reaction of 1 equiv. L§Es with 0.25 equiv. B3 in a
mixture of dethyl ether andn-hexane at low temperatures leads to the formation of
[LI(OEt,)4][B(CeFs)s] under precipitation of LiCl. Subsequent crystallization of
[Li(OEt,)4][B(CeFs)s) from a concentrated solution in  acetonitrile  yields
[Li(NCCH3)4][B(C6Fs)4] (1) as colorless crystals in a moderate yield oP4{Scheme 1).

n-BuLi, Et,0, BCl3, Et,0O
8 4 LiCgF 18 [Li(OEty)4][B(CgFs)4]
» | - |
4CeFsl - 4 n-Bul 65 -3 LiCl 4 e

-25 °ClCH3CN

[LI(NCCH3)4][B(CgFs)4]
1

Scheme 1Synthesis of the precursor [Li(NCGHI[B(CeFs)4] (1).

Compoundl exhibits very good solubility in polar organic solvents such as acetonitrile and
diethyl ether. It is stable at room temperature and can be handled in air for a short period of
time (5 min). The!H NMR spectrum shows one broad singlet at 1.96 ppm originating from
free acetonitrile, as a consequence of a fast scrambling wi§EICBolventmolecules. The

% NMR spectrum exhibits one broad singlet83.8 ppm (arising from 8-F atoms), one
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triplet at-164.0 ppm (attributed to g-F atoms) and one multiplet which can be assigned to 8

m-F atoms. According to elemental analysis, the nurabeoordinated acetonitrile molecules

to the lithium cation is four (see Experimental Section). Compaluruths further been

characterized by means of IR spectroscopy. 3heabsorption band in the IR spectra is

shifted from 2254 crh for free acetonitrileo 2279 crit for compoundl. The higher energy

vibration in thescy region (2293 and 2306 chfor free acetonitrile and, respectively) can

be assigned to combination of the symmetricalk; @efformation and the -C stretch that

borrows its intensity fronthe 3cy band. These results are in good agreement with what has

previously been reported for related Cti{land Ag(1}** complexes.

5.2.2Crystal structure of [Li(NCCH 3)4][B(C&Fs5)4]

The molecular structure of compouhds presenteth Figurel. Thecompound crystallizes in

the monoclinic space group2:/n with one ion pair in the asymmetric unit. Both central

atoms (lithium and boron) exhibit a tetrahedral coordination environment. Selected bond

lengths are given in Table 1. The-Nibond lengthgin average 2.03 A) are longer than the

Li-O bond lengths of [Li(OBJ.][B(CeFs)4] described by Martiret al. (in average 1.95 Af*

which are also listed in Table 1. According to the-gonrdinating nature of the [B(Es)4]

anion, the BC bond lengthsn 1 and [Li(OE})4][B(CsFs)4] are similar. Since the steric

demand

i s rodhexoordinated diethyl ether molecules, the.NN bond angles id exhibit a broader

range (D3 to 122} than the related Qi-O

1175,

bond

angles in

Mar t i

Table 1.Comparison of selected bond lengths (A) and angles (dégiiwl [L|(OE§)4][B(C6F5)4] [13]

Selected bond lengthg.max
Li-O
Li-N
B-C
Selected bond anglggmax
O-Li-O
N-Li-N
C-B-C

2.010(3)2.044(3)
1.654(2)1.657(2)

103.0(2)121.6(2)
100.8(1)114.5(1)

[Li(OEt2)4][B(CeFs)a] ™

1.936(4)1.957(4)

1.651(3)1.658(3)

104.2(2)116.9(2)

101.6(2)114.5(2)
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Figure 1. ORTEPview of 1 with displacement ellipsoids at the 50 % probability level. H atoms are omitted
for clarity. Selected bond Il engths (i) and an
2.010¢(3) , Li 2T N4 2.044(3), Li 1T N11T C259 168.92),2 ( 2
Li 11 N417C31 175.5(2), N1TLiIi 1T N2 104.6(2), N2T Li
103.0(2), NI1ITLiIi1TN3 121.6(2), N2TLiIi 17T N3 103.2(2

5.2.3Synthesis of the new imidazoliurBAr - compounds

In order to obtain the imidazolium salt3 and 4, two different starting materials,
[LI(NCCHa3)4][B(CgFs)4] and [Ag(NCCH)4][B(CeFs)4], were used (Scheme 2). The latter was
prepared according to the literatlf®.

Brimjer O B
mimi|br ' mim
CH2C|2, r.t. 3 6" 54
- MBr
M =Li, Ag

Scheme 2Synthesis of [Bmim][B(GFs)4] (3)

The metatbsis reaction ol with [Bmim]Br leads to the formation & in a yield of 62 %

within 2 h at room temperature. In order to increase the yield and reduce the reaction time, we
selected [Ag(NCCH)4][B(CeFs)s] as precursor for the synthesis of the imidazoHBAr"
compound. In the metathesis reaction, silver cations were exchanged by imidazolium cations.
The metathesis was performed using dry,ClH in the dark at room temperature. The
reaction mixture was stirred for 10 min, and then filtered through sil&cearth on a Schlenk

frit. The solvent was removed under high vacuum. The product was washed with dry
n-hexane and then dried in vacuo. Typical yields of the purified product were around 89 %. In
the '>F NMR spectra of compounds [Bmim][B{Es)s] and [Dbim][B(CeFs)4] the fluorine
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