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Abstract

lonic Liquids (ILs) constituted by organic catiorend inorganic anions are particular
saltswith a melting point below 100°CTheir physical poperties such as melting point
and solubilitycan be tuned by altering the combination of their anions and caliotise

last yearshe interest inLs hasbeencenteredmostyon t heir possi bl e u
alternatives tdhe traditionalvolatile organic solvent§/OCs) thanks to their low vapour
pressure and the efficient ability in catalyst immobilization. In this regard, the subject of
the present thesis is the study of the oxodiperoxomolybdenum cata&gpaaiation of
olefins in ILs media with hydrogen peroxide as the oxidant. In partictlar
functionalized imidazolium salts such as 1-(2-t-Butoxycarbonylamineethyl)-3-
methylimidazolium(1), were synthesized with different countesdfi’, [PF]’, [NO3],
[NTf,]” and [CIQ]' and tested as reaction solvents. The counterion exchange with [CI]
[NTf;] and [NQ] was also performed in unfuctionalized imidazolium salts sucB as
butyl-1-methylimidazoi3-ium (3). All the prepared ILs were tested in catalytic
epoxidation of  olefins exploiting oxodiperoxomolybdenum  complexes
[M0O(0O2)2(C4HsN2)2] (4) and[MoO(0,)2(CsHsNy)2] (5) as catalystsThe IL 3[NTf,] and

the catalyst 5 give rise to the best results leaditm the selective formation othe
epoxideof cis-cycloocteneavoiding hydrolysis side reaction.

A preliminary study on the synthesis of novel NHC oxodiperoxomolybdenum complexes

starting from imidazolium saltwas also developed.



Sommario

| liquidi ionici (ILs) sono particolari saltostituitida cationi organici e anioni inorganici

con un puto di fusione inferiore a 10C. Le loro proprieta fisichecomeil punto di

fusione e la solubilitapossono essemmodulatemodficando la combinazione ddoro

anioni e cationi. Negli ultimidecenni linteresse verso ILs si é focalizzato
principalmentegrazie alla loro bassa tensione di vapore e la capacita di immot®lizza
efficacemente ilcatalizzatore sul loro possibile tlizzo come alternativé'greeni' ai

tradizionali solventi organici volatili (VO§. A questo proposito,lo studio

d e épbséidazione di olefine catalizzata complessi ossodiperosswlibdenoin mezzi

ILs con perossido di idrogeno come ossidanbggetto dellpresente tesin particolare

sono stati sintetizzasali di imidazolo N-funzionalizzatj 1-(2-t-Butossicarbonilamino
etil)-3-metilimidazolio (1), con diversi controioni quali[l]’, [PF], [NOs], [NTf,] e

[ClO4] e testatcome solventi di reazione. Lo scambiel controione comgli anioni[CI]

, [NTf;]” e [NG;] e stato effettuato anche in sali di imidazation funzionalizzatcome
3-butil-1-metilimidazolo (3). TuttiglilILspr epar at i S 0 nepossidazenei test a
catalitica di olefine sfruttanocomplessi ssodiperossomolibdeftoO(0,)2(CsHesN2)]

(4 e [MoQOy)2(CsHsN2)2] (5 come catalizzatorill liquido ionico 3[NTf,] e |l

catalizzatoreb danno i migliori risultatiportard 0 al | a f or ma zpossiWe s el et t

di cis-ciclootteneevitandoquindila reazione secondaria drolisi.

Si é effettuab inoltre uno studio preliminare sulla sintesi di nuovi complessi

ossodiperossblHC di Molibdenoa partire da sali imidazolio.
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Introduction

1.INTRODUCTION

This dissertation was developed within a collaboration betwieenvalerio Zanott s
research group of the Bologna University (Dipartimento di Chimica Fisica ed Inorganica,
Universita di Bologna, with Rita Mazzoni as supervisor) and the Agustin Géliado
research group of Sevilla University (Departamento de Quimmayémica, Facultad de
Quimica, with Maria del Mar Cornejo Argandofia assapervisor). The research group
of Seville has recently devotealgreat interest in unconveatial solvents as reaction
media In particular their attention was focused on ionic iiguwith the aim ©
implementi Gr een Ch e mi ©On thg other harche Belagsa. group in the
latter years have fosedits attention to amin@mide functioalized ionic liquids and
theiruse in the preparation dkheterogclic carbenes (NHCs) mdteomplexes

The collaboration was bomwithin the Erasmus projecframeand grew with the
interest to combine the two different research areas with the aim to improve each other
knowledge and investigatdhe employnent of ionic liquids in homogenous clg&s

from a new point of view.

1.1. Green chemistry
Waste production in industrial processes is one of the most environmental problems that
in the last decades worries the chemistry field. The development of new synthetic
methodologies which eliminate aninimize these residues is one of the goals of the
"Green Chemistryo concept , whith is devoreatithe e d s u:
utilization of a set of principles that reduce or eliminate the hazardous substances in the
design, manufacture and dpp cat i on of chemical product s
Chemi stryo call s for t he devel opment o f
conditions that can potentially provide benefits for chemical syntheses in term of
resource efficiency, energy efficiengyoduct selectivity, operational simplicity, health
and environmental safetyAll this can be summarized in the twelve principles, that were
formalized and extensively promoted since the 1990s by their progenitor, Prof. Paul
Anastas, and recently elegantiondensed by Prof. Martyn Poliakoff andworkers into
a mnemonic for easy communication: PRODUCTIVELY (Figure 1).
ADespite their inherent value, al | of thes

lecture audience. Mnemonics, on the other hasah provide a very pleasant way to
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communicate and learn the principles. As part of an ongoing Adgpanese

collaboration, we have felt the need to produce a simpler statement of the principles that

can be presented as a single slide, which is undedstisle to a wide range of audiences

including nonnative English speakers. After some considerafiore have devised the
acronym, O0PRODUCTI VELYO, i n which we have tr

twelve principles of green chemistry injusttws t hr e® wor ds. 0

Condensed Principles of Green Chemistry

)
'

Prevent wastes

Renewable materials

Omit derivatization steps
Degradable chemical products
Use safe synthetic methods
Catalytic reagents

Temperature, Pressure ambient
In-Process Monitoring

Very few auxiliary substances

- E-factor, maximise feed in product
- Low toxicity of chemical products

- Yes, it is safe

<r-m<H-4O0OCoQw®
]

Figure .L.condensed of the twelve .principles of AGr

Most of the waste products involves fine chemicals and pharmaceutical industry because

these use volatile organic chemicals (VOCs) in large quantities.ehligonmental

impad of the latter is considerableharefore, the redesign and progressive replacement

of the processes with organic solvent by nAcl
in the contemporary chemistry. A possible solution to the proleuld be the use of

unconventional solvents as for example the ionic liquids.

1.2. lonic Liquids as AGreen Solventso
In the last few decades the study and the investigation of ionic liquids (ILs) application
has increasetl o get her wi t h t hhee minstterryedos.t A ng rfieGarte einnt
class of compounds has been centeretke on thei
traditional volatile organic solventsThey have promising advantages such as an
extremely low vapour pressure (generally negligible), which can match the human
requirements of developing greener technologies. This is the reason why ILs are called

Agreen solventso in many wearly articles, an
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character

st

ILs is also attributable to their ndnxicity, nonexplosive and noflammability that

reduces the risk when treating fast, exothermic oxidation and also to their thermal and

chemial stability?

The ILs are salts with a melting point below 100°C and many of them are found in liquid

state at room temperature, the latter are called RTIbsifRTemperature lonic Liquids)

and this propertynakes them potentially useful compounds dgesds. In particular the

solvents investigated for chemical processes are typically constituted by an organic

cations (examples are reported in Figure 2) and inorganic anions (examples are reported

in Figure 3).

R-N<&N~cH,

1-alkyl-3-methylimidazolium
[C,Cqim]™

RaN*

tetraalkylammonium
[CaNT”

NN

L+
¥

R
1-alkylpyridimium
[Crpyr]”

R4P*

tetraalkylphosphonium
[C4PI

£
l" III
Nt/

R"N"CH3

1-alkyl-1-methylpyrrolidinium

[C.Cipyrr”

RsS*

trialkylsulfonium

[CaS]*

Figure 2: Some commonly used cations for ionic liquids

0.9 0
FsC-S=N=5-CF; F4C-S=0 RSOy
O O o]
bis{trifluoromethylsufonyl)imide triflucromethanesulfonate alkylsulfate
[NTH] triflate, [OTIT [ChSOLT
NC CN F E F- ":
“N” ~Po Ber
F7o .
LF Fovd
dicyanamide hexafluorophosphate tetrafluoroborate
[N(CNJ)) [PFg] [BF4]

Figure 3: some commonly used anions for ionic liquids

Il n addition to

their

Agreennesso

featur e,

mainly because their physical properties such as meltingt,puiscosity, density,

solubility and coordination properties, can be tuned according to different reactions or

processes by altering the combination of their anions and cétions.

c
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With regardto the catalytic reaction some catalysts proved to impitred catalytic
activity in ILs than in traditional solvents, moreover some catalytic reactions which do
not work in common organic solvents can be performed in ILs. Another advantage of ILs
in catalytic reactions is the efficient immobilization of theatggt in the ionic liquid
phase. The ILs are also able to dissolve many inorganic and organometallic compounds,
therefore a large amount of catalysts having polar or ionic character can be immobilized
in ILs, it means a easy separation and subsequentaétise catalyst.

1.3. The role of the counterion

As mentioned in the previous paragraph, the ionic liquids are particular salts liquid at
room temperature and consist in a organic cation and an inorganic anion. The most
widely studied ILs are composed of byland asymmetrical nitrogesontaining cations
(e.g., imidazole, pyrrole, piperidine, and pyridine) in combination with a large variety of
anions, ranging from simple halides to more complex organic species.

The ILs properties are controlled by the satet of both, so the change of cation and
anion can affect many physical properties as melting point and solubility. In particular
the miscibility of ionic liquids in water i& very important parameter because water is
ubiquitous and even in little amowntould affect the properties of ILs.

Early investigatios about water miscibility found that the behavior of ILs in water varies
with the anion, for example in the case ®butyl1-methylimidazolium([C4Ciim]”,
Figure 4) was demostrated that,@r, [OTf]", and [BR] give ionic liquids that mix

with water in all compositions, whereasthe case ofC(CN)s], [PF] and [NT] the

ILS lead to a biphasic mixture with wat@igure 4)°

Miscible with water Immiscible with water
[CIT-. [Brl-. [OTH]-, [BE,-  [[C(CN)]- [PF,]-. [NTE,]

Figure 4: solubility in water of [GC,im]™ with a different counterian
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For these anions of [Ciim]” based ILs the octan@later partition coefficient, k., that
guantify the hydrophobicity of a compound was measured and resulted to increase in the
following order: [OTI{] < [BF4]” < Br < [NOg], CI < [PR] < [NTf,]". Thissuggesd that
hydrogen bonding to the anion gsva significant contribution to the hydrophilicity of

the ionic liquid. On the other handit was also observed that cation did not give a
significant contribution to the hydphilicity, in fact, spectroscopistudies did not
evidence interations between the water and the cation of the IL.

In presence of an increased ambobaf water the hydrolysis issue comes up. For water
miscibleionic liquids a seHassociate dimeric strugtue i n  avaterfateraina o n 0
chain was observed. For ionic liquid that not mix fully with water the dimeric structures
forms chain of mol ecules and percolate th

them to break up into small ionic clusteigiie 5).

: i

v .B

FoooE T
o H H O H
H . -H Brﬂ_H § Br

o

A

F- "H: F

Figure 5. some observed ionic liguidiater hydrogerbonded structures:symmetric 2:1 aniaater,

anionwaterwateranion chain, and aniomwateranionwater cyclic dimer

1.3.1. The hexafluorophosfate problem
Imidazoliumbased ILs with hexafluorophosphate anion have been the subject of
extensive debates about their eventual decomposition into the toxic hydrofluoridric acid.
The hydrolysis of hexafluorophosphate was investigated under several experimental
conditions by NMR spectroscopy drelectrospray ionization mass spectrometry {ESI
MS). The results obtained show that thegRhion decomposes under acidic conditions
or high temperature to give different aggregate ions for exampiOJFand [RPO,] .
The imidazolium cation remainanchanged but the lerygtof the alkyl chain may
increases the possibility of hydrolysis because the anion is less protected and hence more
easly hydrolyzable. These observations are very important for the application of ILs
with hexafluorophosphate anioas reaction solvents undemqueous and acidic

conditions®
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1.4. lonic Liquid for catalytic epoxidation of olefins
Epoxides are important intermediates in many synthesis of fine chemicals, the direct
epoxidation of olefins using molecular oxygen in a catalytechanism is possible, but it
is performed inlarge scale only for ethylerdeTipically the heavier epoxi&b are
generated from olefins by reaction with a stoichiometric organic oxidant suak as
chloroperbenzoic acid (Figure &).

R—C{ » s
°/ PR N Yo
+  —|R-C{ .b:::h_g —_ o+
\ﬁ \\Oz" / \ \&
o |
A G

/N

Figure 6: nonionicmechanism for epoxidation with-chloroperbenzoic acidR =C¢H,4Cl).

By using metal compounds (e.g. Ti, V, W, Re and Mo) in their highest oxidation
statecatalytic epoxidation can be achieved with hydroperoxides as oxidants, resulting in
more benign wast@roducts and improving atom econonimmong these transition
metals, molybdenum (VI) produced some of the more active cataisied in this
field. In particular the family of the oxodiperomolybdenum complexes such as
[MoO(O,)2(L)n] (L = two electrondonor ligand) results an attractive option for their
facile and cheap preparation, chemical simplicity and stability. In Figure 7 the proposed

mechanism for oxodiperoxomolydbenum catalyzed olefin epoxidation is destribed.

0 O 0
O, “ e Ou,, ”@‘\\\O O, ” O O, [
/:MO.\ / 0 MO \ \ I'M0=O
O/(‘\})_’of( oY) —> v 0T o//+
' V3
NS NS % ~o=c" ~c—C
Se=c_ Pelod /C “. NIV

Figure 7: first study of oxodiperoxomolybdenum complexes catalyst [MO@KDIPA)] (HMPA:
hexamhetylphosphoramini olefins oxidation with kD, as oxidant by Mimoun el. (1969)

The epoxidation reaction investigated by Mimaatral. (1969)with [MoO(O,).(HMPA)]
(HMPA = hexanhetylphosphoramire) as catalyst and hydrogen peroxide as oxidant

employsdichloroethane (DCE3sorganic solvents.

Il n order to obtain fAgreenero processes,

epoxidation was investigateMolybdenumcatalyzedoxidations of organic compounds

6

t

he
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in ILs solvents were reported in literaturimcluding processes utilising hydrogen
peroxide as the oxidant. In Figure 8 the results obtained in a recent study on the catalytic
epoxidation performed by th@olyoxometalate catalyst [BMIMJPW:12040] in the
presence of kD, as oxidant and employing ILs compared to the conventional solvent are

reported™
[BMIM];[PW,04,] (0.3 mol%)
30% H,0, (1.5 eq)
> o
60°C, 1 h, solvent

Solvents Yield (%) Epoxide Selectivity (b)
[BMIM][PF ¢] 87 99
[BMIM][N(SO ,CF)] 82 94
[BMIM][BF 4] Trace 12
MeOH Trace 40
CHsCN 1 12
CH.CI, Trace 75

Figure 8: epoxidation of cycloctene catalyzed by [BMiW1,04 (BMIM: 1-butyl3-methyt
imidazolium)in different ILs and organic solvents.

The use of ILs shown in the latter study sensitively improves both the yield and
selectivity. The catalyst behaviour is also affected by the counterion of the imidazolium
salt. The ionic liquids are powerful solvents in these reactions due to their ability

solubilize inorganic compounds, insoluble in common organic solvents, immobilizing the

catalyst in the IL phase and allowing to recycle it several times as-tetalyst system.

Coming back to the molybdenum based catalysts the first oxodiperoxmheolym
catalyzed [Mo] ([Mo] = acqueous [Mo(O)@R(H-0),]) epoxidation reaction inonic
liquid media (Figure 9) was recently investigated and publishedhbyGalindd@d s

research group of University of Seviffe.

[MO] 25%, H202

60°C, 18 h, BMIM[PF]

Figure 9: catalytic epoxidation of cisycloctene byn oxodiperoxomolydenum catalyst with@®4 in 3-
butyt1-methimidazolium hexafluorophosphate BMIM[RF

7
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In this study it was observed that the reaction withQd as oxidant gave low selectivity
due to complete hydrolysis of the epoxide resulting in a ring opening and a complete
conversion to the cyclooctarig2-diol (Figure 10).

OH
H,0, 30% H,0
—_— o —>»
T:60°C, t:18h
[Mo] OH

Ionic Liquid

Figure 10: catalytic oxidation of cisyclooctendo the correspondig epoxide followed by hydrolysis to
cyclooctanel,2-diol.

A large improvement both in rate and selectivity has been registered addihdaor
containing coordinating base speciee . g . p vy rbipytidiness snidazoks and
pyrazoles) that potentially induce both rate and selectivity enhancements in such an
oxidation system (Table 1J.

Table 1: Comparison of the effect of pyridine additives in the molybdenum catalyzed

epoxidation oftis-cyclooctene in ionic liquids media.

Base additive [PKa]  Solvent  Conversion (%) Yield (%) Selectivity (%)

None Cl;CH 17 1 6

C.mim-PF; 29 9 31

Csmim-PF; 38 25 66

Comim-PFRs 40 40 100

Pyridine [5.25] Camim-PR 29 29 100
Ciomim-PRy 49 49 100

4-Picoline [5.98] C:mim-PF; 31 18 58
Csmim-PF; 54 54 100
Ciomim-PRy 46 46 100

4-PicolineN-oxide [1.4] Csmim-PF; 32 23 72
Csmim-PF; 39 39 100
Ciomim-PRy 48 48 100

Reactionconditions: [MoO(Q).(H.0),] 0.025mmol, base additives 0.10 mmojOkhg 30% 3.0 mmol,
cis-cyclooctene 1.0 mmol, solvent 2.Q,m = 60°C, t = 2h. Extraction with pentane (3x3 mL), yield and

conversions calculated by GC.
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Examples reported in Table 1 shakat, while the activity is not sensitively affected by

the presence of the-donor species leading to conversions in the 0% range, the
selectivity were markedly improved up to 100¥he latter behavior has been attributed

to the fact thathe N-dona species bind strongly to vacant coordination sites on the
metal and block the access of the epoxide to the acidic metal centre. It results in the
inhibition of the hydrolysis mechanism and in an increase of selectiMitg.N-donor

bases form with themolydbenum a coordination complex with a poor solubility in
common organic solvents, this is a further advantage in the use of ILs as reaction

solvents.

1.5. N-functionalized lonic Liquids
Imidazolium salts, previously described for their employment as ILs solvents for
catalytic reactions, more generally represent a class of compounds with a great versatility
due to their wide range of applications in material science &\-lasterocyclic cebene
complexes precursors (NHCs).

In particular the attention of the research group dbBoa has been devoted to
aminoamide functionalized imidazolium salwith the aim to design and develop
transition metalN-heterocyclic carbene complexes of goddyer and rhodium to be
mainly employed in catalysis. The use of NHCs as ligan@ result of their capacity to
be e x c-@dndrewhose steric and electronic properties are easily modulated by
varying the substituentn theimidazole ring*?

In order to value the influence df-functionalization of NHC lateral chain the
group prepared the new amiBmc protectedl[l] and amino2[NO3] imidazolium salts

(Figure 11) to be employed as ligand precursors.

1°
/\/ /\/NHz
N IS N
“OYY 0
11 2[NO;]

Figure 11: molecular structures of-(2-t-Butaxycarbonylamineethyl)} 3-methyimidazolium iodide X[I])
and 3-(2-aminoethyl1-methyimidazolum nitrate (2[NOs]).

In particular1[l] has been then employed toward the synthesis of silver and rhodium

complexes (Figure 12§
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Fe Nt
e N °
E o I - YNV\N o T~ [Ag12]
2\N®N/\/ \H/ Ao CH,Cl, N H
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T[Agl,]
[Rh(NBD)Cl],
CH,Cl,
r.t.
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N \N/? '
QN/\R}(GL \\H\N\(O
%

Figure 12: synthesis ofa Rhodium complex liyansmetalation oin NHC-Ag complex{[Agl.].)

While 2[NO3] showed to play an active role in stabilizing the gold nanopatrticles with
better electrocatalytic activity than similarly prepared gold nanoparticles stabilized by
thiol-functionalized ILs®

Both 1[I] and 2[NOg] are ionic liquids at room temperature, henthey are good
candidate to be employed as unconventional savematalytic reactions. As previously
described the Galindobs group recently demo
donor ligands on the improvement of the selectiviy the epoxiation of cis
cyclooctene Starting from this point it has been supposed that,employing N-
functionalized ILs, the nitrogen donor group in the lateral chain of the IL itself could act
as ligand, improving the selectivity of the reaction.

Furthermorea collateral very interesting aspect has to be taken into consideration: few
NHC complexes of Molybdenutavebeen synthesised up to date and the synthesis of
new NHC oxodiperoxo complexesf Molybdenum would be of great interest in order to

develop new goxidation catalysts.

The project othe presenthesis has been then designed as follow: in the first part of my

internship, spent at the University Bblogna, N-functionalized imidazolium salts with

10
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several different counteriongere prepared andhe synthesis of NHC silver complexes
waspracticedin order to employ them in the preparation of molybdenum complexes. In
the second part, spent at the Universitysevilla, the synthesis of ILsN-functionalized

and unfuctionalized with different countem®) was continued, the synthesis of
molybdenum complexes with different liganegas performed and the study of the
catalytic activity of some of them in tipeeparedLs wasdeveloped

11
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1.6. Goals of thethesis

As outlined in the introduction, the experience1functionalized imidazolium salts of

the research group of Bologna has been exploitedry to improve the catalytic

epoxidation of olefins in ionic liquids media investigated in the Seville Univetsihas

been hypotesized that the presencé&l-alonor group in the alkyl chain of the imidazole

ring could prevent the epoxide hydrolysis avoiding the ring opening. The expected

results could be an increase in the selectivity.

In this regard, catalytic testof olefins epoxidation with oxodiperoxomolydbenum

catalyst and hydrogen peroxide as oxidant in ionic liquids imidazolium functionalizated

arepart ofthe present thesis

The principal goals have concerned:

1. Synthesis and characterization of thHBoc-protected 3I(2-aminoethyl)3-

methylimidazolium salts with different counteriond[l{, 1[PFs], 1[NO4],

1[NTf,] and1[ClO4)).
2. Synthesis and

characterization

08-(2-aminoethyl}1-methylimidazolium

(2[NOg)), the deprotected form of NHBoc imidazolium gdly.
3. Synthesis and characterization of the unfunctionalized , sdtbutyl-1-
methylimidazolium 8), with different counterions3[Cl], 3[NO3] and3[NTf])

X=1 s PFG, C104, Nsz, NO3

X=NO3

X = Cl, NTf, NO;
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4. Synthesis of oxodiperoxdolydenumand Tungstercomplexes withN-donor
bases as ligandle formersubsequently used as catalysts in catalytic epoxidation
of olefins.

5. Catalytic tests of epoxidation afis-cyclooctene with KO, 30% in IL media
testing the efficiency of the functionalized and #fonctioralized imidazolium
salts as reaction solvents.

6. Preliminary study on the synthesis of novel NHC complexes with Mo&gl)

metalcenter.

13
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Results and Discussion

2.RESULTS AND DISCUSSION

As already mentioned in the description of the goalsth& present thesiseveral
functionalized imidazolium salts, 1-(2-t-Butoxycarbonylamineethyl)-3-
methylimidazolium(1), and non-functionalized,3-butyl-1-methylimidazolium(3), with
different counterios were syntheézed with the aim to test them as unconventional

reaction solvents, ionic liquids, in the catalytic epoxidation of olefins.

2.1. Synthesis of lonic Liquids
In order toobtan 1-(2-t-Butoxycarbonylamineethyl)-3-methylimidazolium iodidg1[l])
the precursor of all the functionalized ionic liquids herein presented, a four steps process
is needed as described in the following. These reactions were performed in a large

amountadjusting a synthetic procedure developed by the research group of Bdlogna.

2.1.1. Synthesis of the sodium salt of imidazole
The reduction reaction of the imidazole by sodium hydride was performed under inert
and dry atmosphere following a procedure availabléterature’® The reaction takes
place overnight at room temperature in dry THF to obtain the sodium salt of imidazole

with a quantitative yield (Scheme 1).

@
Na @
NN THF NN\
NH + NaH : N + Hz(g)
~_ r.t., overnight
\

Scheme 1
Some variations othe literature procedure have been done in order to make easier and
safer the preparation of large amount of the product. In particular the operations of
filtration and separation were effected by cannula and the time of dripping of imidazole

in NaH was mcreasedThe white solidobtaired was kept in thglove box

2.1.2. Synthesis of 2Bromoethylamine-t-butylcarbamate
The protection reaction was performeghcting the2-bromoethylaminenydrobromide
with di-tert-butyldicarbonate(Scheme 2) for 2 hours at room temperature in a 1:1

mixture HO/dioxaneby following a procedure reported in literatdfe.

15
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o o u
. N 0
257 " BHBr + )k )k _HpOldioxane_ 5 N
r 0" Yo7 Yo rt, 2h
0

Scheme 2
The reaction gives as product a yellow oil in a yield of 47%.

2.1.3. Synthesis of (2imidazol-1-yl-ethyl) t-butylcarbamate
After the protection of the amine functicime 2-Bromoethylaming-butylcarbamatavas

reactedwith the sodium salt of imidazofereviously syntheized (Scheme 3§

®
Na o

H
N/\ II:II o) 2\ /\/N 0
‘\/N I N\ \(H)/ \*/ r_:izh LN \ﬂ/ \*/

Scheme3
The product was purified by odmatography on silica gel, ¢ing with
CHCI,/CH3;OH/NH,OH (100:5:1) andit was obtained with 55% yield asyallow oil.

2.1.4. Synthesis of 1(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazolium
iodide (1[1])
The alkylation reaction of the second nitrogen was performed by an excess of methyl
iodide stirring overnight in CpCl, solution (Scheme 4) following a synthetic method

reported in literaturé®

H
H
PN N o) CH,Cl, H o P
g AT O
- r.t., overnight
o o)

1[1]
Scheme 4

The result is a quandtive yield in the corresponding alkylated imidazolium salt with
iodide as counterion. The  product 1-(2-t-Butoxycarbonylamineethyl)-3-
methylimidazolium iodidg1[l]) was isolated as a dark yellow viscous liquid;stable

and soluble in all common organic solvents but corejylénsoluble in diethyl ether and
water. It was fully characterized by NMR and IR spectroscopy and electrospray
ionization mass spectrometrySEMS). Herein we describe the product characterization
which will be useful for the identification of the new imidazolium salts that will be
reported in the following. As regards tHEl-NMR spectum (Figure 13), the acidic

proton NCGHN was found at 9.92 ppm and the resonance of the imidazole backbone

16
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protons were observed in the aromatic region of the spectra as two singlets, 7.19 and 7.08
ppm (2H . At ppinwds fodnd the broad peak of NH. The signals of @Hthe

side chairresmate at 4.28 and 3.59 ppm, between them, at chemical shift 3.39 ppm was
observed the signal of the methyl bound to the nitrogen of the imidazole ring. Finally at
high fields resonates the singlet attributable to the nine protons terthmutyl group (i

= 1.28 ppm).

t-Bu
CH3
CHim
i LA.}L
J e L
AL B N S L L E B B L LN L O ) N N L L B N L L L N L L L ) S
10 9 8 7 6 5 - 3 2 1

Figure 13: *H-NMR spectrum ofl[l] in CDCL.

The presence of the carbomyflthe protective group BO@as determinethy **C-NMR
spectrum, where at 156.2 ppm was observed the signal of C=0, and by IR spectrum in
CH.Cl,, whereat 1708 cni was noted a band relative to the stretching of the carbonyl.
The ESIMS analysis confirms the nature of the compound with a peak an226r the
positive ion, the molecular ion, and one at h&/zfor the negative ion corresponding to

the iodide.

The iodide ioncould undergo to oxidation in the presence of oxidating agent such as
H,0,. Therefore thel[l] ionic liquid may not be a good solvent for the catalytic

epoxidation of olefinsthusa counterion exchange is necessary.

17
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2.2. Change of thecounterion

As explained in thdntroduction the coustion plays an important role in the ionic
liquids properties particulary in the solubility. Having regard that the ioahidgnot be
used as counterion in epoxidation reactionlLs due to the oxidant conditions it was
decided to perform od[l] a counterion exchange. The anidR$s], [NOs], [ClO4],
[NTf,] were chosen for thewnmiscibility with water that helpso avoid the hydrolysis

problem.

2.2.1. Synthesis of 1(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazolium
hexafluorophosphate(1[PFs])
The precursorl[l] was reacted with the salt KPFo obtain the exchange of the

counterion with a quantitative yield (Scheme 5).

H © PFE
DA NG N_ o
N N CH,CI DN AN
\@/ \L( \{/Jr KPF r.t.,2 3h2 NN T + K1l
1] 1[PF] ©
Scheme 5
The product 1-(2-t-Butoxycarbonylamineethyl)}-3-methylimidazolium

hexafluorophosphat€l[PFs]) was characterized by NMR spectroscopy and-HESI
analysis. TheH-NMR spectrum in CDGlof 1[PFs] shows a shift if compared to the
precursor regards themidazole ring protons9.92 (NGHN), 7.19 (CH) and 7.08 (CH)
for 1[1]) that shift to 9.54, 7.25 and 7.17 ppespectively forl[PFs]. The chemical shift
relative to methylene groups and €ate comparable with those of the precurspy.
However the pattern of thtH-NMR spectrum confirms that the imidazolium cation
remain unaltered. ThEF-NMR spectrum (Figurel4) shows the presence of 6 F as a
doublet atli = -72.75 (Jor = 710Hz) typical of a PE anion®® The ESIMS analysis
confirms the product formation, the spectrum shows the molecular ion am226
[C11H20N30,"] for the positive ions and only one peak at & for the negative ions
corresponding to the ion hexafluorophosphateJPFhe productippears as a yellow oil
with a density of 1.06 g/mL at 25°C, stable in air and with the same solubility behaviour

of the precursot]l].

18
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Figure 14: **F-NMR spectrum ofL[PF¢] in CDCl,.

Crystals of1[PFg] suitable for single crystal -xay diffraction were growrby
cooling down the reaction product #€20°C. The molecular structure is presented in
Figure15 with crystal datgTable2), whereas bond distances aamples are reported in
the Experimental sectiod[PFg] crystallizes in the centro symmetricPgace group (Z
= 8), the bond distances and angles are in line with the valuesthar known
imidazolium saltd® The crystal structure was determined in collaboration iith

Cristina Femoni of the Department of PhysiCalemistryand Inorganic.
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Figure 15: unit cell of 1[PFg].

Table 2: crystal data of.[PFg).

Formula CigH20FsN2OsP
FwW 371.26
T, K 298
crystsyst monoclin
space group P2
a, A 6.261(3)
b, A 16.889(7)
c, A 32.354(13)
U, deg 90.00
b, deg 92.033
2, deg 90.00
cell volume, & 3419.02
Z 8

The ionic liquid 1[PFg] in acqueous solutiorgives hydrolysis problem In the
Introduction Paragrapii.3.1) the mechanism of the hydrolysis in lass explaied: the

water forms a dimeric structure with the anion and in presence of a great amou@t of H
chains of molecules which seep in the ILs structure and break them into small ionic
clusterinfluence also the catn behaviour. In our particul@ase we could observe from

the 'H-NMR performed after the addition of water HPFg] the desappearance of the
signal relative to th&oc group which probablgorrespondto the depratction of NH

group togeher withdecompositiorproducts’

20
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2.2.2. Synthesis of 1(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazolium
perchlorate (1[CIO4])

From the reaction between the precurspy in CH,Cl, and a solution of salt LiClQin
Et;,O was performed the aniogxchange from iodide to perchlorate (Scheme 6). The
reaction mixture was dried, dissolved in distilled water and finally purified from the
inorganic salt by an extraction in GEl,. It was obtained a yellow oil, with a yield of
76%, identified ad-(2-t-Butoxycarbonylamineethyl)-3-methylimidazoliumperchlorate
(1[ClO4]) from IR, NMR and ESMS characterizatios

R NNAN /\/§I o : N s,
N o
N@ N T + L1C104 CH2C12/Et20 \N/®\N/\/ T + L1+ +T
\ / 0 r.t. 2h \ /
0
11] 1[C104]
Scheme 6

The 'H-NMR spectrum shows the signals shift of the imidazole prafons, the acid
proton (NGHN) was found afi 8.83 ppm and the backbone protons of the imidazole ring
respectively at 7.31 ppm and 7.26 pprhe chemical shift relative to methylene groups,
CHs and tBu resonate to 4.36, 3.58 3.96 and 1.39 ppml{@O,]. The counterion
exchange was confirmed by EBIS analysis that shows, from negative ions, only one
peak at 99m/z corresponding to the perchlorate anion. The presence of][Gé@ was
also identified by IR spectrum (Figui), that displays broad peaks at 1097 camd at
1167 cnit, by comparison withtypical IR strecthingof [ClO4] reported in literature
(1090, 1100 cm).?° The stretching of the C=0 group of the imidazolium cation was also
identified at3 (CO) = 1710cm™.

%T 2

VA" »\(-\{WJV /\/ /ﬁ\j

. a

3(C=0) 3 (ClOy,)
1710 cmt 1167 cm'
4 1097 cmt
L%.:}«UO,O 2000 1800 1600 1400 1200 1000 00,0

cm-1

Figure 16: IR Spectrunof 1[CIO,] in CH,Cl,.
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2.2.3. Synthesis of 1(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (1[ NTf2])

The counteriorfNTf;]" has been chooseassumingthat the corresponding ionic liquid
would had to beinsoluble in water an important characteristicto avoid hydrolysis
problems.n spite of what it was just affirmed, dog the internship the partiablubility
of 1[NTf,] was observed.
A solution ofthe precursof[l] in CH,CI, was reacted with the salt LiNAdissolved in
Et,O (Scheme 7) to obtaii(2-t-Butoxycarbonylamineethyl}3-methylimidazoliumbis
(trifluoromethylsulfonyl) imide, 1[NTf,], as a thick, yellow oilwith a density of
2.30g/mL at 25°C with a yield of 82%. The product was treated and characterized in the
same way describddr 1[ClO4].

P N o r H NTf5
N N o)
NN + LiNtf, _CHCELO . SN AN TN .
\ / r.t, 2h \ / +Li' I
0 0
1 1[NTH,]
]
0
Ot\g /S/
Ntf," / SN \
o C—F
FTIN /\
JF F F

Scheme 7

The 'H-NMR spectrum indicates the shifbf the aromatic protons NN and the two
CHin respectively tal 8.74, 7.31 and 7.22 pprthe chemical shift relative to methylene
groups, CH andt-Bu resonate to 4.31355 3.93and 1.38 ppm for 1[NTf,]. The *F-
NMR (Figure 17) shows the presence oftbenterion as a singlet at9.1 ppm.
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Figure 17: *®F-NMR spectrum ofl. [NTf;].

The ESIMS analysis (Figurel8) confirms the counterion exchange in fact in the
spectrum was noted only one peak at 28@ for the negative ions corresponding to
[CoFsNO,S;]” andthe molecular ion at 2261/z[C11H20N30,]. In the IR spectrum were
observed the peaks of the major functional group of the counteri@®f, SG and
CF;, respectively at 1351, 1191 and 790 Gththe stretching of the C=0O group of the

imidazolium cation was also identified ®(CO) = 1711 cn.
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Figure 18 ESFMS spectrum df[NTf,], above is shown the peak of thelecular ion and belovhe
negative ion.

2.2.4. Synthesis of 1(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazolium
nitrate (1[NOg))

A solution of 1[I] in CH,Cl, was reacted with a solution of LiNGh acetone (Scheme
8) to perform the counterion exchange and obtain the ionic liglH®-t-
Butoxycarbonylamineethyl)-3-methyimidazoliumnitrate 1[NOg], as a thick yellow oil
in a quantitative yield. It was used the acetone as a reaction sbkesmiise the salt
results not completely soluble neither in dichlorometane nor in diethyl ether.
Unfortunately the product was soluble water, for this reason it was impossible to
purify 1[NOg] from the inorganic salts by the extraction with £LH/H,O. The product
appears as a yellow oil with a density of 1.14 g/mL at 25°C.
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(S}
NG,

H I H
N O
\N/\N/\/ T \k+ LNo CH,Cly/Acetone \N/\N/\/NTO\’/ LT
3
\ / r.t., 2h \ /
o) O

Scheme 8

1[NOs] was characterized by NMR and IR spectroscopy. The NMR analysis was
performed in deuterated water for its solubility characteristics. IHRBMR spectrum

shows a shift of the acid proton (N®@!) to Ui 8.61 and the imidazole backbone protons to
7.35 and 7.30 ppm. The peak of NH is not detectable. By IR spectroscopy the presence of
the nitrate was observed as a peak at 1368 %rthe protective group Boshows a

broad peak at 3416 ¢htorresponding tdNH and a peak at 1694 &nior the carbonyl

The ESIMS analysis of this product was not developed due to the impossibility to
remove the’lfrom the reaction mixture,ysification of 1{NO3] will be matter of further

studies.

2.2.5. Synthesis of3-(2-aminoethyl)-1-methylimidazolium nitrate (2[NO3])
Once obhained a series of NHBoc functionalized imidazolium salts we also prepared a
deprotected form, following a procedure reported in the literature, in order to test the
influence of the Nk group on catalytic performancégs.

The precursor1[l], was deprotected by acid treatment of the amine group
(Scheme 9). In the first step a dichloromethane solutidir(8ft-Butoxycarbonylamine
ethyl)}-3-methylimidazolium iodidewvas treated with HN©65% at room temperature
leading to the insoluble dicationic sdllyH3(CH,).ImMe][NOs],. On addition of nitric
acid the pale yellow solution immediately turns to dark violet due to the concomitant
oxidation of the iodide to iodine. After removal of th@went and iodine under vacuum
and washing with acetonitrilgNH3(CH.).lImMe][NOg], was obtained as an atable
white solid. This salt is soluble in DMSO, water and partially soluble in methanol and
ethanol. The dicationic species was characterized by NMR and IR spectroscopy. In the
'H-NMR spectrum in DMSO solvent the MBI resonancevasfound at ti 9.10 (137.25
in 3C-NMR spectrum), the imidazole backbone protons {tdppear as a singlet at
7.73 ppm, whereas the resona of the ammonium group was found as a broad singlet at
U 8.06 (this resonance was not observed when the spectra was carried g0).if iz

methylene protons of the side chain give rise to a triplet at 4.40 pgra anultiplet at
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3.35 ppm (corrgponding ati 46.31 for NCH andi 38.41 for CHNHs" in the*C-NMR

spectrum).
S
I H
\N@N/\/N\H/O (i) \N®N/\/NH3
_—
o}
m [NO3]2
(i)
NH No7
\N/@N/\/ 2
2[NO;|
Scheme 9

Subsequent treatment ffiH3(CH,).lmMe][NO3]. in methanol with NaOH led to the
formation of 3-(2-aminoethyl}1-methylimidazolium nitrate 2[NO3], with a yield of

33% After evaporation of thesolvent, the product can be separated from the saline
byproduct by extraction with acetonitrile to afford a pale yellow lailthe 'H-NMR in
DMSO, the NH resonance was not observed whereas the signals corresponding to the
ethylamino side chain protons are upfield shifted with respect to
[NH3(CH,)ImMe][NOs],, in particular the directly bound amimoethylene protons
(CH2NH,) are shifted and appear as algi@t U 2.89. The ESMS analysis indicates the
presence of the catidNH2(CH.)lmMe]* with a single peak ah/z= 126 and the nitrate

anion at 62n/z
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Table 3: Most significant chemical shifts i"H-NMR spectra of the functionalized

imidazolium saltsl-(2-t-Butoxycarbonylamineethyl)-3-methylimidazolium(1).

NCHN CHim NCH, NCH3
Compounds - - - -
d(ppnm uU(ppm) ud(ppm) ud(ppm)

7.19

1[1] (CDCl) 9.92 4.28 3.93
7.08
7.25

1[PFs] (CDCL) 9.54 4.39 3.92
7.15
7.31

1[CIO4] (CDCE) 8.83 4.36 3.96
7.26
7.31

1[NTf2] (CDCh) 8.74 4.31 3.93
7.22
7.35

1[NGs] (D20) 8.61 4.12 3.74
7.30
7.73

2[NOg] (D20) 9.08 4.09 3.86
7.71

2.3. Non functionalized lonic Liquids

2.3.1. Synthesis of3-butyl-1-methylimidazolium chloride (3[ClI])
In a second part of this work a common ionic liquid such 3abutyl-1-
methylimidazolium chloride3[Cl], has been employed to test the dffeicthe different
counterions.The precursoB[Cl] was obtained by reactintyrmethylimidazolewith 4-
chlorobutae in acetonitrileat room temperaturevernight(Scheme 10). After washing

with diethyl ether and petroleum etharwhite solidwith 75% of yield was obtained.
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Cle

SN 3 PAN
N N e >\N®N/\/\

r.t., overnight

3[Cyy
Scheme 10
The 'H-NMR spectrum shows the typical chemical shift of the imidazolium salt. The
acidic proton of the imidazole ring was found at8.70 and the resonances of the
imidazole backbone were observed as two singlet at 7.46 and 7.42 ppm. The methylene
bound to thenitrogen was located #@it4.18 while the methylenes of the side chain were
found atd 1.79 and 1.32 as multiplets. At 3.88 ppm was found the signal of the three

protons of CH and atti 0.90 resonates the terminal methyl as a triplet

2.3.2. Synthesis of 3-butyl-1-methylimidazolium
bis(trifluoromethylsulfonyl)imide (3[ NTf2])

The counterion exchange from chloride to-Brssfluoromethanepulfonimide, [NT§],
was performed by reaction between the precu3gol in acetone and the lithium salt of
the corresponding anion at room temperature for 24h (Scheme 11). The product is
soluble in CHCI, and also partially soluble in water, so the extraction@jH-O to
remove the inorganic salts is very difficult. The aqus phaskave tobe washed several
times to recover all the ionic liquid. Finally a low viscosity, yellow liquid with 87% of

yield was obtained.

]
1 NTE,

C
SN LINTE, _ASEone NN .
\ / r.t., 24h \ /

3[c 3[NTH,]

Scheme 11

The product3[NTf,] was characterized by NMR and IR spectroscopy. ‘Hié&IMR
spectrum shows at chemichal shift 8.65 the signal ofiIN@nd att 7.23 and 7.19 the
singlets of the two CH imidazole protons. The signal of methylene were found at 4.09
ppm (NCH) as a triplet anthe CH of the side chain at respectively 1.73 and 1.31 ppm.
The methyl NCHresonates ai 3.86 while the terminaCHs at 0.88 ppm. As regards the

ion [NTf,]", the *®F-NMR spectrum (Figure 19) shows the presence of the couiate as

a singlet at79.01ppm. Its presence was also confirmed by the IR spectrum that shows
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the peaks of the functional groups¥®,-N (1351 cnit), SG& (1191 cm') and CR (790

cm). 2

.
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Figure 19: *F-NMR spectrum o3[NTf,].

2.3.3. Synthesis of3-butyl-1-methylimidazolium nitrate (3[NOg3])
To the solution of the precurs8fCl] in CH,Cl, a concentrated solution of AgN@as
added (Scheme 12). The chloride precipitates as AgCl salt and was completely removed
by filtration. After purification by actived charcoal, a pale yellow oil watwted with
yield of 85%.

I P NOS
AN PN CH.Cl, ™\ N
\N @ N + AgNO; # N, @ N, +AgCl|
3[q) 3[NO;]
Scheme 12

The 'H-NMR analysis was performed in deuterated water because the ionic liquid
synthesized results more soluble in water than in organic solvents. The chemical shift of
the molecular ion are very similar to the precur8¢Cl], the protons in the ring
imidazde were found respectively &at8.67 7.43, 7.39 ppm. The presence of the nitrate
as courgrion was confirmed by IR spectroscopy, from the spectrum (Fig0ra broad

peak at 1349 cihcorresponding to [NG@] was observe

It is hypotesized that theitrate ion makes the imidazole salt more soluble in aqueous

solvent.
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Figure 20: IR Spectrunof 3[NO;] in NaCl

2.4. Oxodiperoxomolybdenum Complexes
Hereafterthe two oxodiperoxo Mlybdenum complexes, and the precursors, that were
tested as catalyst in the catalytic epoxidation of odefare listed The synthesis
procedure of these complexes has been developed IBethiée group. The synthesis of
an oxodiperoxo Tungsten complex was ailseestigated with the aim to test ais a

catalyst for thesamereaction

2.4.1. Synthesis of [Mo(O)(Q)2(H20).] solution in acqueous hydrogen peroxide

The solution ofMo(0)(0O,).(H20),] was obtained by mixing Mofwith 30% acqueous
hydrogen peroxidand stirring for 48h at 55°C. The solution was moved to a volumetric
flask and diluted with distilled water to give a know concentration of the
[Mo(0)(0O,)2(H20),] solution that is the precursor of the molybdenum catalysts used in

catalytic epoxidation.
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2.4.2. Synthesis ofM0o(O)(02)2(C4HsN2)2] complex (4)
0 o

NE

Oh-M0 Rie;
7\
N

)

Scheme 13
The product compleX was obtained, following a procedure reported in literaturg

MoO(0,),(H,0), + 2 C4HgN, >
r.t., 30 min

mixing a [Mo(0)(0,)2(H20),] solution with 4 equivalent o3-methylpyazole (Scheme

13). After 30min under stirring, the produttvas observed as a yellow precipitate. After
the filtration thesolution remainedvas placed in a ceyallizer and for slow evaporation

of the solvent yellow crystals were isolatege(d: 70%) and amlyzed by elemental
analysis which confirmed the formation of the pure produdihelR data agree with the
presence of two pyrazole ligands, one oxo and two peroxo groups in the metal
coordination spheréVlo=0 and GO at 3146, 951 and 878m* respectivef) showing
alsothe peak relative to the stretching afromaticCH. The *H-NMR spectum shows

the chemical shift of the two Cplyrazoleas singlets aii 7.58 and 6.28, and the methyl
signal at 2.35 ppm.

2.4.3. Synthesis ofM0o(O)(02)2(CsHgN2),] complex (5)

O o

P\

Mo0O(0,),(H,0), + 2 CsHgN » H O.-Mo ..uuu\\O
PRTR ST 00C, 10 min N4

g

Scheme 14

To the[Mo(0)(0O,)2(H20),] solution 2 equivalent d,5di methylpyazolewereadded at
low temperature (Scheme 14) to give immediatly a powdery yellow sélid,
characterized by IR and NMR spectroscopy. Ti&NMR spectrum shows the
characteristic peak of the Qbyrazoleat ti 5.81 and the singlet of the two methyls at 2.22
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ppm, while the IR spectrum confirms the ggace of the oxodiperormlybdenum
moiety by the band at 956 ¢nof Mo=0 and the frequency ofpoxo groups at 860 ¢m
1

2.4.4. Synthesis of W(O)(02)2(CsHgN2)2] complex (6)

H202
WO3 ’ Hzo — WO(O2)2

55°C, 30 min W f/ \\
N L

( L: 3-5,dimethylpirazole)

Scheme 15

In the last time of the intaship we attempted to synthesd an oxodiperoxo tungsten
complex with two dimethylpyrazole as ligands with the intent to obtain a complex with
the same structure @3 to test as catalyst in the catalytic epoxidation of olefin. A
commercial tungstic acid powder was mixed with an agaewolution of HO, (30%) for
30minat 55°C, tathe yellow solution was added53dimethylpyrazole as solid to give a
colourless solution (Schee 15). After the solvent removahder vacuum a white solid,

6, was obtained and characterized by NMR and IRtspscopy. In the IR spectrum,
according to the literature, the intense bands at 980 and 886cam be assigned
respectively t3(W=0) and3(0-0).2® The *H-NMR spectrum(Figure 21) confirms the
presence of the 3;@imethylpyrazole with a singlet of CHyrazoleat U 6.29 and the
signal of the methyls at 2.36 pprihe solid is insoluble in some organic solvents as
methanol, acetone, DMSO and presents a low solubility in water. An attempt was made
to crystdlize the productby dissolving itin distilled water with the help of heat, the
solution was placed in a crystallizer in order to obtain the crystals for slow evaporation of
the solvent. Until now good crystals forXay analysis were not obtained. The study of

this reaction is still a& preliminary evel and requests more attention in the future work.
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Figure 21: *H-NMR spectrunof /W(0)(G).(CsHgN,),/complex(6) in D,O.
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2.5. N-Heterocyclic Carbenemolybdenum (V1) Complexes
As outlined in the IntroductionNHCs have attracted considerable atten@gna new
class of ligands over the past decade for their stability and catalytic properties, but not
much is knowm about the NHC with molybdenum and in this regards literature is poor. |
this sessin two synthesis attempts of NHC oxodiperoxo molybdecomplexes, with
the aim to apply in future in catalytic reacticare listed
The more frequensynthetic routes for the preparation of NHC complexes are basically
two: obtain the carbene by deprotonation of the corresponding salt, or, if the sateene

highly reactive, use NHC silver compkthat are stable, as transmetallating agents.

2.5.1. Synthesis of(1-(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazol-2-
ylidene silver iodide (7[Agk])

e 0
H 1° NN J\ AN °
N~ O I
2\N®N/\/N\H/O\{/+ o CH,CL, A 5 [Ag 2]
\—/ 5 TN i -
11] ~N N/\/N\”/O\/
\—/ O
N 7[Agl,] -
Scheme 16

The imidazoliumsalt 1[I] was treated with a slurrgf Ag,O, following a procedure
reported in literatur&® in CH,Cl, in a 2:1 molar ratio and stirred at room temperature for
2h in the dark and under nitrogen (Scheme 16). The resulting gray suspension was
filtered and the volatiles removed under reduced pressure to afford in quantitative yields
the silver complex (1-(2-t-Butoxycarbonylamineethyl)-3-methylimidazol-2-ylidene

silver iodide,7[Agl;], as a white solid that was analyzed by IR and NMR spectroscopy.
In the 'H-NMR spectrum in CDGlthe complete disappearance of the high frequency
peak for the imidazolium proton was coupled with the appearance i"GRIMR
spectrum of a singlet at 184.9 assigned to a AQcameneCarbon. The chemical shift of
CHin fall at 121.7 and 121.4 ppm, pectly in keeping with the values reported in
literature. In the IR spectrum in THF the carbonyl stretching frequeswy 6f the
carbamate group appeared.@i6cm.
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2.5.2. Synthesis of 1-(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazol-2-
ylidene silverhexafluorophosphate (7[PF])

- o .
PFg N. N
H 6 P ~ AN €]
N O PF
~_ N\ /\/N (@) CH.CI Y H 6
N N 2Lk
\ / * A0 ——— Ag
1[PFg] ~N N/\/NTO\ e
\=/ O

7[PF]

Scheme 17

The use of the silver base A has been found a very advantageous method in order to
trap the carbene molecule. The reactaoursbetweenl[PFs] and an excess of AQ in

a homogeneous solution of GBI, in a 1:1 molar ratio (Scheme 1After 48h under
stirring, the solvent was removed under vacuum to give the complete formation of the
biscarbene saltl-(2-t-Butoxycarbonylamineethyl)-3-methylimidazol2-ylidene silver
hexafluorophosphatée[PFs] as a white solidAlthough the reaction requires a longer
time (48h) if compared with the synthesis reported in literature 24hg rew method
avoid the use of a phasic dichloromethane/watezaction mixtureas well as the basic
PTC as phase transfer cataly&te reaction results longer but easier to be performed and
worked up.The product formation wasonfirmedby NMR spectroscopy. In th&H-

NMR spectrum only one signals set attributed to the sieenplexwas observedthe

two peaks of imidazolium ring at 7.07 and 6.98, the methyl signal at 3.85 ppm, the
singlet oft-Bu atti 1.39 and the signals of the methylene groups at 4.26 and 3.52 ppm.
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2.5.3. Reaction of Z(2-t-Butoxycarbonylamino-ethyl)-3-methylimidazol-2-
ylidene silver (7[PFR]) with dichloro(1,2-dimethoxiethane) diperoxo
molybdenum

J\/\

PF

CH,Cl1
+ 2 Mo(0)y(Cl)y(C4H,40) 22 N

\"/ \/ r.t, overnigﬁt

\
[»m

7[PF]

Scheme 18

The silver hexafluorophosphateomplex 7[PFs] was reacted withdichloro(1,2
dimethoxiethane) diperoxo molybdenumavailable int he Gal i ndods | abor e
CH.Cl, solution and was stirred overnight under nitrogen atmosphere (Scheme 18). From

the formed precipitate different unidentified produstse observed but not the required

complex. The transmetalation reactiomith [Mo(O),(Cl)2(C4H1002)] as molydbenum

complex precursodoes not take place

In order to obtain the NH@olybdenumcomplex with functionalized NHC as ligand, a
change of the molydbenum precursor was attemgptedthe transmetallation reactian i
was tested thgMo(0)(O,)2(CsHeN2)2] (4) complex which synthetic procedure and

characterization was previously reported.
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2.5.4. Synthesis of oxediperoxo bis(1-(2-t-Butoxycarbonylamino-ethyl)-3-
methylimidazolium) molydbenum complex (8)

= 0]

/N/?N\/\ J\O/\
/\/ 1
SO S SIET

lAglz] ©
2 [I] N N/kN N YO\ L~
I O

zT TZ

- 7[Agl,] -

H OAK\/IO I\\\O
Yo’
CH,Cl, 7\

r.t. _UHN \)
4 \\\\‘ N

overnight

L- \N\/;/N/\/E\([)]/O\k (’) //\\

Schemel9

In order to obtain a NHC madbgenum complex with the functionalized imidazolium salt
as ligands the silver comple¥®[Agl,], was prepared as previously described and reacted
in situ with a solution of[Mo(O)(0,)2(CsHeN2)2] (4) in CHCl, (Scheme 19)The
mixture was stirred overnight. At the end of the reaction the solution was filtered and
dried under vacuum to give a yellow solid that was characterized by NMR and IR
spectroscopy. ThéH-NMR shows three set of signals, between-B3 ppm were
obsered six signals relative to CH imidazole and also the tipical region ofsbblws

six signals as multiplets. In the methyl zone appear three sitigte3.03, 3.74, 3.75) for

the NCH and three singlet fo-Bu (1.33, 1.29, 1.28 ppm). The major set displéye
typical chemical shift of an imidazolium salt of the typen particular atti 9.88 the
signal of the acid proton NN was observedAnother set of signals can be attributed to

the unreacted silver compleX[Agl;]) and the last one, the less intense, maybe belong to
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the derived molybdenum complex. The spectrum sholss the signal of the -3
methylpyazole as a singlet at 2.34 ppm and a multiplét6a06 and 7.48.

The study of this synthesis is still at a prehiany level, neverthelesbe presence of one
unidentified set of signal with the typical pattern of NHC as ligand indicate the
possibility to obtain the product. Further studies are needed (variationidiistmetry

and reaction conditions) in order toiste and characterize the product.

2.5.5. Synthesis of oxo-diperoxo (1,3bis(2,6diisopropylphenyl)imidazol-2-
ylidene)molydbenum complex (9)

Scheme 20

The synthesis of NHC mdigenum complex was also attempted with a different
imidazolium salt as ligand precursdainlike previous procedure in this case the carbene
was obtained for deprotonation of the relative salt because 1tBebis(2,6
diisopropylphenyl)imidazoliunc hl or i d e, available in the

steric hyndrance by phenyls and isopropyl groups that allows to stabilize the carbene.
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