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1 Green chemistry

1.1 Definition

In recent years, scientific research has focuseefibrts on the development of new technologies
for pollution preventior. This modern approach, based on the low envirormhémpact of the
industrial processes, involves economic investmdntsrder to move in this direction, researchers
must bring themselves about these changes in dhaapddresses to reach a sustainable civilization.
The “Pollution Prevention Act” issued in 1990 defna national environmental policy based on the
prevention of the wastes production by using aepamf methodologies and techniques obviating the

need of treatment or control of chemical substances

In this contextgreen chemistrys a important tool. According to the definitidigreen chemistry
is the design of chemical products and processeshwfeduces or eliminates the use and the
generation of hazardous substances projecting, faaturing and producing chemical produtfs
This definition contains several recommendatiaihe design of benign processdke use and
generation of safe compoundhke elimination of hazardous substances and presegé#stly, the
design of benign processassesses the effects of chemical products anégses even at the project
level. Secondlythe use and generation of safe compouidsas on to all substances involved in the
process. This principle has the aim to protect fgeapd environment. Finally, the definition inclsde
the concept oélimination of hazardous substances and procesdas fundamental basis gfeen
chemistryis the incorporation of hazard minimization drrehation into all aspects of the chemistry

design.

Internationally,green chemistrys recognized as a central point of the chemidsing able to
combine scientific research with environmental @ctbn, it is one of the objectives of the next
millennium. For these reasons, International UrmbPure and Applied Chemistry (IUPAC) plays a
key role in the promotion ajreen chemistryThis organization is working with the Organizatir
the Economical Cooperation and Development (OECGD}lasigning a sustainable chemistry that
aims to promote an increased awareness of the Me8th&es through research and development;

awards; exchange of technical information; backgdou



1.2 Principles of green chemistry

A green compound, reactioand processis defined according to the following 12 prinegl

developed by Anastas and Warner, pioneers of #visway of thinking the chemistry.

1.

Prevention

It is better to prevent wastes production thameattor clean up them.

Atomy economy

Synthetic methods should be designed to maximiezentorporation of all materials used

in the process into the final product.

Less hazardous chemical synthesis

Wherever practicable, synthetic methods should beigded to use and generate

substances that possess low or no toxicity for mungalth and environment

Designing safer chemicals

Chemical products should be designed to effect thesired function while minimizing

their toxicity.

Safe solvents and auxiliaries

The use of auxiliary substances (e.g., solventsrs¢ion agents, etc.) should be avoided.

If necessary, no hazardous chemicals should be used

Design for energy efficiency

Energy requirements of chemical processes shoutédmgnized for their environmental
and economic impacts and should be minimized. $kgae, synthetic methods should be

carried out at room temperature and atmosphergspre.

Use of renewable feedstocks

A raw material or feedstocks should be renewalilgerahan disposed.

Reduce derivatives

Unnecessary derivatization (use of blocking groypstection/deprotection, temporary
modification of physical/chemical processes) shdaddninimized or avoided if possible,

because such steps require additional reagentsasingenerate wastes.

Catalysis

Catalytic reagents are preferred to those stoichidm



10. Design for degradation

Chemical products should be designed so that artef their function they break down

into innocuous degradation products and do notigiensthe environment.

11. Real-time analysis for pollution prevention

Analytical methodologies need to be further devetbpo allow for real-time, in-process

monitoring and control prior to the formation ofzaadous substances.

12. Inherently safer chemistry for accident prevention

Substances used in a chemical process should lserchio minimize the potential for

chemical accidents, including releases, explosiand fires.

1.3 Synthetic strategy to achieve green chemistryqresses

1.3.1 Alternative solvents

The fifth principle highlights the elimination ofuxiliaries substances, when possible. The
auxiliary substances take part in the manipulatiba chemical but they are not integral part of the
molecule itself. Their use should be discouragedhim development of safe processes. When
unavoidable, safer solvents and auxiliaries shbaldsed. Traditional organic solvents are hazardous
for the human health and environment. Both haloggehaolvents (methylene chloride, chloroform,
perchloroethylene, carbon tetrachloride) and atmmhydrocarbons are carcinogens; volatile
organic compounds (VOCs) represent a wide rangéydfocarbons and their derivatives are
implicated in the atmospheric ozone generationoduahately, these compounds are widely used in
chemistry showing excellent solvency propertiesthim last few years, chemists are involved in the
utilization of alternative benign reaction median® of them are water, supercritical fluids (e.g
supercritical carbon dioxide sGand ionic liquids. In fact, water is the most iggnsolvent on the
earth; ionic liquids show low volatility, chemicgbhysical and thermal stability, possibility to

recycle and reuse.

1.3.2 Catalytic reagents

As suggested by the ninth principle gifeen chemistrycatalytic processes are preferred, when
possible, because they offer several advantageparewh to the stoichiometric methods including
energy minimization and reduction of wastes. In,faccatalyst lowers the activation energy of a
process and experimental conditions should bedesstic. In addition, a heterogeneous catalyst is

generally recovered and used for successive rusagonomic and environmental benefits.



1.3.3 Renewable feedstock

Renewable feedstock are generally plant-basedemtttit can be used as starting materials.
However, the term indicates also substances tleaeasily regenerated within time frames that are
accessible to the human lifetime. Nowadays, thezenany concerns about depleting resources as
the fossil fuels: sustainability; environmental eeffs; economical/political effects. The use of
renewable feedstocks for biofuels and bio-basedlymts is becoming urgent even if require
industrial investments. With favourable nationakmgy policies to develop a green industry and
protect the environment, plant-based biomass bes@mew focus for the production of high value

added products and environmentally friendly biodabsompounds.

Since many years, the mentioned strategies tozeegleen chemistryprocesses have been
developed in our laboratory. As a program devatedontinue this topic, in this PhD course new
synthetic methodologies have been optimized irmotd use ecofriendly chemicals and renewable
materials as starting materials for the productafnbiologically active compounds and fine
chemicals. In particular, we projected new fluorathcatalysts useful for the epoxidation of olefins
(Chap. 6); rare amino acids were prepared by bemgiations (Chap. 9); unreported utilizations of
dimethyl carbonate were described (Chap. 7, 8)h l@added-value products were obtained from

glycerol (Chap. 10).



2 The catalytic system Hydrogen Peroxide (}D,)/Methyltrioxorhenium
(CH3ReG;, MTO)

2.1 Introduction

In the oxidation reactions, catalytic processesvddely used because very often the oxidant of
choice is weak and then it must be activate. A commeagent is hydrogen peroxide.(Q4), an
ecofriendly oxidant which produces water as theg tagbroduct of oxidation. $D, is cheap, ease of
handling, able to oxidize a wide variety of orgasmmpounds and useful for the preparation of
industrially interesting compounds with a high dagrof purity useful for pharmaceutical
applications. Then, it appears an attractive reagerperform oxidation reactions in solutidn.
Generally, metal oxides )@, such as vanadium pentoxide,(¥), molybdenum trioxide (Mog),
osmium tetroxide (Osf)are utilized in ordeto activatehydrogen peroxide. However, these metallic
species show several disadvantages. In fact, tteegxpensive, toxic and sometimes show a short
lifetime.

2.2 Methyltrioxorhenium (CH 3ReOs;, MTO)

2.2.1 Synthesis

Around the 90s, with the aim to prepare new effitiselective and easy to handle catalysts able
to activate hydrogen peroxide, Herrmann and cowerkerned their attention to Rhenium (Re).
Rhenium is an element exibiting chemical propersésilar to osmium and molybdenum but
characterized by a lower toxicity. The first syrdized catalysts were Re-oxides (B¢ but
unfortunately their efficiency in the reaction mbdelefins epoxidation) were not satisfactory.
Similar results were obtained by using Na[BeONH4jReQy, [N(n-C4Hg)s [ReO;] and
organometallic compounds such as [(BENO] ReQ,° [CH5):SiO] ReQ 7 and [(GHs)sSiO] ReQ.
Finally, good results in term of epoxides were ol#d with an organometallic specie,
methyltrioxorhenium CHs;ReO;, MTO). On the basis of its efficiency and selectivity the
oxidation reactions, Herrmann and co-workers depeoseveral synthetic procedures in order to
overcome the first synthetic difficulties and terease the overall yield of MTG¢hemed-3). An
efficient and large scale synthesis was reporteSicileme3. Methyltrioxorhenium was produced in
guantitative yield; the starting material was rluemi powder instead of R®,;, sensitive to the

moisture ®



Re,0; + SN(CH;), —— CH3Re0; + [(CH3);SnOJReO;
HF pry 50%

Scheme 1Herrmann’s synthesis of MTO (l)

0]
Re;0; + (CF4C0),0 + 2(BU)sSNCH; ——» CH;Re0; + 2F,C—<
Forv 08% OSn(Bu);

Scheme 2Herrmann’s synthesis of MTO (ll)

Re + AgNO3 + H202
H,0
CHsCN

AgReO, + 2(CHy);SICl — = CH3zReO4+ AgCl + (CH,Si),0 +CISNCH,
Sn(CHa)4 > 08%

Scheme 3Herrmann’s synthesis of MTO (ll1)

2.2.2 Properties and reactivity

Methyltrioxorhenium is a colourless solid, stable raom temperature, soluble in the most
common organic solvents (acetonitrile, tetrahydrafil ethanolf-butanol, dichloromethane) and in

acidic solutions. IFigure 1, physical, analytical and spectroscopic propediessummarized.

050

M.p. 106°C Réi
IR (cm-1, KBr): 1002, 950 [u(Re=0)] ®
MTO

TH-NMR (CDCl5): d (CH;)=2.61

13C-NMR (CDCl,): d(CH3)=19.03, J(C,H)=138 Hz
170-NMR (CDCl;); 829 ppm

EI-MS: m/z=248/250 (185Re/187Re)

CH;Re05: calc. C 4.82, H 1.20, O 19.26, Re 74.72; sper. C 4.84, H 1.19, 0 19.30, Re 74.78

Figure 1. Properties of MTO

In the presence of hydrogen peroxide, MTO affordvio complexesn'-monoperoxo complex

[CH3Re(G)(0,)]H-0 mpRe andn?diperoxo complex [CkRe(0)(Q),]H-O dpRe (Scheme ¥’ The
;



formation of these active species is visualizedheyintense bright yellow colour of the solutiordan
determined by measurement of the absorbange380-420 nmTheir structure were confirmed by

NMR spectroscopy and crystallography.

o) o}
P H.0 . O
° | ° = ORe:10 hoat Hoc‘vRe",O
7z "
CH3 HZO HSC o H20 °
MTO mpRe dpRe

Scheme 4Activation of H,O, by MTO

Mechanistic studies showed that the active spectad epoxidation reaction of olefins is tie

diperoxo complexipRe (Scheme &’

/O/ I Ry ES
O—Re 'O R 4
H20, HsC” T ot 1
H,O
H>0, dpRe
+
(0]
oLl O osll o L1 0 RiR
Re N,/ O Re< H--j
C|H Hs;C (0] H3C' T T
3 H,0 H,0 R4 R3

mpRe

(0]
sz\‘ ',:R3 + H-.0
R1 R4 2

Scheme 5Mechanism of epoxidation of olefins by MTQ/B}, system

Experimental data showed that MTO exhibits acidiopgrties (Lewis acidf. Then, in the
epoxidation reactions, by-products (e.g. diols)uieg from the opening of the epoxidic rings were
observed. In order to decrease the acidic charattée catalyst and then the formation of these by

products, basic ligands such as pyridihend its derivatives® or pyrazole*® were used? These



ligands were able to coordinate the rhenium atoM©O increasing the stability and the lifetime of
the catalyst> On the basis of these properties, new heterogsneatalysts have been prepared in
our laboratories. As example, MTO was supported paty(4-vinylpyridine)cross-linked with
divinylbenzene or poly(4-vinylpyridine N-oxidesyss-linked with divinylbenzeneFigure 2.
These catalysts have been utilized to perform gelgpanel of oxidative transformations. An
attractive feature of these catalysts is that tbay be easily isolated from the reaction mixture
without workup using a simple filtration to yieldsalution of the pure product. They were recovered
and reused for many runs without lost of efficienagd selectivity but with economic and

environmental advantages.

MTO MTO o
| |

_90,
PVP_25% MTO PVPN-2% MTO

Figure 2. Polymer-supported MTO catalysts

2.2.3 Oxidation of natural organic compounds

In consideration of the good results of the olefap®xidation, the applicability of the catalytic
system HO,/MTO was extended to a wide variety of organic comps such as alcohols, diols,
furans, amines, aromatic compounds, sugars. Ifetivdast years, our research group investigated
the efficiency and selectivity of this system ire tloxidative modifications of natural organic
compounds both in homogeneous and heterogeneodgions. In particular, our research has been
focused on the oxidation of flavonoids, a clasbiofogically active phenolic compounds in order to
obtain new compounds. Lactones were synthesizeah flavanones? p-benzoquinones from
cateching/ flavanones from flavonesS¢heme %'® All these compounds were tested about their
biological activities: lactones showed apoptotitwéy on tumoral cell linesp-benzoquinones and
flavanones exhibited antifungal activity againsethfungal strains of common saprotrophic soil and
seed fungi,Trichoderma koningii, Fusarium solanand Cladosporium herbarum potentially

pathogenic for humans.



)
R4
R, o] O R, 0
O H,O,/Catalyst
_—
0
R, O R 0
ORs ORs
ORs ORs

H,O,/Catalyst

ORs

1) UHP/CHzReO3 CH3OH
2) Ac,O/Py

Scheme 6Synthesis of new lactones by oxidation witfOx/MTO

More recently, we improved the environmentally eader of the oxidations by using benign
reaction media instead of traditional toxic solgerfExamples are the oxidations of alkylated phenols
to the corresponding-benzoquinones in ionic liquid$¢heme 7)High conversions and good yields

of final products were obtained in very short reactimes!®

OH (o]
Ra R H,0,/CH;Re0; F4 Ri
Y R, [ommBF, R,
(@]

Scheme 70xidation of alkylated phenols by MTO48, in [bmim]BF,

10



3 Dimethyl carbonate (DMC)

3.1 Synthesis

In the last few years, dimethyl carbonate (DMCg $implest of all carbonates, received growing
attention for its low toxicity and chemical verdiggi*® DMC is synthesized by Enichem Company
(Italy) through agreen procedure based on the oxidative carbonylatiomethanol and oxygen

(Scheme B Non-hazardous materials are used and wateeisrily by-product of the reaction.

CO+CH30H+ 120, —— (CH30),CO + H,0

Scheme 8Synthesis of DMC by Enichem Company

3.2 Physical, chemical and toxicological properties

Some physical and chemical properties of DMC arersarized inTable landTable 2%
Polarity and hydrogen bondindpMC is a solvent able to form hydrogen bonds.
Miscibility with water.Although moderately polar, DMC shows good misdipilvith water.

Thermal and hydrolytic stabilityDMC is stable in water at room temperature andwsha

thermal stability also at high temperatures.

Vapour pressure and evaporation rai@MC is located in an intermediate position betwéemn

oxygenated solvents.

Flammability.DMC is a low flammable solvent.

Table 1.Chemical and physical properties of DMC

Properties

Molecular weight 90
Density (Kg/l, 20°C) 1.07
Viscosity (MPa.s, 20°C) 0.6
Boiling point (°C) 90
Vapour pression (Kpa, 20°C) 5.4
Evaporation rate ( 20°C) 2.7
Dielectric costant ( 20°C) 3.1
Water miscibility (% p, 20°C) 17
Autoignition (°C) 458
Explosion limit (% v in air)

- upper 24.5
- lower 9.5

11



Table 2. Solubility parameters, polarity hydrogen bond®&C compared to those of the common organic solvents

a®@ B (®) ET30© DN@m — ZEm 5tn 5GP 6D(h) 6P(Q) 5H(J) 8® P
Esano 0.00 0.00 31.0 0.0 0.0 7.3 7.3 0.0 0.0 73.0 0
Toluene 0.00 0.11 33.9 0.1 0.4 8.9 8.8 0.7 1.0 9.00.0
THF 0.00 0.55 374 20.0 58.8 1.6 9.1 8.2 2.8 39 3 8. 3.7
EtAcO 0.00 0.45 38.1 171 64.0 1.7 9.1 7.4 2.6 457.4 5.2
DMC 0.00 0.38 38.8 17.2 64.7 0.9 9.9 7.8 1.9 47 8 7. 6.2
CHCl3 0.20 0.10 39.1 4.0 63.4 1.0 9.3 8.77 15 2.8 77 9 4
Acetone 0.08 0.43 42.2 17.0 65.7 2.7 9.9 7.6 51 4 3. 7.7 6.1
DMF 0.00 0.69 43.8 26.6 68.4 3.8 121 85 6.7 55 .3 8 81
CH,CN 0.19 0.40 45.6 14.1 71.3 3.9 12.0 7.5 8.8 3.0 8.09.0
CH;OH 0.98 0.66 554 30.0 83.6 1.7 14.5 7.4 6.0 109

(a) Ability to make hydrogen bond as proton dor(b); ) Ability to make hydrogen bond as proton gtoe (c) Dimroth-Reichardt’s
value; (d) Gutmann’s value; (e) Kosower's value dfpole moment; (g) Hilbedrand’s solubility paraewt(h) Hansen's parameter
solubility, dispersion’s component; (i) Hansen’'sgraeter solubility, polarity component; (j) Praugis solubility parameter, no polar
component; (k) Prausnitz’s solubility parametetapaomponent; (m) Kcal/mole; (n) Debye; (p) calfcm

Table 3reported the toxicological and ecotoxicologicalgedies of DMC. It is characterized by

a low acute toxicity for inhalation, contact andist not

irritant for skin and eyes. From the

environmental point of view, it shows a very lowxitty to aquatic organisms and high

biodegradability.

Table 3. Toxicological and ecotoxicological properties of GM

Highly toxicity

Irritation

Chronic toxicity

Mutagenesis

Biodegradation
Ecotoxicity

Inhalation, LGy ®
Ingestion, LR, @

Skin contact, LB, @

Skin (0.5 ml/4hy®

Eyes (40Qu) ®

Ingestion (90 giornif®
Citogenic mutagenesis
Chromosomic aberratidf!
DNA remediation

MITI mod. (O, consumption}®
Fish (96 h)®

140 mg/l, 4

13 g/Kg

>2.5 g/Hg

No irritant

Light irritant

NOEL, 0.5 g/Kg/day
Negative

Negative

Negative

Easy biodegradable (88%)
LCso> 1 g/l

(a)rat; (b)rabbit; (c) hamster colture cells in vitro;
(d) human lymphocytes colutre cells in vitro; l(eciscus Idus

Thanks to these benign properties, DMC is a gotatradtive to the traditional toxic solvents that

can contribute to improve the relationship betwegplication requirements and environmental

compatibility and then to realizreenprocesses.

12



3.4 Applicability as solvent

In recent years, DMC has been largely used in igld bf coatings, adhesives, aerosols, metal
cleaning, degreasing in textiles and tanning. butenly few examples reported its use as solvent i
organic synthesis. In a work, DMC was used in tka&lation reactions catalyzed by ruthenium
tetraoxide (Ru@) or performed by sodium periodate (Na@lOsodium hypochlorite (NaClO) and
ozone (Q).** A second application of DMC was reported in thecBthlyzed cyclocarbonylation of
allyl-2-phenols for the synthesis of lactoffesn these reactions, the solvent plays a key rolhén
selectivity. When the cyclocarbonylations were iegrrout in dichloromethandy and B lactones

were the main products; in DMC onfylactones were isolate&¢heme P

o)
o
OH Solvent, Pd(AcO), 0 0.0
o 4 +
R A CO, H2 R R R
A B C

Scheme 9Cyclocarbonylation of allyl-2-phenols

Recently, we experimented the efficiency of DMQhe oxidation with the HD,/MTO catalytic
systemIn Scheme 1@re reported some of the possible applicationsctites proceeded in very

good yields and in some cases better than in disimethane or acetic acidl.

13
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Conv. >98% o
Resa >98%
° ° Conv. >98%
Resa >98%
UHP (2 eq.), MTO (0.5%)
o 25°C, 16h i
\ @ otz o sw
0 1

_ 70°C, 20h
o Y
\ OH 0
H,0,/CH,Re0 >I\©/k H,0, (6 eq.)
202 3Re03 —
H [ MTO (2%
/ in DMC R

CHO

S
Conv. 95%
Resa: 95%
H OH

H,0, (2 eq.), MTO (2%)

H,0, (1 eq.), MTO (1%) OH \imc, 3h
25°C, 3h /
OH 0
0
] 0N A
S S +
sasRisas
25°C, 4.5h OH 5

Conv. >98% o Conv. >98%

SRL?;(G)I:'] goligﬁ/ide: 90% Rese: hydroquinone 75%
. (J - i 0,
Conv. >98% p-benzoquinone 25%
Resa: 60%

Scheme 10Catalytic oxidations of organic compounds witfC{MTO in DMC

3.5 Applicability as reagent

DMC can be as utilized as chemical. In fact, agmsively reported by Tundo et &.pMC
possesses two active centers (alkyl and carbonstboog) whose reactivity depends on the
experimental conditions. Thus, in the presencemiadeophile (Y), it may react as a methylating or
as a carboxymethylating agent, depending on thetioga conditions $cheme 11 At reflux
temperature (T=90 °C), final products are carboxfylated products; at higher temperatures
(generally at T=160 °C), final products are mettgdaproducts. By-products were methanol (that
can be distilled) and carbon dioxide. In thesetieas, DMC is an environmentally benign substitute

for hazardous and toxic phosgene, methyl haliddsdémethyl sulfate (carcinogef?.

14



Y-+ <~—= YCOOCH; + CH,0-

Carboxymethylation: T=90 °C

/—&CHS

Y-+ >=o <= YCH, + [CH;0C00-]
O\
CH, l
Methylation: T > 120 °C CH;0- + CO,

Scheme 11Reactivity of DMC

In consideration of the high temperatures requitlkd,reactions was generally performed under
gas liquid phase-transfer catalysis (GL-PTC) cood# or in autoclave over alkali ion-exchanged
zeolites, alumina, alumina-silica, CrR@IPO,, CrPQ-AIPO,, AIPO,-Al,Os, cesium carbonafg.

3.5.1 Reactions with DMC and 1,8-diazabicyclo[5.4]lindec-7-ene (DBU)

In search for milder and more practical conditidosperform the methylation of phenolic
compounds with DMC, 1,8-diazabicyclo[5.4.0Jundeere (DBU) has been proposed as a novel and
active catalyst’ The reaction was carried out under atmospherisspre at reflux temperature.
According to the proposed mechanism, DBU reacts @MC to generate a more active methylating
agent which presumably reduces the activation enequired for the methylatiorts¢heme 12 The
system DMC/DBU has been successfully utilized Far tnethylation of indoles, benzimidazoles and

for the esterification of carboxylic acids.

15



/

ArOCH3; + CH30H + CO; N (0]
N >:O

N \

ArO” DBU*H j C,\i/Nj
I Ao

ArOH + DBU

Scheme 12Possible catalytic mechanism for methylation céqpdis by DBU/DMC system

More recently, our research group developed singpid efficient procedures to obtain new
carboxymethylated phenolic derivative§ and methyl carbamate of naturally occurring
catecholamine® (Scheme 13by utilizing the DMC/DBU system in very good yiisl In all cases,

selective protections of the alcoholic or aminoup®were observed under controlled conditions.

0]
on g CHs
R, R R4=H or OH
DMC/DBU ! R,=H or OH or OCH,
R;=H or OH or OCHj,
R» R,
R3 R3
X
NH, HN™ o s
R4 R4
R, R R4=H or OH
DMC/DBU 1 R,=H or OH or OCH,
R;=H or OH or OCHj,
R, R, R,=H, or OH
Rs Rs

Scheme 13Selective protection of some functionalities witmMD/DBU
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4. 2-lodoxybenzoic acid (IBX)

4.1 Introduction

The chemistry of hypervalent iodine organic reagemas experienced a great development
starting from the early 1990s. This increasingregéessentially was due to the very useful oxidjzi
properties of these compounds, both as dehydrdggnahd oxygenating reagents combined with
the fact that their utilization constitutes an eamimentally benign alternative to that of heavyahet

based oxidizing reagents.

More recently, 1,2-benzodioxol-Bf)-one 1-hydroxy-1-oxide (2-iodoxybenzoic ad#X ) found
widespread applications in organic synthesis agghlyhefficient and mild oxidant. It is a white
crystalline solid, soluble in dimethyl sulfoxidEigure 3, stable for at least 6 months also at 25™C.
Currently, a formulation of IBX, composed of a tuise of 2-iodoxybenzoic acid (49%), isophtalic
acid (29%) and benzoic acid (22%), is commerciallgilable (SIBX)*

Q JOH .
I CAS No: 61717-82-6
0 Molecular formula: C;H710,
CE( Mp 233 °C
Molar mass: 280.02 g/mol
IBX

Figure 3. Chemical structure of IBX

4.2 Synthesis and properties

IBX was discovered from Hartman and Mayer in 18B3was prepared by oxidation of 2-
iodobenzoic acid with potassium bromate (KBr@ 0.73 M sulphuric acid® This procedure was
very hazardous because, according to the interratassification of substances toxicity, KBri®
carcinogen (R45). In addition, the reaction produd®omine vapours, causing personal and
environmental hazards. Moreover, IBX was reporieche explosive under impact or heating to
>200°C 3* Some authors suggested that the explosive prepartisome samples of IBMere due to
the presence of impurities of potassium bromatezed during its preparatiofi.Then, oxidants such
as potassium permanganate, peracetic acid andnsddipochlorite were used in alternatien
1999, a user-friendly synthetic procedure has kiEstribed by Santagostino et al. based on the
utilization of oxone™ (2KHSQ-KHSO,-K,SQ,) in water Scheme 14’ This procedure offers
many advantages over the previous ones: 1) expetaineonvenience, since it used a non toxic

reagent and a benign solvent; 2) environmentallg salfate salts as the only by-products; 3) the
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production of analytically pure>(99%) samples of IBX in satisfactory yield (80%y);tde possibility
to produce until 45-50 g batches of IBX.

o, PH
CE' OXONE I\O
cooH H:0,70°C, 3h
o}
IBX

Scheme 14Synthesis of IBX by Santagostino efal.

The presence of IBX on the scene of the organithggis was limited for several years also for
its remarkable insolubility in organic solvents dikethanol, acetone, acetonitrile, chloroform,
methylene chloride. Recently, some studies demaestrthat IBX is reactive also in suspension.

This result evaluated a wide range of applicabdityBX.

Further developments in the application of IBX ud# polymer-supported IBX which enable
clean isolation of the product just by filteringetheaction mixture and recovery ad regeneration of
the separated polymer for efficient reuse for thgtmeaction. Among the polymer-supported IBX
reagents described in the literature, IBX-polystgrevas found to be superior in the oxidative
conversions of alcohols into carbonylic groups. $imethetic procedure for the preparation of IBX-

polystyrene is reported Bcheme 15°

o) o) O\/CI
Ho\©\)kOH 1. NaNO, K HO\©iJ\ ( O\/O\C[COOH
NH, 2.SOCl; MeOH 1. Cs,CO3 |
2. KOSiMes
Q-_O COOH ?
O
L™ man, S L
—_—
|
MeSO3H, RT O/ \OH

IBX-polystyrene

Scheme 15Synthesis of IBX-polystyrene
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4.3 Synthetic applications

The main synthetic applications of IBX include tnadation of alcohols to carbonyl compounds
and carboxylic acids; oxidation 1,4-diolsyttactols; deoximation of oximes to carbonyl compdsin
deprotection of thioacetals/thioketals, silyl ethand THP ethers; oxidation of benzylic halides int
the corresponding aldehydes or ketones; convergfophenols intoo-quinones; conversion of
aldehyde group into cyano group; conversion of ladt®y ketones and aldehydes into the
corresponding a,3-unsaturated carbonyl compounds; construction ofterbeycles from

functionalized anilide systems; synthesisiesubstituted carbonyl compounts.

Of particular interest is the ability of IBX to germ a regioselective oxidation of phenolic
compounds possessing at least one electron-dorgtug in order to produce the corresponding
quinones, useful reagents for Diels-Alder reactiamsl precursors of catecholic compounds. A
plausible reaction mechanism was reporte8éheme 18 The phenolic compounds combines with
IBX to extrude HO affording the Y intermediateA, which serves to intramolecolarly deliver the
oxygen to the most nucleophilic and least congestdtb site on the starting phenol. During this
delivery process, the'latom is reduced to the" IspeciesB, which in turn tautomerizes to

intermediateC. The catecholic compound is oxidized to the cqmesling quinone by'| species.

o o
0,2 0.0
Cle Ql:
HO |
OH (0]
_ + H,0
Y Y
V4 Z A
O._OH J
|
(0]
o] \
- OH -
X
Y Y Y
zZ Z
C B

Scheme 16Selective oxidation of phenolic compounds with IBX
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With a similar mechanism, IBX is able to carry ¢l oxidative demethylation of methyl aryl
ethers $cheme 1)7 In this case, water plays a crucial role promgtihe hydrolysis of the complex

and the formation of the correspondimguinone?*

0./ IBX o o
/ /

HO RN |
M -
OMe ) GOJ( MeO. O
OH TR0 o
I X -H,0
R_| —_— —_—
_
R
c
CO,H
I
Hydrolysis
ydroly \© IBA
9 MeO) ol
- MeOH
R

R

Scheme 170xidative demethylation of methyl aryl ethers wiX

Nicolau and al. demonstrated that IBX can reaso alith a radical process of transferring a
single electron (SET). These findings have direthesr studies to other types of reactions such as

dehydrogenation of aldehydes and ketdiesd the oxidation of benzyl systeng&heme 18"

= IBX = | AN
NS SET (_H+) NS d =

SET | IBX

Q @
I X H IBX I X OH H,O R_I\
R—I/ -— R—; _ -— 0 _

Scheme 18SET mechanism of benzylic oxidation with IBX
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4.3.1 Synthesis of catecholic compounds

In the last few years, in our laboratory IBX wae thxidant of choice to synthesize a large panel
of biologically active catecholic compounds. Hydytyxosol, a naturally occurredrtho-phenolic
compound exhibiting antioxidant properties, wastisggized by a three-step high-yielding procedure
from natural and low-cost compounds such as tyrosdiomovanillyl alcohol $cheme 19" At
first, the efficient chemoselective protection dfetalcoholic group of these compounds was
performed by using dimethyl carbonate (DMC) as esdigolvent; secondly, the oxidation with 2-
iodoxybenzoic acid (IBX) anth situ reduction with sodium dithionite (N&0,) allowed preparing
carboxymethylated hydroxytyrosol; finally, by thélarhydrolytic step, hydroxytyrosol was obtained
in high yield and purity.

R OH R OCO,CH4
D/\/ Protection j@/\/
HO HO

R=H Tyrosol
R= OCH; Homovanillyl alcohol \ 1. Oxidation
2. Reduction
HOD/\/OH Deprotection HOD/\/OCOZCH:;
-
HO HO
Hydroxytyrosol

Scheme 19Synthesis of hydroxytyrosol by homogeneous IBX

By using a similar methodology, lipophilic hydroxgtsol derivatives, useful as additives in
pharmaceutical, food and cosmetic preparations wamepared $cheme 20 At first the
chemoselective derivatization of the alcoholic groof tyrosol and homovanillyl alcohol was
performed by using acyl chlorides without any oahlto obtain the corresponding lipophilic
derivatives and then these compounds were convéntegbod yield and high purity into the

hydroxytyrosol derivatives by oxidative/reductivatipvay with IBX/NaS;O, system.
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R, oH R4 O Rz R4=H, Ry=CHj,4
j@m Lipophilization D/V Wo( R4=OCHj3, R,=CHj
HO HO R1=H, R2=(CH2)4CH3

R1 =OCH3, R2=(CH2)4CH3

R{=H or OCHj R1=H, Ry=(CH,)14CHs;
1. Oxidation (IBX) R1=OCH3, R2=(CH2)14CH3
2. Reduction (NayS;04) R1=H, Ry=(CH,);CH=CH(CH,);CHy
R1=OCH3, R2=(CH2)7CH=CH(CH2)7CH3

R1=H, R2=(CH2)6(CH20H=CH)2(CH2)4CH3
R1=OCH3, R2=(CH2)6(CH20H=CH)2(CH2)4CH3

HO:©/VO\H/ R,
HO ©
Lipophilic hydroxytyrosol derivatives

Scheme 20Synthesis of lipophilic hydroxytyrosol derivatives

In view of industrial applications, we verified thedficiency of polymer-supported IBX in the
oxidative insertion of a hydroxyl into tyrosol deatives as well as in the demethylation reaction of
homovanillyl alcohol derivatives to prepare hydriyxgsol and carboxymethylated hydroxytyrosol
through an one-pot procedurS8cheme 21 After the work-up, final products were isolatéd

quantitative yields®

Polymer: regeneration  Solution: Na,S,0, reduction

OO\ TN

IBX-polystyrene Filtration
HO Oxidation in DMC or DMC/H,0 HOD/\/
R1=H, COCH3
R2=H, OCH3

Scheme 21Conversion of phenolic compounds into hydroxytyradaiivatives by IBX-polystyrene

At the end, the polymeric reagent was recoveragbnerated and reused for at least five oxidation

reactions without lack of efficiency to give thadl products in excellent yields.
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The IBX-strategy was used also for the preparabbra large panel of naturally occurring

catecholic compound§igure 4. *°

R4
HOD)\/NHRz
HO
Catecholamines Piceatannol derivatives
R1=R2=H
R4=CH, R,=H R=(CH,)nCHj,4
R1=OH, R2=CH3
HO.

Catecholic flavonoids

Figure 4. Catecholic compounds prepared by IBX-strategy
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5. Glycerol

Introduction

Glycerol (1,2,3-propanetriol or glycerine) is a malless, odourless, viscous and hydroscopic
liquid; it is a non toxic compound, soluble in wagand biodegradable. Irigure 5some chemical
properties are described. Glycerol is an imporitaiermediate in the metabolism of living organisms

and can be synthesised by chemical and biotechicalqgocedures.

OH C3Hg0;
MW:92.09
H H
O\)\/O mp: 17.8 °C
1,2,3-Propanetriol bp7so: 290 °C(decomp)

(Glycerol or glycerine) Densityg:c= 1.2375

Flash point 176 °C

Figure 5. Some chemical properties of glycerol

This compound has been discovered in 1779 investiggthe saponification products of olives by
treatment with lead oxid¥; today it is the major value-added by-product poedl from oil
saponification and fat transesterification reactigrerformed during oleochemical and biodiesel
manufacturing processes. In its most common fortimmabiodiesel is a mixture of methyl esters of
fatty acids (FAMESs), chemically obtained produced tkeating soybean or rapeseed oil with an
excess of methanol in the presence of a basicysaté@cheme 22 Generally, for 10 tons of
biodiesel, 1 ton of glycerol is produc&d.

i Basic catalyst oH
ROOCO.__0coor + 3CHoH — T8 o L _on |+ 3RcOOCH,

Glycerol FAMEs

Scheme 22Acyl glycerol transesterification with methanolgmduce FAMEs

Biodiesel is a biofuel derived from renewable reses (biomasses) exhibiting properties
comparable to those of petroleum-based diesel.ufilization of the biomasses as source of energy

is one of the possible strategies useful to sdieegreat energy crisis due to a depletion of fossil
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resources and on environmental problems, e.g.ldmlgwarming. The development and utilization
of these fuels is promoted in several countriesrafer to decrease the emission of carbon dioxide

from fossil fuels, mitigate air pollution and re@uthe dependence upon imported energy.

Glycerol is widely used in pharmaceutical formwas. Nowadays, these markets are generally
considered mature making it difficult to absorb tjgcerol surpluses. Thus, new strategies to
valorise this compound and to convert it into higide added products are an attractive challenge

for industrial and academic researchers.

5.2 A biorenewable building block

Glycerol exhibits a highly functionalized naturey fact, it presents two primary and one
secondary hydroxyl groups. Then, it can be oxidizeduced, halogenated, etherified and esterified.
As shown inFigure 6 a wide number of high value-added chemicals @obtained using glycerol

as starting material.

HO._ ~_©OH
1,3-Propandiol o
OH
Ha C)\/OH I>_\CI
1,2-Propandiol _ Epichlorydrin
Reduction Chlorination
Reduction
0 H
Mono, di-, and Etherification Esterification \\I/\O)_/O
. ——  —
tri-tert-butyl ethers OH 0

HO\/I\/OH Glycerol carbonate

Oxidati
Xidation Glycerol Etherification
N \ OH
n

Oxidation I
Glyceric acid Esterification
Dehydration Polyglycerols
(0] Mono-, di-, and triglycerides
HO\)J\/OH o) T
Dihydroxy acetone Acrolein

Figure 6. High added-value compounds derived from glycerol

v Dihydroxy acetone is a cosmetic ingredient in sunless tanning fortis prepared by
chemoselective oxidation of glycerol’'s secondargroyyl group performed both by chemical

and biocatalytic routes. Metal catalysts based aman-supported platinum and palladium or

25



microbial fermentation byGluconabacter oxydané® are able to carry out this oxidative

transformation.

v' Epichlorohydrin is a chemical used on large scale in the productib plastics, epoxy and
phenoxy resins. Today, it is industrially synthesizirom Solvay by the patented “Epicerol
process” based on a catalytic reaction of glycendlh hydrochloric acid followed by
dehydrochlorination by sodium hydroxide. Solvayrrently produces 100.000 ton/year of
epichlorohydrirt?

v’ 1,2-Propanediol, 1,3-propanediol and acrolein are starting materials for the production of
polyesters, polyethers, polyurethanes and acryilenitl,2-Propanediol, 1,3-propanedidérive
from glycerol derivatives through selective hydnoggon reactions! acrolein is obtained by
dehydration of glycerol. The selectivity of the #yesis increases in supercritical conditions and

in the presence of acidic catalysts.

v' Glycerol-based polymers such as polyglycerols and polyglycerol esters findide number of
applications in cosmetic, pharmaceutical, food datergent industrie. They are prepared by
condensation of glycerol in the presence of an liakacatalyst. Mixture of di-, tri- and
tetraglycerol derivatives are obtained varying ¢éx@erimental conditions. The esterification of
polyglycerol fatty acids gives polyglycerol esterbeir properties depend on the chain length and

the degree of esterification.

5.3 1,2-Glycerol carbonate

5.3.1 Properties and synthesis

Among the fine chemicals that can be obtained frgiycerol, 1,2-glycerol carbonate (4-
hydroxymethyl-1,3-dioxolan-2-one) turned our ati@mt(Figure 7) It is a colourless liquid, highly
soluble in water, stable and low-toxic, relativelgw for the chemical industry. It offers useful
applications as a novel component of gas sepasatimmmbranes, surfactants; it is used as solvent for

varnishes, colours, accumulators, pharmaceuticalsrayredient in cosmetics and detergéhts.
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C4HgOg
0 OH MW:118.09
\\I/J—/ bp-eo: 125-130 °C
o Density,g-c= 1.4 g/mL
1,2-Glycerol carbonate Flash point >110.4 °C

Figure 7. Someproperties of 1,2-glycerol carbonate

Glycerol carbonate is synthesised by several roltes many years, it has been prepared by
reaction of epichlorohydrin with potassium hydrogambonate at 80 °C in the presence of 13-crown
ether. Nevertheless, procedures based on the diitezation of glycerol are more attractivBgheme
23).

Ethylene carbonate or diethyl carbonate
Na,CO3 120-130 °C,

Urea, metal oxide, MgSO4

120-150°C
OH (0] Y o OH
Ho._J__oH CO/O,, CuCl OJ_/
Glycerol Nitrobenzene, 130°C

Glycerol carbonate

Ethylencarbonate, sCO,

Zeolites or basic resins

CO; (5 MPa)
Sn-catalysts

Scheme 23Synthesis of 1,2- glycerol carbonate

A first procedure is the transesterification ofagyol with ethylene carbonate carried out at 125°C
in the presence of sodium bicarbonate (yield: 8T98)recent patent describes a synthesis based on
the reaction between urea and glycerol. The reaet@ms carried out at 120-150 °C in the presence of
an dehydrating agent such an anhydrous salt orcmalesieve and a catalyst (yield: 92 %o
promising methodology is based on the reaction éetwglycerol and carbon dioxide or carbon
oxide and oxygen in the presence of Cu(l) as csttlly’ The reaction with carbon dioxide was
carried out in supercritical GQSCQ ) as medium and in the presence of zeolite and etayle
carbonate as a co-source of carbonate group. Zedd$ well as strongly basic catalysts such as

Amberlyst A26 enhanced the reactivity of glycerdsarbed onto the solid catalyst and the ethylene
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carbonate dissolved in sGCORecently, Aresta et al. reported the carboxyhaid glycerol with
carbon dioxide in the presence of Sn-catalysts sascRBu,Sn(OMe} n-Bu,SnO and Sn(OMe)ut

only traces of 1,2-glycerol carbonate was obtaified.

A very promising route for the production of glyokcarbonate is the reaction between glycerol

and dimethyl carbonate. Some experimental conditeor described iBcheme 24

DMC, K,CO3
reflux, 3h

DMC, n-Bu,Sn(OCHa),
5 MPa, 180 °C, 15 h

OH Ox0  OH
Ho_L_om T

Glycerol Glycerol carbonate

DMC, inorganic catalysts
25-75°C,1.5h

DMC, lipase
THF, 60°C, 30h

Scheme 24Several routes to prepare 1,2-glycerol carbonata fylycerol and DMC

The first example was reported by Rokicki ef°alVhen the reaction was performed under
controlled conditions (70 °C, 3 h, glycerol/DMC=L/8 the presence of O; as a catalyst, 1,2-
glycerol carbonate was isolated in quantitativeldyi\ plausible mechanism of the reaction is
described irscheme 23Jnder these experimental conditions, glycerol ibogymethylated on the
primary alcoholic groufpy DMC to produce an intermediate. The secondarghallic group of the

intermediate attacks the carbonyl moiety produgjiygerol carbonate and methanol.

O,
(0] (0] OH
\)Oi/ K2COs %O b_/

Glycerol DMC -CH3OH -CHyOH Glycerol carbonate

Scheme 25Synthesis reported by Rokicki et®al.
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Under drastic conditions, two by-products were migtd Figure 8. Using DMC in a large excess
(10-fold) and long reaction times (48 h), diglyddrwarbonateA was observed as by-product (yield:
18%); at higher temperature (90 °C), also the thirdroxyl group of glycerol was derivatized and 4-

(methoxycarbonyloxymethyl)-1,3-dioxolan-2-oBewas isolated (yield: 34%).

0]

A ]
0 0 Oy-0 04

T XY T oo
0 of O
Diglycerol tricarbonate (A) 4-( Methoxycarbonyloxymethyl)-1,3-dioxolan-2-one (B)

Figure 8. Main by-products of synthesis of glycerol carborfaten glycerol and DMC

Aresta et al. performed the transesterificationgbfcerol with DMC in the presence of-
Bu,Sn(OMe) but also under these experimental conditions,cibreversion rate of glycerol into
glycerol carbonate was lolRecently Gomez et al. reported an extensive relsdamused on the
optimization of the synthesis of glycerol carbonate transesterification with a large panel of
inorganic catalysts (CaO, Ca(QHCaCQ, MgO)° In each case, they observed good conversions
and yields and short reaction times. The orderctfigy of the catalysts used was CaO > Ca(£2H)
MgO > CaCQ.

More recently, a biotechnological transesterificatireaction of glycerol and DMC was
performed in THFE' The enzyme of choice was lipase fr@andida Antarctica(Novozym 435)
which showed high catalytic activity and providedaqtitative yield of glycerol carbonate under

mild conditions.

5.3.2 Reactivity

Being an inexpensive compound derived from a byhpeq glycerol carbonate is of considerable
interest as starting material for the productiofiimé chemicals. Recently, it has been utilizedhia
synthesis of new polymeric materials and its use¢hin self-condensation to oligomers has been

explored as an alternative reagent to glycfdol.

Glycerol carbonate exhibits multifunctional chaesctThe oxygen atom of the hydroxymethyl
group can be act as nucleophile, whereas both wegrlamd alkyl carbon atoms show electrophilic

character $cheme 26
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o N

R
HO o\f J o o .
Glycerol carbonate -H20 \—&H

Scheme 26The multiple reactivity of 1,2-glycerol carbonate

For example, the primary group of glycerol carbenaiy react with aldehyd&sanhydrides;
isocyanate$® to form enol ethers, esters or urethafieslso, glycerol carbonate is employed as a
source of mixed carbonates which reacted with diamio obtain polyurethanes avoiding the use of
hazardous isocyanates. In alternative, glycerdazate may react with nucleophiles but only some

examples have been reported in the literature andyjelds of final products were obtained.

In order to increase the reactivity of glycerolamarate toward nucleophiles, Rollin et al. activated
the free alcoholic group through sulfonate formatissing mesyl or tosyl chloride under basic
conditions Gcheme 27’

OH OSO2R

Et;N, RSO.CI Kﬁ\ K’/\
kﬁ _EtaN, RSO,Cl. o __ Nu___ °

°j< CH,Cl Ojg K2CO3 DMF o~(

0]

R= Me, 92%
R=PhMe, 99%

Scheme 27Sulfonate activation and nuclephilic substitutinrglycerol carbonate

The reactivity of mesylated derivative was testgdubing phenolmetamethoxyphenol, aniline
as nuclephiles but poor yields of final productsv@no-substitution were obtained (5-30%). In the
presence of thiophenol, a complex mixtures of mswostitution, double substitution and
elimination products were obtaine@&cheme 28 The vyield of the double substitution product

improved increasing the amount of thiophenol anithgisosylated glycerol carbonate instead of
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mesylated derivative. The mono-substitution produas kept under control by using one equivalent

of thiophenol.

0SO,R SR,
K’/\ R,SH k‘/\ SRz SR; SR>
0—°  KxCOs DMF oL 7 KL * H/\ + \/\
2003, SR, OH
\( W< OH OH
o) o OH

Scheme 28Reaction of tosylated 1,2-glycerol carbonate witbghenol

More recently, Rousseau et al. exploited the reiggtof tosylated 1,2-glycerol carbonate toward
oxygen and nitrogen nucleophiles. The results cowfil the poor reactivity ahetamethoxyphenol
whereas primary and secondary amines showed a mgaativity (final products, yields: 71-99%,
Scheme 29*

OSO2R OH

O — N~ "0 OH + "N 07 TOH
o THF, rt N /\(\ H
Tg

Scheme 29Reaction of tosylated 1,2-glycerol carbonate withneas
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6. Synthesis of new fluorinated methyltrioxorhenium (MTO)-catalysts.

Their application in the epoxidation of olefins wih hydrogen peroxide

In the last few years thiduorous catalysidbecome a novel synthetic strategy in the desigh an
reuse of both homogeneous and heterogeneous ratblsts’’ Two branches have been developed
in this field, namely the “heavy” and the “lightiubrous catalysi&’ In both cases ligands bearing
fluorous atoms are used to coordinate the activialnspecies. In the “heavy” fluorous catalysis,
ligands bearing 39 or more fluorines are requiedlbow the complete solubility of the catalyst in
the fluorinate solvents in biphasic transformatioifie “light” fluorous catalysis typically is
performed with 9-17 fluorines to increase the sitilylbof catalysts in common organic solvents. In
this latter case the catalyst can be easily reealvat the end of the transformation by fluorougdsol
phase extraction technique (F-SPE)rrespective to the nature of the fluorine cataly®,2'-
bipyridines with 4,4’-bis(fluorous-ponytailed) suibgents are commonly used as bidentate ligands in
order to maintain the geometry at the metal ceatren when the metal is oxidized or reduced.
Usually, methylene spacers of general formula A€F,).CF; are used to insulate the active site
from the electron-withdrawing fluorinéSExamples of redox processes catalysed by metaidfiiso
t/

nitrogen ligands include manganédeobalt’* ruthenium!> and copper® oxidations under both

“heavy” and “light” conditions.

In consideration of our experience on the util@atof methyltrioxorhenium as a catalyst for the
oxidation of organic compounds and on the lackhaf literature data about the complexation of
MTO with fluorinated nitrogen ligands, we projectige synthesis of complexes between MTO and
bis(fluorous-ponytailed) 2,2-bipyridines (MTO/bgy) characterized by different values of
fluorophilicity. These catalysts were utilized fibre epoxidation of olefins with hydrogen peroxide
(H,0,).”

Bis(fluorous-ponytailed) 2,2'-bipyridine2a-f (bpy-F) were prepared according to literature
procedures starting from commercially available-ditethyl-2,2’-bipyridine’® Compoundl was
treated with lithium diisopropylamide (LDA) in diyHF at low temperature (-78 °C) followed by
alkylation with perfluoroalkyl iodides of generarfnula GF,,.:CH,CH,l (n=5,7 and 9) to afford
desired mono- and bis(fluorous-ponytailed) nitrotigands (bpy-F) in acceptable yield §cheme 1
step a) and b)]. Freshly prepared bpy2&-f were successively added to a solution of MTO é&ed t
corresponding MTO/bpy-Fcatalysts3a-f were easily recovered in quantitative yield asloyel
powder. Nuclear Magnetic Resonance analy$isNMR, *C-NMR and'*F-NMR) confirmed the
assigned structures. In particular, we observedventield shift for Re-CH protons in fluorinated

catalysts3a-f compared to the complex between MTO and 4,4'-diyle?,2’-bipyridine as a
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reference {4= 0.23-0.30 ppm, sekable ). Downfield shifts for H-3,3’; H-5,5" and H-6,6'rptons

in '"H-NMR spectra of3a-f compared to ligandga-f were also observed in accordance with the
general behaviour previously reported for MTO cammpks 44 Ar-H 3,3"; AA Ar-H 5,5"; 44 Ar-H
6,6', seeTable 1.”°

Ligands 2af were further characterized by evaluation of tybiparameters for fluorinated
species, such as the percent of fluorine contenttlié fluorous partition coefficient (FPC) and the
fluorophilicity,?*®! f=In[FPC]. As a usual procedure, FPCs were calctil&te a biphasic mixture

(1:1 v/v) of perfluorooctane (FC77) and &H,. These parameters are reportedable 2

On the basis of these data, liga@dsf resulted useful for “light fluorous catalysis” ic@rdance
with previous trends observed for fluorocarbon rfiedi organics (and, in principle, the liga@f

with F>60%, is also useful for “heavy fluorous dgsis")

X CH3 | X R1 o) A
_9°. _Re_
N HaC™ || N7
R, o

2a-f 3a-f

23, 3a: R1 (CH2)3(CF2)5CF3 R2=CH3
2b, 3b: R1=(CH,)3(CF3)7CF3; Ry=CH3
2¢, 3c: R1 (CHy)3(CF5)gCF3; Ry=CH3
2d, 3d: R1=R,=(CH,)3(CF3)sCF3

2e, 3e: R{=R,=(CH,);(CF,);CF;

2f, 3f: R1=R,=(CH,)3(CF3)oCF3

a) LDA, THF gy, T=-78°C, 3h
b) CnFan+1(CH2)2l, n=6, 8, 10, THF 4y, T=from -78°C until 25°C overnight
c) MTO, Et,0, 25°C, 4h

Scheme 1Synthesis of MTO-fluorinated catalysts
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Table 1L Chemical shifts®) andAA Ar-H 3,3’; AA Ar-H 5,57; AA Ar-H 6,6 of ligands2a-f and catalyst8a-f (ppm)

Entry Ligand/Catalyst ReCH AAAr-H 3,3 A4 Ar-H A4 Ar-H
55 6,6’

1 MTO/bpy 1.04 0 e
2 2a 0.21 0.29 0.29
3 3a 1.28
4 2b 0.09 0.27 0.31
5 3b 1.27
6 2c 0.10 0.25 0.24
7 3c 1.28
8 2d 0.10 0.20 0.24
9 3d 1.33
10 2e 0.13 0.12 0.16
11 3e 1.33
12 2f 0.05 0.09 0.10
13 3f 1.34

Table 2 Parameters of the liganga-f.

Entry Ligand F (%) FPE f
1 2a 46.7 0.01 - 4.60
2 2b 51.3 0.04 -3.20
3 2c 54.6 0.09 -2.40
4 2d 56.4 0.25 -2.40
5 2e 60.0 0.41 -0.90
6 2f 62.5 2.60 +0.95

#FPC=C; fworous phadiCi organic phaseCi iS the concentration of fluorinated speicixpressed
in mol/L; fluorous phase was FC77 and organic phasedichloromethane)

Epoxidations with MTO/bpy-f-catalysts3a-f and HO, (35% aqueous solution) were investigated
with cyclic aliphatic olefins, cyclohexenkandcis-cycloctenes and low reactive aromatic olefins,
transstilbene8 and styrenell, as representative model substrateshéme 2 All reactions were
performed applying the “light fluorous catalysisy bsing 2% in weight o8a-f. The epoxidation of
4 with the complex MTO/bpy was also performed aenexice. The reactions were monitored by
GC-MS analysis. In the absence of the catalyss fean 5 % conversion of substrates took place
under otherwise identical conditions. The resulte asummarized inTable 3 Noteworthy,
irrespective to the presence of one or two flugedachains and number of fluorine atoms,
MTO/bpy-F, 3a-f were highly efficient and selective catalystsha epoxidation reaction of olefids
and6 andthe corresponding epoxidésand7 were isolated in quantitative conversions anddgiel
after only 2-5 hTable 3 entries 2-7 9-14). The MTO/bpy catalyst showed a similar behaviour
terms of yield and reaction time suggesting thasence of fluorine atoms in the side-chains did not

interfere with the reactivity of the MTO active spes Table 3 entries 1, 8, 1%and22).

Catalysts3a-f were also efficient systems in the oxidation a@aatic olefindrans-stilbene8 and
styrenell (Table 3 entries 16-21and23-28) In particular,in the oxidation otrans-stilbene8, the

epoxide9 was again obtained as the main reaction produg4i82 % conversion and 45-82 % yield
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(Table 3, entries 16-21)According to the known high reactivity of stilleerepoxide to give
nucleophilic ring-opening reactions, significati@mount of the corresponding dibd was observed
(Table 3, entries 16-21Noteworthy, the selectivity in the oxidation ®was tuned by the nature of
the ligand, MTO/bpy-F3b being the most efficient catalyStable 3 entry 17).In the oxidation of
styrenell, the epoxidel2 wasobtained as the main product in 83-90 % converaiuth 80-87 %
yield (Table 3, entries 23-28), besides to unrehstgbstrate and traces of dib. As expected,
longer reaction times were required for the oxmtatof 11 due to the known lower reactivity of
aromatic olefins with respect to aliphatic ong&alfle 1, entries 16-2and23-28 versusentries 2-7
and9-14). As a general trend, the fluorophilicitpf the catalysts did not influenced the seledtiuit
the epoxidation, with the only exception toans-stilbene8, in which case, catalysfa-c bearing
mono (fluorous-ponytailed).nitrogen ligands wererengelective than corresponding bis(fluorous-

ponytailed) system3d-f (Table 3 entries 16-18/ersusentries 19-21).

O Catalysts 3a-f, H,0, 35% o
CH2C|2’ r.t

4 5

Catalysts 3a-f, H,O, 35%
CHCl,, r.t

0]
6 7 OH
g o )]
A Catalysts 3a-f, H,0, 35% O
s +
CH,Cl, 1.t O OH
8 9 10
Q HO
= OH
Catalysts 3a-f, H,0, 35%
- +
CH,Cl;, r.t
11 12 13

Scheme 2Epoxidation reaction catalyzed by MTO MTO/bpydatalysts3a-f
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Table 3. Experimental data of oxidation of alker#e8 with perfluoroalkylated catalys@&a-f 2

Entry Substrate Catalyst Reaction time (h) Conv.X%) Yield (%)°
1 Cyclohexenet MTO/bpy 5 98 5:97

2 3a 5 97 5. 97

3 3b 5 > 98 5:>098

4 3c 5 > 08 5.>098

5 3d 2 96 5: 96

6 3e 3 > 98 5:>98

7 3f 3 > 08 5:>08

8 Cis-cycloctenes MTO/bpy 5 > 08 7:>98

9 3a 5 > 98 7:>98

10 3b 3 > 98 7. >98

11 3c 5 82 7. 82

12 3d 3 > 98 7. > 98

13 3e 4 > 08 7.>98

14 3f 4 > 08 7:>98

15 Transstilbene8 MTO/bpy 24 65 9:54;10: 11
16 3a 24 64 9:52;10: 12
17 3b 24 92 9: 82;10: 10
18 3c 24 89 9:76;10: 13
19 3d 24 85 9: 45;10: 40
20 3e 24 77 9:65;10: 12
21 3f 20 82 9:70;10: 12
22 Styrenell MTO/bpy 48 85 12: 80;13: 5
23 3a 48 83 12: 80;13: 3
24 3b 48 95 12: 85;13: 10
25 3c 48 90 12: 86;13: 4
26 3d 60 89 12: 86;13: 3
27 3e 48 85 12: 85

28 3f 48 87 12. 87

3 bCalculated by GC-MS analysis

The turnover frequencies (TOFs; moles of convesigdostrate per mole of catalyst per hour) of
MTO/bpy-F, catalysts3a-f calculatedfor the epoxidation of olefing, 6, 8 and11 were found in the
range of 1.0-25 depending on the experimental tiomdi and were similar to those of parent
MTO/bpy catalyst confirming that the fluorinatedadats did not modify the catalytic activity of the

MTO active species.

Finally, our efforts were going to recycling cattly. The oxidation of cyclohexedewith 3f was
performed as a selected example. The thermomorpbtbod based on the temperature-dependent
solubility of the fluorous catalysts in the orgamiclvent was chosen as procedure to recover the
catalyst. Unfortunately, the conversion of substrand yield of epoxidé& were dramatically
decreased (25% and 20%, respectively). A betterdtress obtained with the light cataly3a by
Fluorous Solid-Phase Extraction technique (F-SHEE column was eluted with methanol/water
80:20 to recover epoxidefollowed by methanol to affor8ain appreciable yield (60%). Catalyga
was used in a successive run without any furtheffipation showing the expected reactivity

(conversion: 75%; yield of epoxide 75%). Thus, in our hands the F-SPE techniquetivasnost
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efficient recycling procedure. However, a decreaS¢he reactivity of catalysBa was observed

during the successive run (conversion: 45%; yiélepoxide5: 45%).

In conclusion, mono- and bis(fluorous-ponytailed)® catalysts were prepared for the first time
in acceptable yield and applied for the activaiwdrenvironmental friendly kD, in the epoxidation
of aliphatic and aromatic olefins under fluorousabgsis. The epoxides were obtained in high yield
and selectivity comparable to that of non fluorathtMTO complex. With the only exception of
transstilbene, the fluorophilicity of the ligand did himfluence the reactivity, suggesting that three
carbon units in the methylene spacer effectivepiiated the bipyridyl ring and the rhenium center
from the electron-withdrawing effect of the fluaiied alkyl chains. The MTO/bpy;Eatalysts can
be recovered by Fluorous Solid-Phase Extractionnigae and used in successive runs. Since MTO
shows multi functional catalytic properties inclogiLewis and Bronsted activity and metathesis
properties? these results are a promising entry to furthedaétipg the fluorine chemistry in the

family of MTO based organometallic species.

Experimental section

Materials and methods

All chemicals and Fluofelash® were purchased from Aldrich Company. Solventsend the
hightest commercially available quality. Dry tetydlhofuran was prepared according to classical
procedure. Silica gel were commercially availateick). Thin layer chromatography was carried
out using Merck platen Kieselgel 60 F254.and**C NMR spectra were recorded on a Bruker (200
MHz) spectrometer*F NMR were utilizing a Bruker AMX 400 MHz. Chemicsiift were reported
in 0 values. Mass spectra were recorded on a VG 70/2p8&rometer with an electron beam of 70
eV and a CP-SIL 8 CB-MS column (25m x 0.25 mm ar@b @nm film thickness). GC analysis were
performed using an isothermal temperature profilé® or 80 °C for 5 minutes, followed by a

10°C/min temperature gradient to 250 °C for 10 rresuThe injector temperature was 280 °C.

Preparation  of  4-(perfluoroalkyl)-4’-methyl-2,2-bi pyridine  (2a-c) and 4,4'-
bis(perfluoroalkyl)-2,2’-bipyridine (2d-f)

The preparation was performed according to repartditerature’®Into a dry round bottom flask,
20 mL of dry THF were added. After cooling until-@8°C, LDA 2M (0.3 mL, 2.3 mmol), a solution
0.5 M of 4,4-dimethyl-2,2’-bypiridin€l, (0.198 g, 1.08 mmol) in 2 ml of dry TH¥ere added. The
mixture was kept under stirring for 3h. To the ddan obtained, the perfluoroalkyl iodide
CF2n+1ICH.CH,l (2.3 mmol) was added and the mixture was kepteurstirring for 1h at -78 °C,
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then warmed up to room temperature and kept urtddeng overnight. The reaction was quenched
with brine (20 mL); the residue was extracted wdigthyl ether (3 x 20 mL) and dried over jS&,.
Evaporation of the solvent under reduced pressifif@ded crude mixture. After crystallization and,
if necessary, chromatographic purification on ailigel (eluent: dichloromethane/methanol), 4-
(perfluoroalkyl)-4’-methyl-2,2’-bipyridine 2a-c and 4,4’-bis(perfluoroalkyl)-2,2’-bipyridine2d-f

were respectively isolated in 20-40% yield. Spesttopic data were here reported.

4-(1H, 1H, 2H, 2H, 3H, 3H-perfluorononyl)-4'-metk¥J2’-bipyridine 2a. Yield: 36%. Light
brown solid."H-NMR (200MHz, CDC}) &: 8.61-8.54 (m, 2H), 8.33-8.29 (m, 2H), 7.23-7.18 (
2H), 2.84-2.63 (m, 2H), 2.46 (s, 3H), 2.22-1.95 pm 4H); **C NMR (200 MHz, CDG)) &: 156,6,
155.8, 150.5, 149.3, 149, 148.2, 122.1, 121.1,,330%4, 21.1, 21.0°F (376.4 MHz, CDG) & -
131.4 (2F), -128.6 (2F), -128.1 (2F), -127.2 (2E},9.1 (2F), -86.0 (3F).

4-(1H, 1H, 2H, 2H, 3H, 3H-perfluoroundecyl)-4’-meght2,2’-bipyridine 2b. Yield: 33%. Light
brown solid."H-NMR (200 MHz, CDC}J) &: 8.59-8.56 (ddJ=0.7 Hz J=5.7 Hz 1H), 8.53-8.50 (dd,
J=0.5 Hz, J=5.0 Hz1H), 8.23-8,19 (m, 2H), 7.14-7.11 (dtk1.7 Hz, J=6.6 Hz2H), 2.88-2.66 (m,
2H), 2.42 (3H, s), 2.19-2.02 (m, 4HJC NMR (200 MHz, CDG)) &: 156.6, 155.8, 150.6, 149.3,
149.0, 148.2, 124.8, 123.6, 121.1, 121.0, 34.64,3P1.2, 21.0'F (376.4 MHz, CDG) § -131.1
(2F), -128.3 (2F), -128.0 (2F), -127.7 (2F), -12@'B), -119.1 (4F), -85.7 (3F).

4-(1H, 1H, 2H, 2H, 3H, 3H-perfluorotridecyl) )-4'ethyl-2,2’-bipyridine2c. Yield: 25%. Light
brown solid."H-NMR (200 MHz, CDC}) &: 8.59-8.57 (ddJ=0.7 Hz, J=5.0 Hz1H), 8.54-8.51 (dd,
J=0.7 Hz, J=5.0 Hz1H) 8.26-8.23 (m, 2H), 7.15-7.11 (d#F1.6 Hz, J=6.5 Hz2H), 2.82-2.75 (m,
2H), 2.43 (s, 3H), 2.15-2.02 (m, 4HYC NMR (200 MHz, CDG)) &: 157.9, 154.5, 151.4, 149.1,
147.8, 148.2, 125.2, 124.1, 122.8, 121.8, 34.65,301.4, 20.9"°F (376.4 MHz, CDG)) 5 -131.0
(4F), -128.0 (4F), -126.8 (4F), -122.5 (2F), -11@1B), -85.7 (3F).

4,4-bis(1H, 1H, 2H, 2H, 3H, 3H-perfluorononyl)-2ipyridine 2d. Yield: 40%. White solid.
'H-NMR (200 MHz, CDC}) &: 8.60 (d,J=5.0 Hz 2H), 8.20 (s, 2H), 7.20 (dd=1.8 Hz J=1.5 Hz
2H), 2.80 (t,J=7.5 Hz 4H), 2.10 (m, 8H)*C NMR (200 MHz, CDGJ) &: 156.4, 150.8, 149.5,
123.9, 121.3, 34.7, 30.6, 21 (376.4 MHz, CDG)) § -131.1 (4F), -128.4 (4F), -127.4 (4F), -126.9
(2F), -119.1 (4F), -85.8 (3F).

4,4'-bis(1H, 1H, 2H, 2H, 3H, 3H-perfluoroundecyl22bipyridine 2e. Yield: 37%. White solid.
'H-NMR (200 MHz, CDC}) &: 8.60 (d,J=5.0 Hz 2H), 8.30 (s, 2H), 7.10 (dd=1.8 Hz J=1.7 Hz
2H), 2.80 (t,J=7.3 Hz 4H), 2.10 (m, 8H)*C NMR (200 MHz, CDGJ) &: 156.4, 150.8, 149.5,
123.9, 121.3, 34.7, 30.6, 21 (376.4 MHz, CDG)) § -131.1 (4F), -128.4 (4F), -127.7 (4F), -126.9
(2F), -126.7 (4F), -119.1 (4F), -85.7 (3F).
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4,4-bis(1H, 1H, 2H, 2H, 3H, 3H-perfluorotridecy®)2’-bipyridine 2f. Yield: 30%. White solid.
'H-NMR (200 MHz, CDC}) &: 8.60 (d,J=5.6 Hz 2H), 8.27 (s, 2H), 7.15 (dd=5.6 Hz 2H), 2.84 (t,
J=4.8 Hz 4H), 2.15 (m, 4H), 2.05 (m, 4H}*C NMR (200 MHz, CDG)) &: 155.7, 150.6, 148.8,
123.1, 119.9, 34.4, 31.0, 20'& (376.4 MHz, CDG) & -131.0 (4F), -128.3 (4F), -127.6 (4F), -126.6
(2F), -119.0 (4F), -85.7 (3F).

Preparation of MTO complexes (3a-f)

0.18 mmol of perfluoroalkyl bipyridinea-f were added to a solution of MTO (0.045 g, 0.18
mmol) in diethyl ether (5.0 mL). The mixture waspkeinder stirring for 2h at room temperature.
After cooling down to 0°C, a yellow precipitatefatied. The solid was filtered off, washed with
pentane and dried under flow of nitrogen until ¢ans weight. Spectroscopic data were entirely

described.

MTO/4-(1H, 1H, 2H, 2H, 3H, 3H-perfluorononyl)-4'-thgl-2,2’-bipyridine 3a. Yield: 98%.
Yellow powder.'H-NMR (200 MHz, CDC}) $=8.91-8.88 (d,J=5.4 Hz 1H) 8.85-8.82 (dJ=5.4 Hz
1H) 8.11 (s, 2H), 7.36-7.33 (m, 2H), 2.92-2.85 @), 2.54 (s, 3H), 2.27-2.00 (m, 4H), 1.28 (s, 3H).
%C NMR (200 MHz, CDGJ) $=154.7, 152.3, 150.7, 150.0, 149.2, 148.8, 12728,2, 124.3, 123.4,
34.5, 30.4, 28.0, 21.4, 216F (376.4 MHz, CDG) 6= -128.8 (2F), -126.0 (2F), -125.5 (2F), -124.5
(2F), -116.7 (2F), -83.4 (3F).

MTO/4-(1H, 1H, 2H, 2H, 3H, 3H-perfluoroundecyl)-#iethyl-2,2’-bipyridine3b. Yield: 98%.
Yellow powder."H-NMR (200 MHz, CDC}) 6=8.90-8.87 (d, J= 5.5 Hz, 1H), 8.85-8.82 {&5.5
Hz, 1H), 8.12(s, 2H), 7.36-7.34 (2dd+1.7 Hz, J=5.5 Hz 2H), 2.93-2.85 (m, 2H), 2.55 (s, 3H),
2.15-2.00 (m, 4H), 1.27 (s, 3HYC NMR (200 MHz, CDGJ)) §=156.6, 155.8, 150.6, 149.3, 149.0,
149.1, 124.8, 123.6, 121.1, 121.0, 34.6, 30.4,,281Q2, 21.0.F (376.4 MHz, CDG)) §=-126.7
(2F), -123.9 (2F), -123.6 (2F), -123.3 (2F), -12@1b), -114.7 (4F), -81.3 (3F).

MTO/4-(1H, 1H, 2H, 2H, 3H, 3H-perfluorotridecyl)4j-methyl-2,2’-bipyridine3c. Yield: 98%.
Yellow powder.*H-NMR (200 MHz, CDC}) 5=8.83-8.76 (m, 2H), 8.41-8.29 (m, 2H), 7.42-7.34 (m
2H), 2.94-2.87 (m, 2H), 2.58 (s, 3H), 2.13-2.07 @H), 1.28 (s, 3H)**C NMR (200 MHz, CDGJ)
$=153.6, 150.9, 149.1, 149.0, 126.6, 125.6, 1242B.0, 34.6, 30.3, 26.0, 21.7, 20} (376.4
MHz, CDCk) 6=-126.7 (4F), -123.7 (4F), -122.5 (4F), -118.2 (2&14.7 (4F), -81.4 (3F).
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MTO/4,4'-bis(1H, 1H, 2H, 2H, 3H, 3H-perfluoronom#)2’-bipyridine 3d. Yield: 98%. Yellow
powder.'H-NMR (200 MHz, CDC}) $=8.85 (d, 2H, J=5.4 Hz), 8.15 (s, 2H), 7.33Xd5.5 Hz,2H),
2.92-2.84 (m, 4H), 2.22-2.06 (m, 8H), 1.3 (s, 3HC NMR (200 MHz, CDGJ)) =154.0, 152.7,
149.5, 125.2, 122.1, 34.6, 30.1, 23.9, 2°8.(376.4 MHz, CDG)) 6=-128.8 (4F), -126.0 (4F), -
125.5 (4F), -124.6 (4F), -116.7 (4F), -83.3 (6F).

MTO/4,4'-bis(1H, 1H, 2H, 2H, 3H, 3H-perfluoround®e®,2’-bipyridine 3e Yield: 98%. Yellow
powder."H-NMR (200 MHz, CDCY) $=8.76 (d,J=5.4 Hz 2H), 8.18 (s, 2H), 7.27-7.24 (m, 2H),
2.91-2.65 (m, 4H), 2.24-1.82 (m, 8H), 1.33 (s, 38E NMR (200 MHz, CDGJ) 6=156.1, 153.7,
149.4, 124.8, 122.8, 34.6, 33.8, 30.3, 23.9, 260(376.4 MHz, CDG)) =-126.7(4F), -124.0 (4F),
-123.4 (4F), -122.6 (8F), -118.1 (4F), -114.8 (4B},.3 (6F).

MTO/4,4'-bis(1H, 1H, 2H, 2H, 3H, 3H-perfluorotrid@y-2,2’-bipyridine 3f. Yield: 98%. Yellow
powder."H-NMR (200 MHz, CDC}) $=8.70 (d,J=5.4 Hz 2H), 8.20 (s, 2H), 7.24-7.21 (m, 2H),
2.90-2.68 (m, 4H), 2.19-2.04 (m, 8H), 1.54 (s, 38¢ NMR (200 MHz, CDGJ) 6=156.2, 152.7,
149.5, 124.8, 122.8, 34.6, 30.1, 23.9 (@), 20.9:°F (376.4 MHz, CDG)) 6=-126.7 (4F), -124.0
(4F), -123.6 (4F), -122.5 (16F), -118.1 (4F), -BL@#F), -81.4 (6F).

Determination of the partition ratio of ligands (2ae)

This parameter was determinated according to teeature [15-16]. A 5 ml bottom flask was
charged with the perfluoroalkyl ligarth-f (0.015 mmol), FC77 (2.0 mL) and @&, (2.0 mL). The
mixture was vigorously stirred for 2 h. After seqion of the two phases, gravimetric measures were

performed.

Epoxidation reactions

In a typical procedure the catalyst (2% referredhe substrate) was solubilized in &H, (2.5
mL). Then hydrogen peroxide (35% aqueous solutrquiv., 45uL) was added and finally the
substrate (0.26 mmol). The reaction mixture wad kepler stirring at room temperature for 4-72 h
depending on the substrate. Each 2 h, a samplextasted; a little amount of MnQvas added to
destroy the unreacted hydrogen peroxide and th&urgixvas stirred for 15 minutes. After filtration,
the sample was analyzed by TLC and GC-MS to ewaltl& conversion of the substrate and the

yields of the final products.
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Recycling experiments by using the thermomorphic mie

The crude of the oxidation reaction of cyclohexdneith catalyst3f was cooled until - 60°C. A
precipitate was observed and the supernatant piuagaining the oxidation product was removed.
The precipitate was washed with a little amountaé dichloromethane. Then, at room temperature
a solution of substrate (0.26 mmol) in dichloronaeth (2.5 mL) and hydrogen peroxide (35%

agueous solution, 2 equiv., 4&) was freshly introduced.

Recycling experiments by using the Fluorous BiphasiCatalysis (FBC) technique

To apply the F-SPE technique, we used fluorousasiiel as solid phase (commercially available
as Fluorélash®) and a mixture of methanol/water as fluorophobimvent and methanol as
fluorophilic solvent. The oxidation of cyclohexerg catalyzed by3a was performed in
dichloromethane at room temperature. The silicavget washed with DMF and. The reaction
mixture was dissolved in DMF and charged in a ewiuwith the solid phase previously
preconditioned with methanol/water (80:20). Firstlige column was eluted with methanol/water
80:20 to recover oxidation product (epoxfgethen with methanol to recover the fluorinateéa@ps

(catalyst3a). Finally, the column was washed with acetoneetgenerate the fluorous solid phase.
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7. New applications of dimethyl carbonate. (1) Metylation of flavonoids

Flavonoids are a group of low-molecular-weight pblgnolic compounds that occur ubiquitously
in all plants where they play a protective role iagpredators, pathogens and UV radiatitns.
Being present in fruits, vegetables and beverabey,are integral part of the human diet. In that la
few years, dietary flavonoids have gained conshlilermterest because of their potential beneficial
on human healtH. Experimental studies demonstrated that they steweral biological activities
including radical scavenging, anti-inflammatorytiamutagenic, anti-HIV, anti-allergic, anti-platelet
and antioxidant activities. More recently, the potential utility of these camapds in
chemoprevention of cancer has been investigatetiBing biological effects have been revealed in
cell culture studies; however, when experimentehasen extended to the in vivo experiments, in
particular, in humans, these results have not kbeafirmed alway§?3 The data have been related to
very low oral bioavailability of dietary flavonoidsstrictly dependent on the presence of free
hydroxyl groups responsible for their susceptipilto glucuronidation, sulfation and oxidation
reactions in the intestine and liver that avoidsnitto pass intact into the systemic circulafiom
contrast, methylated flavones were much metabdblicatable and showed higher intestinal
absorption through human colon adenocarcinoma (@ua®ll monolayers compared with their
unmethylated analog derivatives, suggesting thahylteion protects these compounds from hepatic
metabolisnf® As examples, 7-hydroxyflavone; 7,4-dihydroxyflae 5,7-dihydroxyflavone
(chrysin) were undetectable in tissue levels adidministration to rats whereas the corresponding
methylated derivatives reached high tissue |l/diéono and dimethylated flavones showed potent
antiproliferative activities? they inhibit the carcinogenic-activating cytochenP450 (CVP)
transcription and activities, the benzo[a]pyrene activating enzymes and DNA ihigndn human
bronchial epithelial BEAS-2B celf§, the aromatase, an important target in hormoneitagns
cancers: Furthermore, methylated flavonoids showed effemts multidrug resistance proteins
(MRPs), transport proteins which play a centrakerotl the defence of organism against toxic
compounds? they exhibit fungicidal properti€s.The O-methylation of flavonoids is a common
xenobiotic transformation occurring in plants, rolees and mammalians from high selective
enzymatic systems, the O-methyl transferdS&hemically, the reaction was usually performed
treating the corresponding phenolic compounds wihgerous and high toxic reagents such as
diazomethane, dimethyl sulfate and methyl iodiden addition, their use requires stoichiometric
amount of strong bases to neutralize acidic by4petsresulting in the production large quantities o

inorganic salts that need appropriate and expenissgosal.
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In consideration both of the efficiency of the dimg carbonate (DMC)/1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU) procedure aheé biological activities of mono and
dimethylated methylated flavonoids, we optimized #xperimental conditions for a convenient and

safe O-methylation of a large panel of flavonoigisibing DMC and DBU?

Mono and dihydroxylated flavonds 3, 5, 7 and flavonolslO, 12, 14 were the starting substrates
(Scheme Q1 O-methylation reaction was performed by usinigrge excess of DMC and DBU in
stoichiometric amount respect to flavonoid at reftamperature (90 °C). As reported Tiable ]
flavonoids were converted into the correspondinghyiated compounds in 12 - 72 h depending on
the substrate. 5-Methoxyflavori®ewas isolated after 48 Téble 1, entry ), 6-methoxyflavoned
after 36 h and 7-methoxyflavoeafter only 12 hTable 1, entries 2 and)3In all cases quantitative
yields of methylated products were obtained. Thevskactivity of 5-hydroxyflavon& may be due
to the well known hydrogen bonding of 5-OH grougthaéarbonyl groug® Then, as expected, the
methylation of 5,7-dihydroxyflavong afforded to 5-hydroxy-7-methoxy derivativ and 5,7-
dimethoxyflavoned after 48 hbeing 8 was the main compounddble 1, entry % prolonging the
reaction time until 72 h we obtained a quantitatiiedd of 9 (Table 1, entnb). In a similar way, we
performed the O-methylation of flavondl§, 12, 14 (Table 1, entries 68 Conversions and yields
were quantitative after 24 h. In this case, noceigy between phenolic and alcoholic group in C-3
was observed. It is known in the literature thamé&hoxyflavone derivatives showed high
antioxidant activity’”® exhibited potent neuroprotective effects on thilative injuries to neuronal
cells!® Finally, the methylation reaction was extendedséveral polyhydroxylated flavonoids.
Unfortunately, these compounds showed a low sdalybih DMC and then a poor reactivity in
methylation reaction. As example, 3,5,7,3',4’-pem¢ghylated flavone (methylated quercetin) was

isolated in only 28% after a long reaction time (j2
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Experimental conditions:
substrate: 0.5 mmol; DMC: 4 mL; DBU: 0.5 mmol; T=90 °C, 12-72h

Scheme 1Methylation reaction of flavonoids with the DMC/DBlsiem
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Table 1.Experimental data of methylation reaction of flawms depicted ir5scheme 2

Entry Substrate Time (h) Conv. (%) Yield (%)
1 1 48 > 98 2:>98

2 3 36 > 98 4:>098

3 5 12 > 98 6:>098

4 7 48 >98 8:70;9:30
5 7 72 >98 9: 95

6 10 24 > 08 11: > 98

7 12 24 > 08 13 >98

8 14 24 > 08 15> 98

In conclusion, mono- and dimethylated flavonoidsevprepared by using DMC both as solvent
and reagent in the presence of DBU. Final prodwet® isolated in high yields and high degree of
purity. To the best of our knowledge, this is thistfpaper dealing the O-methylation of flavonoids
under mild experimental conditions by using nondaragents in order to obtain the corresponding

methylated derivatives, bioactive compounds poddigtuseful in cancer therapy.

Experimental section

Materials and Methods

All chemicals were purchased from Sigma-Aldrich amere of analytical grade. Silica gel 60
F254 plates and silica gel 60 were obtained fromckiéH NMR and**C NMR were recorded on a
Bruker 200 MHz spectrometer using CR@k solvent. All chemical shifts are expressedpm [©
scale) and coupling constants in Hz. GC-MS analy&is performed on a Shimatzu VG 70/250S
apparatus equipped with a CP-SIL 8 CB-MS columnr2®.25 mm and 0.25 mm film thickness).
The analyses were performed using an isothermapeeature profile of 100 °C for 2 minutes,
followed by a 10 °C/min temperature gradient form#utes until 280°C. The injector temperature
was 280 °C.

General procedure for the methylation reaction of lavonoids

In a typical experiment, the substrate (0.5 mmapwlissolved in dimethyl carbonate (4.0 mL);
then DBU (0.5 mmol) was added. The solution wad leepr'= 90 °C under magnetic stirring and

monitored by TLC. After disappearance of the saltsirthe solvent was evaporated under reduced
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pressure in the presence of methanol (3 mL) aszant@pic mixture. The final products were
extracted with ethyl acetate (3 x 10 mL); the réathiorganic extracts were washed with a saturated
solution of NaCl and dried over B&O,. After filtration, methylated compounds were piaaf by
chromatography on column by using silica gel (2800 mesh) and the mixture gEl,/CH;OH=9/1

as eluent and characterized'byNMR, **C-NMR and GC-MS.

5-Methoxyflavonel. Quantitative yield. White solid. Mp 130-133 °GH-NMR (200 MHz,
CDCL): 6 (ppm) 7.81-7.74 (m, 2H), 7.51-7.36 (m, 4H), 7.620¢8 Hz, 1H), 6.72 (dJ=8 Hz, 1H),
6.62 (s, 1H), 3.89 (s, 3H}*C-NMR (CDCE): & (ppm) 178.1, 160.8, 159.6, 158.1, 133.6, 131.2,
128.7,125.8, 114.4, 109.9, 108.8, 106.3, 56.3(EIpm/z: 252 (M").

6-Methoxyflavon8. Quantitative yield. Yellow solid. Mp 164 °¢H-NMR (200 MHz, CDC)): §
(ppm) 7.88-7.83 (m, 2H), 7.54-7.42 (m, 4H), 7.25)¢BHz, 1H), 7.20 (d, J=8Hz, 1H), 6.76 (s, 1H),
3.85 (s, 3H).*C-NMR (CDCk): & (ppm) 178.1, 163.0, 156.9, 150.9, 131.7, 131.4, 1288, 1],
124.4,123.7, 119.4, 106.7, 104.7, 55.8. MS (&B: 252 (M").

7-Methoxyflavones. Quantitative yield. White solid. Mp 108-110 °¢H-NMR (200 MHz,
CDCL): 6 (ppm) 8.07 (d, J=4Hz,1H), 7.90-7.85 (m, 2H), 7747 (m, 3H), 6.98-6.94 (m, 2H), 6.74
(s, 1H), 3.90 (s, 3H):*C-NMR (CDC}): & (ppm) 176.6, 162.4, 156.5, 150.1, 131.3, 131.0, 128.8,
125.9, 123.1, 119.4, 106.2, 108.8, 105.3, 55.5(KIpm/z: 252 (M").

5-Hydroxy-7-methoxyflavor@ Yield: 70%. White solid. Mp 164-166 °¢H-NMR (200 MHz,
CDCly): 6 (ppm) 7.89-7.84 (m, 2H), 7.53-7.49 (m, 3H), 6.651H), 6.48 (dJ=2.0 Hz 1H), 6.36 (d,
J=2.0 Hz 1H), 3.86 (s, 3H)*C-NMR (CDCk): & (ppm) 182.5, 165.6, 164.6, 162.1, 157.4, 131.8,
131.3,129.1, 126.3, 105.9, 98.2, 92.7, 55.8. M$B(tz: 268 (M").

5,7-Dimethoxyflavoned. Quantitative yield. White solid. Mp 200-203 °&-NMR (200 MHz,
CDCL): ¢ (ppm) 7.81-7.74 (m, 2H), 7.46-7.43 (m, 3H), 6.621H), 6.52 (d, J=2Hz, 1H), 6.32 (d,
J=2Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3HJC-NMR (CDC}): & (ppm) 177.5, 163.9, 160.8, 160.5,
159.8, 131.4, 131.1, 128.8, 125.8, 108.9, 96.8,%8.3, 55.6. MS (Eln/z: 282 (M").

3-Methoxyflavond 0. Quantitative yield. Colourless oitH-NMR (200 MHz, CDC)):  (ppm)
8.07 (d,J=4.0 Hz 1H), 8.06-8.05 (m, 2H), 7.53-7.37 (m, 6H), 3.85 gH).*C-NMR (CDCE): 5
(ppm) 167.1, 150.8, 140.8, 134.1, 130.8, 131.2, 12&8,3, 123.5, 118.4, 59.7. MS (El)/z: 252
(M™).

3,6-Dimethoxyflavonel 3. Quantitative yield. Colourless oitH-NMR (CDCL) & 3.87 (s, 3H),
3.89 (s, 3H), 7.27 (m, 1H), 7.47 (m, 4H), 7.590Jd,3.0 Hz, 1H), 8.07 (m, 2H)**C-NMR (200
CDCl) & 55.9, 60.1, 104.5, 119.4, 123.9, 124.8, 128.4,5,2830.6, 131.0, 141.1, 150.2, 155.4,
156.6, 174.9. MS (Eln/z: 282 (M").
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3,7-Dimethoxyflavonel5. Quantitative yield. Colourless oitH-NMR (CDCl) &3.86 (s, 3H),
3.89 (s, 3H), 6.95 (m, 2H), 7.45 (m, 3H), 8.00 @hl). *C-NMR (200 CDC}) & 55.8, 60.1, 99.9,
114.4, 119.0, 127.1, 128.3, 128.4, 128.5, 128.6,513131.0, 141.5, 155.2, 158.0, 164.0, 175. GC-
MS (m/z): 282, 150, 105, 89, 77, 63, 51. MS (&lg: 282 (M").
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8. New applications of dimethyl carbonate. (2) Pratction of the amino

acids functionalities

Synthetic organic chemistry is based on the ratioombination of reagents in order to prepare
molecules. More research has been devoted to petfar synthesis with high selectivity. Protecting
groups are required to prevent the formation ofesiréd bonds and side reactions. A particular
attention has been turned to the protection of anaicids functionalities in peptide chemistry in

order to avoid the polymerization of amino acidd emmodify their branched chains.

An “ideal” protecting group is easily introduceda the functional group; stable in a broad range

of experimental conditions; easily removed at the ef the synthetic process.

The most common protecting groups of amino acids &fluorenylmethoxycarbonyl (Fmoc),
tert-butyloxycarbonyl (Boc), 2-nitrophenylsulfenyl (Np&)-(4-biphenyl)isopropoxycarbonyl (Bpoc),
benzyloxycarbonyl (Z),carbamoylmethyl (Cam), benzgBn), 9-fluorenylmethyl (Fm), 2-
trimethylsilylethyl (TMSE), trityl (Trt)!°> Often, harmful reactants are required to introdoce

remove them.

During this PhD course we optimized a new ecoftligpdocedure to protect amino and/or acidic
group of amino acids by using the DMC/DBU systenmadge panel of amino acid derivatives were

utilized as starting materialS¢hemd, Figure 1). Experimental are reported Trable 1

0 0]
R
Ry OMe DMC/DBU 1%0,\,,6
*| N\
NH,*HCI Ry “COOMe
AA-OMe *HCI 1, 3, 5: Ry=H
2, 4, 6: R,=Me
0 0]
R4 R, o .
OoH DMC/DBU OMe R4= side chain
N. NJ
Boc” "H H N Boc
Boc-AA-OH 8,9,10
i DMC/DBU 0
R >
! OH R1\HJ\OMe
NH N,
2 R,” “COOMe
AA 1,3,11,12,14, 16, 18: Ro=H
2,4,13,15,17: Ry=Me

Scheme 1Protective methodology of amino acids by using DBIBY
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Aliphatic aminoacids Aminoacids containg sulfur atom

0} O O 0} O
H H,C H;C S
W)J\OH 3 })J\OH 3 m)J\OMe H3C' MOH HS%OH
NH, NH, CH; NH, NH, NH,
Glycine (Gly) Alanine (Ala) Valine (Val) Methionine (Met) Cysteine (Cys)
Aromatic aminoacids Iminoacid
0 O 0 0
NH NH
2 HO 2 NH NH, NH
Phenylalanine (Phe) Tyrosine (Tyr) Tryptophan (Trp) Proline (Pro)
Figure 1. Selected natural L-amino acids
Table 1 Experimental data
Entry Amino acid Product (&) Yield (%)
1 Gly-OMe*HCI 1: H; 2: CH; 1:68;2: 21
2 Ala-OMe*HCI 3:H;4: CH; 3. 65;4: 15
3 Val-OMe*HCI 5. H; 6: CH; 5:55;6: 10
4 Boc-Gly-OH 7 H 7:70
5 Boc-Met-OH 8 H 8: 60
6 Boc-Trp-OH 9 H 9: 40
7 Boc-Pro-OH 1G:H 1C: 96
8 Gly 1: H; 2: CH; 1:67;2: 10
9 Ala 3: H;4: CH; 3:74;4: 9
10 Met 11:H 11: 45
11 Phe 12: H; 13 CH; 12:49;13: 10
12 Tyr 14: H; 15: CH; 14: 65;15:15
13 Trp 17: H; 18 CH; 17: 50;18: 10
14 Pro 21:H 21: 42

Firstly, we tested the efficiency of the DMC/DBUssgm to protect the-amino ora-acid group

on representative amino acids.

After 24 h of reaction at reflux temperatu€y-OMe*HCI, Ala-OMe*HCI andVal-OMe*HCI
afforded to the correspondimgrboxymethylated derivativds 3 and5 (Table 1, entries 1-3)Traces
of by-product2, 4 and6 deriving from the N-methylation were observed estpping the reaction

after 8 h. Under these experimental conditionsctivesersion of the substrates was lower.
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Thea-acid group oBoc-Gly-OH, Boc-Met-OH, Boc-Trp-OH andBoc-Pro-OH was esterified
by DMC/DBU affording to the corresponding methyte¥s7, 8, 9, 10in 40-96% yield depending on

the amino aciqTable 1, entries 4-7)

Finally, we extended the protective methodologyré® amino acids. As showed Tiable 1 the
reactivity of the aliphatic amino aci@®&ly andAla is similar. The corresponding protected produdcts
and 3 were isolated in satisfactory yields (70%able 1,entries 8and9). Traces of N-methylated
compounds2 and4 as by-products were observed (yields: 10 and @¥pectively). Amino acids
containing sulphur atonMet and Cys were tested. Unfortunatel(ys was not soluble in DMC
whereadMet afforded to the corresponding compouridin 45% vyield Table 1, entry 10 Between
aromatic amino acid$?fe, Tyr andTrp), Phe showed a reactivity similar to that of aliphatiniao
acidsGly andAla. In fact, the main product was the full protectexino acidl2 and the by-product
the N-methylated derivative3 (Table 1,entry 11. Tyr showed less selectivity thdhe In fact, in
addition to the expected produiet and to theN-methylated byprodud5 (Table 1, entry 18 traces
of O-methylated by-product6 deriving from the methylation of the phenolic growps observed

(Figure 2. However, reducing time reactions till 8 h, tleenfation of compound6 was avoided.

0

WOMe
NHCOOMe
MeO

16

Figure 2. The O-methylated by-product deriving frofryr

Our methodology did not show selectivity fbrp . In fact, we observed a mixture of products: the
expected tryptophan derivatiig, the N-methylated by-produdB (Table 1 entry 13 and traces of
compoundsl9 and 20 deriving from carbomethoxylation and methylationtioé heterocyclic cycle

present into the side chaiRigure 3.

NMeCOOMe
Me

20

Figure 3. By-products deriving from the protection reactidriTgp
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The iminoacid proline Kro) showed a moderate reactivity affording to the egponding
protected producPl in 42% yield(Table 1 entry 14. Other amino acids have been tested. As
representative basic amino acids, argindug ] and histidine ilis) have been tested. Unfortunately,
the DMC/DBU system showed a low selectivity and ptar mixtures of reaction afforded. Between
possible products, we isolated amino acid deriestR?2 and 23 deriving from methylation and
carbomethoxylation reactions into the guanidinid anidazolic grougScheme 2 AsparagineAsn)

and glutamine@ln) showed a very low solubility in DMC and then aypoor reactivity.

NH o) NH 0
U DBU/DMG JU
H,N” N OH — > MeOOCHN~ "N OMe
H NH, COOMe  \mecooMe
Arginine (Arg) 22
N 0 N
¢\ DBUDMC ¢ | o
” OH N OMe
NH, Me  NHcoome
Histidine (His) 23

Scheme 2Protective methodology of DMC/DBU @frg andHis

Finally, we tested the experimental conditions démaove the protecting grougly-OMe*HCI
was chosen as representative subst@tagme B8'% Two different procedures were experimented.
Firstly, we used iodotrimethylsilane generated iiu sby reaction of sodium iodide and
chlorotrimethylsilane. Adding hydrochloric acidgethorrespondingly*HCI afforded in 76% vyield.
Under basic hydrolysisGly*HCI was isolated in 90% yield. Work is in progressvanify if the

protecting/removal procedures maintain the chyalftnatural amino acids.
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0 0
1) Nal/(CH3)3SiCl

OMe OH
NHCOOMe 2) HCI NH,HCI
1 Gly*HCI

0 0

1) KOH

OMe OH
NHCOOMe 2)Hel NH,, HCI
1 Gly*HCI

Scheme 3Deprotection methodologies for glycine derivative

In conclusion, we optimized a new simple and eeofilly procedure to proteatamino anda-
acid group of a large panel of amino acids by ughgy DMC/DBU system. The corresponding
protected derivatives were isolated in moderaggotud yields depending on the amino acid. Usually,
traces of the corresponding N-methylated was obseras by-products. The removal of the

protecting group was optimized. These results eragruus to extend this procedure to peptides.

Experimental section

Materials and Methods

All chemicals were purchased from Aldrich Compallldn, Italy). Solvents were of the highest
commercially available quality. Dry acetonitrile svarepared refluxing the solvent on NaH under
nitrogen atmosphere. Reactions were monitored by Thyer Chromatography (TLC) analysis on
silica gel plates (Kieselgel 60 F254). The spotsevsesualized with UV light and, when necessary,
using a ninidrine solution. Column chromatographgsvperformed on silica gel 60 commercially
available from Merk using mixtures of petroleum egthiethyl acetate or dichloromethane and
methanofH-NMR, *C-NMR spectra were recorded on a Bruker spectrani@8® MHz). Chemical
shift () are reported in parts per million; coupling camss () are reported in Hertz. GC-MS
analysis was performed on a Shimatzu VG 70/2506tspreter with an electron beam of 70 eV and
a CP-SIL 8 CB-MS column (25m, 0.25 mm and 0.25 nim thickness). GC-MS analysis were
recorded using an isothermal temperature profil@0sf °C for 2 minutes, followed by a 10 °C/min

temperature gradient for 15 minutes until 280°Ce Trtjector temperature was 280 °C.
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Typical procedure to protect amino acids by the DMZDBU system

In a typical reaction, amino acid (1.0 mmol) wassdived in DMC (10 mL) and DBU (1-2 eq.)
was stirred at reflux for 24 h. The reaction wasitwyed by GC-MS and, when possible, by TLC.
At the end, the mixture was cooled to room tempeeatind DMC evaporated under vacuum as an
azeotropic mixture with methanol; the residue waslslized in ethyl acetate and added of HCI 1N;
finally, the organic phases were washed with bsoletion and dried on N8CO,. After filtration, the
organic extracts were concentrated under vacuune pirification of the crude mixture by
chromatography on silica gel (eluent: ethyl acéteteoleum ether= 2/1) afforded to final products
which were characterized Bj-NMR, **C-NMR and GC-MS. Yields of the reactions &fy and
Gly-OMe were calculated by GC-MS analysis using amino aeidvative7 as internal standard.

Yields of other amino acids were calculated aftepmatographic purification.

Methyl N-(methoxycarbonyl)glycinaté. Yields: 67-68%. Colourless oil'H-NMR (200 MHz,
CDCL): § (ppm) 3.96 (dJ=6.0 Hz 2H), 3.74 (s, 3H), 3.68 (s, 3H’C-NMR (CDCL): & (ppm)
172.4, 154.3, 52.5, 52.3, 42.6. MS (Hijz 147 (M").

Methyl N-(methoxycarbonyl)-N-methylglycin&eYields: 10-20%. Light yellow oil*H-NMR (200
MHz, CDCL): § (ppm) 3.93 (dJ=6.0 Hz 2H), 3.71 (s, 3H), 3.67 (s, 3H), 2.94 (s, 3HL-NMR
(CDCly): § (ppm) 170.0, 156.0, 52.9, 52.4, 35.2. MS (#lx 161 (M").

Methyl N-(methoxycarbonyl)alaninatg. Yields: 65-74%. Colourless oifH-NMR (200 MHz,
CDCly): 6 (ppm) 4.38-4.31 (m, 1H), 3.72 (s, 3H), 3.66 (s),3H40, 1.36 (s, 3H}*C-NMR (CDCk):
& (ppm) 173.5, 156.2, 52.4, 52.3, 49.6, 18.7. MS (i 161 (M").

Methyl N-(methoxycarbonyl)-N-methylalaninate Yields: 9-15%. Colourless oifH-NMR (200
MHz, CDCEL): ¢ (ppm) 4.38-4.31 (m, 1H), 3.72 (s, 3H), 3.66 (s),3401 (s, 3H), 1.40, 1.36 (s, 3H).
*C-NMR (CDCEk): 5 (ppm) 173.5, 156.2, 52.4, 52.3, 49.6, 29.7, 183.(El) m/z 175 (M").

Methyl N-(methoxycarbonyl)valinat Yield: 55%. Colourless oifH-NMR (200 MHz, CDC)): ¢
(ppm) 3.35-4.38 (m, 1H), 3.71 (s, 3H), 3.63 (s, 3M).90 (m, 1H), 0.85 (s, 3H), 0.82 (s, 3H}C-
NMR (CDCLk): § (ppm) 172.5,156.7, 58.8, 56.7, 51.8, 31.0, 18.%.(El) m/z 189 (M").

Methyl N-(tert-butoxycarbonyl)glycina Yield: 70%. Yellow oil."H-NMR (200 MHz, CDCJ): ¢
(ppm) 3.88 (d,)=6.0 Hz, 2H), 3.72 (s, 3H), 1.42 (s, 9HYC-NMR (CDC}): & (ppm) 170.1, 155.7,
79.9,52.2,42.3, 28.2. MS (Bf)/z 189 (M").

Methyl N-(tert-butoxycarbonyl)methioninat® Yield: 60%. Yellow oil. '"H-NMR (200 MHz,
CDCl): 6 (ppm) 4.44-4.37 (m, 1H), 3.71 (s, 3H), 2.50J&7.5 Hz, 2H), 2.17-1.79 (m, 2H), 2.07
(s,3H),1.41(s, 3H)"*C-NMR (CDCL): & (ppm) 172.8,156.7, 52.8, 52.4, 32.2, 29.9, 28535.1MS
(El) m/z 263 (M").
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Methyl N-(tert-butoxycarbonyl)-1-(methoxycarbonytophanate9. Yield: 40%. White solid'H-
NMR (200 MHz, CDCJ): ¢ (ppm) 8.15-8.12 (m, 2H), 7.50-7.20 (m, 2H), 4.7624(m, 1H), 4.01(s,
3H), 3.67 (s, 3H), 3.23-3.17 (m, 2H), 1.27 (s, 9KL-NMR (CDCL): 5 (ppm) 172.3, 155.1, 150.4,
137.5, 133.5, 124.9, 123.6, 122.9, 119.0, 115.3,91%3.8, 53.6, 52.5, 31.0, 28.3. MS (REl)z 376
M*).

1-tert-Butyl 2-methyl pyrrolidine-1,2-dicarboxylat®. Yield: 96%. Yellow oil."H-NMR (200 MHz,
CDCl): 6 (ppm) 4.28-4.30 (m, 1H), 3.73 (s, 3H), 3.45-3.88 2H), 2.14-1.70 (m, 4H), 1.43 (s, 9H).
¥C-NMR (CDCE): & (ppm) 171.1, 153.5, 79.7, 57.4, 52.0, 46.1, 32870, 23.5. MS (Elyn/z 229
(M").

Methyl N-(methoxycarbonyl)methionindté Yield: 45%. Yellow oil.*H-NMR (200 MHz, CDC)):

o (ppm) 4.47-4.41 (m, 1H), 3.70 (s, 3H), 3.67 (s),3H51 (t,J=7.5 Hz 2H), 2.22-1.88 (m, 2H), 2.08
(s, 3H).**C-NMR (CDC}): & (ppm) 172.5, 156.5, 53.1, 52.5, 31.9, 30.7, 1BI5. (El) m/z 221
(M").

Methyl N-(methoxycarbonyl)phenylalaninat®. Yield: 49%. Yellow oil. *H-NMR (200 MHz,
CDCl): 6 (ppm) 7.32-7.07 (m, 5H), 4.67-4.58 (m, 1H), 3.813H), 3.69 (s, 3H), 3.10-3.07 (m, 2H).
¥C-NMR (CDCE): & (ppm) 172.1, 156, 135.7, 129.2, 128.6, 127.1, 58270, 38.2. MS (Eljn/z
237 (M").

Methyl N-(methoxycarbonyl)-N-methylphenylalaninag Yield: 10%. Yellow oil.'"H-NMR (200
MHz, CDCL): ¢ (ppm) 7.32-7.07 (m, 5H), 4.67-4.58 (m, 1H) 3.713H), 3.69 (s, 3H), 3.10-3.07
(m, 2H), 2.75 (s, 3H)"*C-NMR (CDCL): & (ppm) 172.1, 156.3, 135.7, 129.2, 128.6, 127.17,54
52.3, 38.2, 29.7. MS (Elp/z 251 (M").

Methyl N-(methoxycarbonyl)tyrosinale. Yield: 65%. Yellow oil."H-NMR (200 MHz, CDCJ): 6
(ppm) 7.46-7.20 (m, 2H), 7.12-7.07 (m, 2H), 4.6374(m, 1H), 3.70 (s, 3H), 3.64 (s, 3H), 3.09-3.07
(m, 2H). ®*C-NMR (CDC}): & (ppm) 172, 156.2, 154.6, 135.7, 129.2, 128.5,,53283, 38.3. MS
(El) m/z 251 (M").

Methyl N-(methoxycarbonyl)-N-methyltyrosindt® Yield: 15%. Yellow oil.*H-NMR (200 MHz,
CDCly): 6 (ppm) 7.30-7.25 (m, 2H), 7.22-7.17 (m, 2H), 4.6374(m, 1H), 3.64 (s, 3H), 3.54 (s, 3H),
3.09-2.8 (m, 2H), 2.38 (s, 3HYC-NMR (CDCE): & (ppm) 171.8, 156.2, 154.8, 130.4, 127.9, 116.2,
62.8, 52.7, 51.9, 35.4, 30.0. MS (Bijz 267 (M").

N-(methoxycarbonyl)-O-methyltyrosidé. Yield: 6%. Yellow oil.'"H-NMR (200 MHz, CDC})): ¢
(ppm) 7.04-6.97 (m, 2H), 6.84-6.76 (m, 2H), 4.5964(m, 1H), 3.76 (s, 3H), 3.69 (s, 313)64 (s,
3H), 3.03-3.00 (m, 2H)**C-NMR (CDCEk): & (ppm) 171.9, 158.8, 156.2, 130.3, 125.6, 114.12,55
54.6, 52.0, 37.8. MS (Etp/z 267 (M").

55



Methyl N-(methoxycarbonyl)tryptophandt@ Yield: 50%. Yellow oil.'H-NMR (200 MHz, CDC)):

o (ppm) 8.15-8.14 (m, 2H), 7.54-6.98 (m, 2H), 4.7634(m, 1H), 3.66 (s, 3H), 3.64 (s, 313)30-
3.27 (m, 2H)."*C-NMR (CDCE): § (ppm) 173.8, 158.3, 139.2, 128.5, 124.6, 120.9,3,1119.5,
112.8, 106.8, 54.5, 52.1, 50.1, 28.4. MS (#lg 276 (M").

Methyl N-(methoxycarbonyl)-N-methyltryptophandi@ Yield: 10%. Yellow oil. 'H-NMR (200
MHz, CDCk): ¢ (ppm) 8.15-8.14 (m, 2H), 7.55-7.25 (m, 2H), 7.2057(m, 2H), 3.93 (s, 3H), 3.63
(s, 3H), 3.72-3.53 (m, 1H), 3.16-2.70 (m, 2H), 243 3H).**C-NMR (CDCL): & (ppm) 172.0,
157.7, 138.2, 128.0, 124.6, 121.3, 119.4, 118.0,8.0107.8, 61.6, 53.8, 52.7, 30.1, 27.0. MS (EIl)
m/z 290 (M").

Methyl N,1-bis(methoxycarbonyl)tryptophandi@ Yield: 9.6%. Yellow oil."H-NMR (200 MHz,
CDCl): ¢ (ppm) 8.15-8.14 (m, 2H), 7.54-7.10 (m, 2H), 6.989%(m,1H), 4.71-4.67 (m, 1H), 4.01 (s,
3H), 3.64 (s, 3H)3.22-3.20 (m, 2H)**C-NMR (CDCE): & (ppm) 174.0, 158.2, 150.4, 137.4, 128.0,
124.5, 123.4, 122.3, 119.5, 115.8, 105.8, 54.%,%2.1, 50.1, 29.3. MS (Et)/z 334 (M").

Methyl N-(methoxycarbonyl)-N,1-dimethyltryptopha2®. Yield: 7.4%. Yellow oil.'H-NMR (200
MHz, CDCk): 6 (ppm) 7.52-7.48 (m, 2H), 7.33-7.05 (m, 3H), 4.7624(m, 1H), 3.73(s, 3H), 3.67
(s, 3H), 3.65 (s,3HB.28-3.26 (m, 2H), 2.56 (s, 3HYC-NMR (CDC}): & (ppm) 172.0, 157.7, 137.5,
128.0, 121.4, 120.6, 120.4, 118.5, 107.8, 104.%,68.8, 52.7, 32.5, 30.1, 27.3. MS (Hl)z: 304
M*).

Dimethyl pyrrolidine-1,2-dicarboxylat®1. Yield: 42% yield. Yellow oil.'"H-NMR (200 MHz,
CDCly): 0 (ppm) 4.29-4.18 (m, 1H), 3.63 (s, 3H), 3.58 (s),38445-3.38 (m, 2H), 2.14-1.88 (m, 4H).
*C-NMR (CDCE): 5 (ppm) 171.1, 159.5, 57.4, 52.4, 52.0, 46.5, 38B74. MS (El)m/z: 187 (M").

Methyl  N-{imino[(methoxycarbonyl)amino]methyl}*N\>-bis(methoxycarbonyl)ornithinate 22.
Yield: 30%. Yellow oil.*H-NMR (200 MHz, CDCY): ¢ (ppm) 4.29-4.32 (m, 1H), 4.09-3.83 (m, 2H),
3.95 (s, 3H), 3.92 (s, 3H), 3.72 (s, 3H), 3.673(3), 2.0-2.05 (m, 2H), 1.85-1.67 (m, 2HIC-NMR
(CDCly): 5 (ppm) 175.7, 163.2, 156.8, 156.7, 153.5, 53.37,521.4, 48.8, 45.5, 30.7, 25.6. MS (El)
m/z: 362 (M").

Methyl N,3-bis(methoxycarbonyl)histidina28. Yield: 20%. Yellow oil. '"H-NMR (200 MHz,
CDCly): 6 (ppm) 7.35-7.40 (m, 1H), 6.61-6.67 (m, 1H), 5.28&(m, 1H), 3.71 (s, 3H), 3.65(s, 3H),
3.56 (s, 3H),3.34-3.15(m, 2H), 2.90(s, 3HC-NMR (CDCE): & (ppm) 175.0, 157.5, 138.5, 119.2,
112.8, 63.3,52.7, 52.1, 30.9, 30.0, 26.6. MS (&B: 255 (M").
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Deprotection of methyl N-(methoxycarbonyl)glycinate(1)

Procedure a).A mixture of methyl N-(methoxycarbonyl)glycinaté (0.3 mmol, 44 mg),
chlorotrimethylsilane (0.6 mmol, 0.040 mL) and sodi iodide (0.9 mmol, 70.3 mg) in dry
acetonitrile (5 mL) was kept under reflux in nitesgatmosphere. The reaction was monitored by
TLC using a ninidrine solution as detector. Thée, mixture was cooled to room temperature; 3 mL
of methanol saturated with HCI was carefully added the mixture was stirred for 15 min. The
solvents were removed under vacuum; the solutichwashed with MeCN, MeOH, and GElL, for
a complete removal of excess reagents and solybbedolucts. The white solid was dried under high

vacuum pump (23 mg, yield: 71%) and characterizetHb, *C NMR spectroscopy and GC-MS.

Procedure b)Methyl N-(methoxycarbonyl)glycinat&é (1.0 mmol, 147 mg) was solubilised in
MeOH/H,0=3/1 (12 mL), then a solution of 10% KOH was ad@HdmL). The mixture was kept at
room temperature and monitored by TLC using tharathc ninidrine solution. After 40 minutes the
substrate disappeared. Then, methanol saturatédH@t was added (4 mL) and the mixture was
stirred for 15 min. The solvents were removed un@deuum; the solution was washed with MeCN,
MeOH, and CHC1, for a complete removal of excess reagents andkeohy-products. The white
solid was dried under high vacuum pump (130 mdgdyi@0%) and characterized By , **C NMR
spectroscopy and GC-MS.

Glycine hydrochloride!H-NMR (200 MHz, CROD): ¢ (ppm) 2.29 (s, NH), 18.6-1.82 (m, 2HjC-
NMR (CDCLk): § (ppm) 169.7, 41.0. MS (Efy/: (sylilated product) 219 (KA.
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9. Synthesis of L-3,4-dihydroxyphenylalanine (L-DOR) derivatives with
2-iodoxybenzoic acid (IBX)

The synthesis of unnatural amino acids and peptgdetpivotal importance for the development
of a selective chemical engineering of protéfi#iccording to general methods employed for these
transformations, the amino acids and peptides eamddified at the backbone of the molecule as
well as in their side-chains. Backbone modificagigmclude changes at any one of the three repeating
moieties, that are NH, CO andCH bonds™*® Side-chain modifications are in general perforrhgd
oxidation of low redox potential residu¥§.In this latter case, a different selectivity issebved
depending on the nature of the oxidant. As for gdanthe selective oxidation of methionine (Met),
cysteine (Cys) and tryptophan (Trp) in the preseiaather potentially oxidizable residues has been
performed with the methyltrioxorhenium (MTO)/hydesgperoxide catalytic systeftf. High redox
potential residues, aliphatic side-chain amino gciéquire most powerful oxidants. Thus, leucine
(Leu) and leucine residues are oxidized by dimelibyirane (DMD) aty-CH bond to obtain the

corresponding 4,4-dimethyl-4-butanolide derivativéthout backbone modificatiort§®

Tyrosine (Tyr) is the onlyi-amino acid bearing the phenolic moiety. The catkderivative of
Tyr is 3,4-dihydroxyphenylalanine (DOPA). DOPA is anusual amino acid derived from post-
translational modification of tyrosirf&’ It is well known that DOPA is rarely included inopeins.
However, it is found in marine biological tissuéscluding coral reef structuréf’ eggshells™!
seashells*? and adhesives produced by mollusRslt has been postulated that the adhesive and
cohesive properties of mussel adhesive proteirseanwater is due to the catechol moiety present
into DOPA and DOPA residué¥ Cross-linked structures having DOPA residuesterbardened
matrices useful as biomateridls Since the late 1960s, DOPA is the most successérapeutic
agent in the treatment of Parkinson’s dis€ds#.is as building block for design and synthesis o
biologically active compounds! Thus, research in the design of novel synthesB@PA peptides
is a high priority. In this PhD course, we desallilaa efficient and selectivatho-hydroxylation of

Tyr and Tyr containing peptides to correspondingf@Qlerivatives with IBX.*®

Firstly, we turned our attention on the oxidatidrtyoosine. In order to avoid possible competitive
side reactions, we need to protect the amino gréum.utilized the N-Boc derivativ as starting
material'® The oxidation ofl. with a small excess of IBX in THF afforded a qitive conversion
of substrate after 40 min. Boc- DOPA-OMe derivat®avas obtained in 95% yield as the only
product Gcheme ;ITable 1 entry 1). The structure @was unambiguously assigned by comparison
with authentic sampl&® Compound2 showed a value of the optical rotatory powetp[+7.0°

(methanol, c=1.0, T=22°C) according to authentienantiomerf?
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0 )
MCMe a) IBX, THF HOWOM‘?
HO NHBoc  b)Na,S,0, H,0 HO NHBoc

1 2

Scheme 10xidative conversion of Boc-Tyr-OMkinto Boc-DOPA-OMe2 with IBX/Na,S,0, system

These experimental data demonstrated that theostemical integrity of the final product was
not compromised during the oxidative/reductive stdpBoc-L-Tyr-OMe 1. According to the
previously reported mechanism, the oxidation reactivith IBX probably proceeded with an ionic
pathway’>*! It is interesting to note that the IBX/MRaO, system mimed the activity of naturally

occurring mushroom tyrosinase (EC 1.14.181).

Table 1 Experimental data of oxidations depictedithemes 1 and 2

Entry  Substrate Product Conv. (%) Yield (%)

1 1 2 >98 95
2 3 4 90 85
3 5 6 88 84
4 7 8 85 80
5 9 10 80 75

On the basis of the efficiency observed in the atwah of 1 we extended the IBX procedure to a
panel of selected Tyr-containing dipeptides angdeptides bearing amino acids with different
aliphatic or aromatic side-chain residu8sifeme 2 The oxidation of Boc-Gly-Tyr-OM& with IBX
afforded Boc-Gly-DOPA-OMet in good conversion and yielddble 1 entry 2, besides to a low
amount of unreacted substrate. In a similar wagatinent of Boc-Tyr-Phe-OMé& gave the
corresponding Boc-DOPA-Phe-OMgin satisfactory conversion and yiel@laple 1, entry 3. The
transformations reported were found to be selectirel the possible oxidation of the benzylic
position*??in phenylalanine (Phe) residue as well as th#@fmide group? in the backbone were
not observed in our experimental conditions. Finate oxidation of tripeptides Boc-Gly-Leu-Tyr-
OMe 7 bearing one reactive Tyr residue, and Boc-Tyr-Tyr-OMe 9 bearing three reactive Tyr
residues, was studied. In the cas& dfe Tyr residue was selectively oxidized to givac&sly-Leu-
DOPA-OMe8 in good conversion and yielddble 1 entry 4. The treatment of Boc-Tyr-Tyr-Tyr-
OMe 9 with 1.2 equiv. of IBX afforded a complex mixturéreaction products probably due to a low

selectivity in the oxidation of different Tyr resies. According to this hypothesis, the reaction
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repeated in the presence of a large excess of WBR équiv.) gave the highly functionalized
tripeptides Boc-DOPA-DOPA-DOPA-OM&OQ, in which all Tyr residues are functionalized, in
satisfactory yield Table 1 entry 5. The shifts of the absorptions of the nine araenptotons at
6.26-6.62 ppm in théH NMR spectrum ofl0 compared to the absorptions of the twelve aromatic
protons at 6.56-6.86 ppm &fand the appearance of three new quaternary catoons in the*C

NMR spectrum ofl0 confirmed the assigned structure

OH
OH
0]
Boc-Gly-Tyr-OMe —_— BocHNJLN OMe
H O
3 4
0]
BocHN N OMe
Boc-Tyr-Phe-OMe —_— H O
5 HO OH 6
Boc-Gly-Leu-Tyr-OMe — BocHN_X Irf
7
OH
OH
(0] H O
BocHN N N OMe
Boc-Tyr-Tyr-Tyr-OMe — H O
9 HO 10 OH
OH OH

Scheme 2 Oxidative modification of dipeptide8, 5 and tripeptided, 9 with IBX/N&a,S,0, system

As selected examples, the stereochemical integrfitpeptides4 and 10 was confirmed by
comparison of the optical rotatory power with autiee samples after deprotection procedure above

described [Gly-L-DOPA: foundd], +46.0°, reported +46.07°; L-DOPA-L-DOPA-L-DOPA:uiad
[a]p +13.7, reported +13.76 (1M HCI, c=1.0, T=25%)'%
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In view of technological applications of the IBXegmedure for the oxidative conversion of
tyrosine derivatives into DOPA residues, we workeder heterogeneous conditions using polymer-
supported IBX, specifically IBX polystyrene alreadpplied successful by us for the synthesis of
hydroxytyrosol***> and catecholaminéé’ As selected model compound, we tested the oxidatio
Boc-Tyr-OMe derivativel. Good results in terms of conversion of substeatd yield of2 were
obtained with an excess of the oxidant (conversi@bRbo, yield: 90%). Recycling experiments
proceeded with success. When the substrate disgghdhe polymeric reagent was recovered and
IBX polystyrene was regenerated according to tlesipusly reported® and reused in oxidations As
shown, IBX polystyrene was used for at least fiyeles of oxidation without loss of efficiency to
give 2 (Table 2 entries 1-5. With the sixth recycling experiment, conversi@ml yields decreased
but no side-chain products were isolated demotirsgraihat the oxidations proceeded again with an

high chemo- and regio-selectivitygble 2 entries 6-10.

Table 2 Experiment of recycling of IBX polystyrene in theidation ofl.

Entry Run Conv. (%) Yield (%)
1 1 95 90
2 2 95 88
3 3 95 90
4 4 94 89
5 5 95 88
6 6 75 72
7 7 72 70
8 8 70 68
9 9 72 70
10 10 70 68

In conclusion, our results showed that IBX and IBalystyrene were efficient reagents in the
oxidative conversion of tyrosine and tyrosine datiwes into DOPA and DOPA residues. The
stereochemical integrity of the final product wast sompromised during the reactiotgsually,
DOPA peptides are prepared under solid phase siattigat sometimes requires complex reaction
conditions. To the best of our knowledge this is fiinst example of an one-pot synthesis of DOPA
peptides starting from already available substraldds procedure opens a novel way for the

synthesis of modified proteins having DOPA residagheir structure.
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Experimental section

Materials and methods

All chemicals were purchased from Sigma-Aldrich amere of analytical grade. Silica gel 60
F254 plates were obtained from Merdd. NMR and™*C NMR were recorded on a Bruker 200 MHz
spectrometer using CD£4s solvent. All chemical shifts are expressedom ©® scale) and coupling

constants in Hz.

Oxidation of tyrosine derivatives

The appropriate substraté, @, 5, 7, 9, 1.0 mmol) was dissolved in THF (8.0 mL) with aadim
excess of IBX (1.2 eq., 336.0 mg). The solution si@sed at room temperature until disappearance
of the substrate followed kin situ reduction with sodium dithionite (N&0O,, 2.0 equiv.) in water
(8.0 mL), afforded to correspondent DOPA derivatimehigh yield @,4, 6, 8, 10, 75-95%). No

chromatographic purifications needed.

Methyl N-(tert-butoxycarbonyl)-3-hydroxytyrosiné€Boc-DOPA-OMe). Yield: 95%. Yellow oil.
'H-NMR (200 MHz, CDC}):  (ppm) 6.98-6.75 (m, 2H), 4.19-4.17 (m, 1H), 3.693H), 3.70 (s,
3H), 3.19-3.07 (m, 2H), 1.30 (s, 9HJC-NMR (CDCE): & (ppm) 171.9, 155.8, 146.8, 143.9, 127.1,
122.5,116.7, 115.8, 79.5, 54.6, 52.0, 38.0, 243 (El) m/z: 251 (M").

Methyl N-(tert-butoxycarbonyl)glycyl-3-hydroxytymoste 4 (Boc-Gly-Tyr-OMe). Yield: 85%.
Yellow oil. *"H-NMR (200 MHz, CDC}): § (ppm)'*H-NMR (200 MHz, CDC)): 6 (ppm) 6.74-6.65
(m, 2H), 4.87-4.84 (m, 1H), 3.89 (s, 2H), 3.7038l), 3.03-2.91 (m, 2H), 1.39 (s, 9HJC-NMR
(CDCL): 6 (ppm) 173.5, 170.2, 158.7, 145.3, 142.2, 130.2,9,2116.2, 115.2, 79.1, 52.4, 49.1,
44.1, 37.1, 28.2. MS (Efp/z: 251 (M").

Methyl N-(tert-butoxycarbonyl)-3-hydroxytyrosylplkaianinate 6 (Boc-DOPA-Phe-OMe).
Yield: 84%. Yellow oil."H-NMR (200 MHz, CDC)): 6 (ppm) 7.38-7.18 (m, 6H), 6.73-6.75 (m, 2H),
4.91-4.84 (m, 2H), 3.55 (s, 3H), 3.11-2.96 (m, 4H)} (s, 9H).*C-NMR (CDCE): & (ppm)
172.0,170.2, 157.8, 146.6, 144.2, 136.1, 129.5,51286.5, 122.5, 116.6, 115.7, 81.0, 55.4, 52.9,
50.1, 37.6, 37.5, 28.9. MS (E#)/z: 251 (M").

Methyl N-(tert-butoxycarbonyl)glycylvalyl-3-hydrdygosinate 8 (Boc-Gly-Leu-DOPA-OMe).
Yield: 80%. Yellow oil.'"H-NMR (200 MHz, CDC}): ¢ (ppm) 6.67-6.73 (m, 3H), 4.56-4.59 (m,
2H), 3.92 (s, 2H), 3.55 (s, 3H), 3.03-2.91 (m, 2H23 (m, 1H), 1.39 (s, 9H), 0.96-0.81 (m, 6HE-
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NMR (CDCk): & (ppm) 170.2, 169.5, 155.3, 145.3, 142.2, 127.2.92116.2, 115.2, 78.5, 56.4,
55.0, 52.5, 42.2, 36.9, 30.3, 28.2, 18.21, 17.0.(&A%m/z: 251 (M").

Methyl N-(tert-butoxycarbonyl)-3-hydroxytyrosyl-@elmoxytyrosyl-3-hydroxytyrosinateO (Boc-
DOPA-DOPA-DOPA-OMe). Yield: 75%. Yellow oitH-NMR (200 MHz, CDC})): 6 (ppm) 6.83-
6.51 (m, 9H), 4.70-4.51 (m, 3H), 3.65 (m, 3H), 2204 (m, 6H), 1.33 (s, 9H)’C-NMR (CDCL): &
(ppm) 172.2,171.5, 170.8, 155.9, 144.4 144.3,1443.6, 129.6, 127.9, 127.7,127.3, 120.7, 116.1,
115.8, 115.2, 80.6, 60.5, 53.6, 52.2, 37.1, 36%,38.0.

Determination of rotatory power of Boc-DOPA-OMe (2)

In order to further confirm the chirality of Boc-I®&-OMe derivative2, it wasdeprotected by
HCl-saturated ethyl acetate and 10% KOH solutiormigthanol to give free DOPA which was
subjected to chiral HPLC analysis (CHIROBIOTIC TidAch) using commercial L-DOPA and D,L-
DOPA as previously reportéd’. The presence of the peak attributable to L-DOPA tue absence
of the D-DOPA in the HPLC profile of the sample paeed according to our procedure confirmed
the chirality of the produciCompound? showed a value of the optical rotatory powe}p[+7.0°

(methanol, c=1.0, T=22°C) according to authentierantiomer.

Recycling experiments of oxidative procedure of Batyr-OMe (1)

After each run the polymeric reagent was recovésedlitration and the remaining solution was
treated with Ng5,0,. IBX polystyrene was regenerated and reused idatixins after adding fresh
substrate.). Derivative afforded as the only product for 10 runs in goddg (68-90%).
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10. New high added-value products from glycerol

On the basis of our previous experience on thizatibn of the DMC/DBU system, first of all we
synthesized 1,2-glycerol carbonatecheme )1 Glycerol was solubilized in DMC and DBU was
added. The mixture was kept at reflux temperat@@ {C). Monitoring the reaction via gas-
chromatography (GC-MS), we isolated the expectedymt after 7 h (yield: 70%).

OH
OH
DMC/DBU S/\
HO OH ————, 0
reflux, 7 h (0]

o=

Scheme 1Synthetic procedure of glycerol carbonate with DMBIDsystem

Moreover, we observed the formation of by-productandB (yields: 10 and 15%igure 1).
Prolonging the reaction time until 24 h, compow@as the only product recovered in quantitative

yield.

Figure 1. By-products A and B obtained from the synthesis &fdlycerol carbonate

In order to increase the green character of thishggis, we utilized polymer-bound DBU (1%
cross linked with divinylbenzene). After 9 h of cdan, we obtained 1,2-glycerol carbonate in 75%
yield, comparable to that obtained in homogeneaarsditions. Also the two by-products were
isolated in similar yieldsAfter the reaction, polymer-bound DBU was recoveaed reused for a
new synthesis adding fresh glycerol and DMC. DB waed until the third run but a decrease of

the efficiency was observed since the secondFigu(e 2.
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Figure 2. Recycling of polymer-bound DBU

Then, we converted glycerol carbonate into tosglaigcerol carbonate by the procedure already
reported in the literature&SCheme R Glycerol carbonate was dissolved in LCH, after triethylamine
and tosyl chloride were added. The expected progdastisolated in quantitative yield.

OH 0S0,PhMe

K‘/\ Et;N,MePhSO,Cl
—_—
O o)

o\\g CHJ.Cl,, rt,24 h O\\<
]

Scheme 2Sulfonate activation of glycerol carbonate

The chemical versatility of tosylated glycerol camhte appeared to us particularly promising in
order to synthesised new molecules containing yeegpl-skeleton by nucleophilic substitutions. In
particular we projected the synthesis of novel plienand catecholic compounds with potential
antioxidant activity. On the basis of our previ@periencé?** we chose 2-phenethylalcohbl2-
(4-hydroxyphenyl)ethand (tyrosol), 4(3-hydroxypropyl)phend, 3-(2-hydroxyethyl)phenod and
4-hydroxy-3-methoxyphenethandl (homovanillyl alcohol) as nucleophilic reagent$ieTreaction
between tosylated glycerol carbonate and 2-phelatiopnol 1 was the model reactiols¢heme 3

All experimental conditions are reportedTiable 1
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Table 1 Influence of reaction parameters in nucleophiliostitution of tosylated glycerol carbonate

Entry 1(eq.) Solvent Base (eq.) T (°C) t(h) 6 (yield %) 7 (yield %)
1 3 DMF NaHCQ(6.0) 90 24 - -

2 3 DMF EgN (6.0) 90 24 - -

3 1 DMF K,COs (3.0) 90 7 22 16

4 1 DMF K,COs (3.0) 90 24 15 21

5 3 DMF K,CO; (6.0) 90 7 30 18

6 3 DMF K,CO; (6.0) 90 24 19 42

7 1.2 THRy NaH (1.2)* -78tort 2 50 15

* In the presence of catalytic amount of tetrabamymonium bromide (TBAB)

Firstly, we carried out the reaction in DMF withdaam hydrogen carbonate or triethylamine as
bases for 24 h and the presence of a large exté&sses and phenethyl alcoofTable 1 entries 1
and?2). Unfortunately, no products were observed. Wikapsium carbonate, a mixture of produits
and 7 was obtained in 16-42% yields depending ereperimental conditiong éble 1, entries 3-

6). The highest yield of the expected prodéceven if again moderate, was obtained with a large
excess of phenethyl alcohbland base after 7 Agble 1, entry b Under the same experimental
conditions but prolonging time reaction until 24the main compound was(Table 1, entry b A
satisfactory yield of compoun@ was obtained by using sodium hydride as base acataytic
amount of tetrabutylammonium bromide (TBAB) in diF (Table 1, entry ¥.

0SO,PhMe \/&
OH o) 0]
O — Oy
o) 1 6

+

G

Scheme 3Reaction between tosylated glycerol carbonate apldeRethylalcohol

Then, we applied these experimental conditions tyithisol 2, 4(3-hydroxypropyl)phend, 3-(2-
hydroxyethyl)pheno# and homovanillyl alcohdb. Unfortunately, when glycerol carbonate reacted
with these nucleophiles, complex mixtures of reactwere obtained, probably for possible
competitive reactions of the phenolic moiety. ldanrto avoid the side reactions, we protected the
phenolic group with a procedure already optimizgdis, based on two stef8cheme 4% First, we

protected the alcoholic and phenolic groups byrame/methylation/methylation with DMC/DBU
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system to obtain the corresponding compoudd in quantitative yields; then, we hydrolyzed the

carbonate moiety under basic conditions in ordestiiain methylated derivativd-15 (yields: 90-

95%). Then, we performed the reaction of thesevdtvies with tosylated glycerol carbonate in dry

THF and in the presence of sodium hydride and TBa®8previously described. Compourids19
were isolated in 42-50% vyields. The different alkylain length of derivative$2 and 13 and the

position of the methoxy group into the aromatigrof 14 and15 did not influence the course of the

reaction.
H OCH
O DMC/DBU, 90°C, 24h A O\[( CHs
o)
Rz R2
R1 R1

2 n=1, Ry=H, R,=OH 8 n=1, Ry=H, R;=OCHj3

3: n=2, R4=H, R,=OH 9: n=2, Ry=H, R;=OCHj,

4: n=1, R4=OH, Ry=H 10: n=1, Ry=0OCHj3, Ry=H

5: n=1, R1=OCH3, R2=OH 1: n=1, R1=R2=OCH3

NaOH 1 N, THF, rt, 24 h
O
0.0 OH
n \ﬂ/ \/A NaH, dry THF, 90°C, 7h A
5 -
Ry ’\ Rz
R1 R1
0SO,PhM

16: n=1 Ry=H, R,=OCH; 2-hivie 12: n=1 Ry=H, R,=OCHj
17: n=2 R1=H, R2=OCH3 K’/\ 13: n=2 R1=H, R2=OCH3
18: n=1 R1=OCH3’ Ro=-H O 14: n=1 R1=OCH3, Ry=-H
19: n=1 R{=0OCHj3, R,=OCHj3 15: n=1 R1=0CH3, R,=OCHj3

Scheme 4Preparation of compound$-19

™

Then, we demethylated compourids18by using a dichloromethane solution of BBrorder to

obtain the corresponding hydroxylated compow@2?2 (yields: 40-55%Scheme b Unfortunately,

during these methylation reactions, BBpened also the epoxidic rings. Finally, compou2@?2

were hydroxylated on the aromatic ring by using B¥/Na,S,0, proceduré”’* Products23-25

were isolated in moderate yields (43-49%).

Work is in progress about the evaluation of thecaidant activity of these new compounds by

using the 2,2-diphenyl-1-picrylhydrazyl (DPPHadical test assdy’ The antioxidant activity was

defined as the amount of compound necessary teaserthe initial DPPHoncentration by 50%
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and expressed as EEfficient Concentration=mmol isochroman/mmol DPPHhe reduction of
DPPHwas followed by monitoring the decrease in the dimmace ah=516 nm of known solutions
of compounds to be tested until reaching the sts&atg. Preliminary data of E£&of compounds,

16, 20, 23 showed that the antioxidant activity follows theler23> 20> 16> 6. As a conseguence,
both the phenolic and catecholic moiety is essktdigncrease the antioxidant activity, as already

reported in the literaturé® and observed by us for similar compouf{tfs.

0] OH
0] (0]
N Mg BBr3 dry CH,Cly -15 °C, 2h N O\H/OJ\
o o} Br
R2 R2
R1 R1
16: n=1, R1=H, R,=OCHj 20: n=1, R4=H, R,=0OH
17: n=2, R1=H, R,=0OCH3; 21: n=2, R4=H, R,=0OH
18: n=1, R1=OCH3’ R2=H 22; n=1, R1=OH, R2=H

IBX, MeOH; Na,S;0,4 H,0

23: n=1, R4=H, R,=OH, R3=OH
24: n=2, R4=H, R,=OH, R;=OH
25: n=1, Ry=OH; R,=OH, R3=H

Scheme 5Synthesis of hydroxylated derivatives of glycidgtisonates

In conclusion, glycerol carbonate was obtained atisgactory yield from renewable starting
material, glycerol, and dimethyl carbonate, an eeoélly chemical in the presence of DBU. We
explored the versatility of tosylated glycerol camhte toward a series of phenolic compounds in
order to prepare new compounds. This route is angm@ternative to the use of glycidol and
epichloridrin in order to prepare compounds com@he oxyranyl moiety, a key structural segment
in organic synthesis. Finally, after the regiostechydroxylation of aromatic with IBX/Na®,

system, we isolate new catecholic compounds witarg@l antioxidant activity.
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Experimental section

Materials and Methods

All chemicals were purchased from Aldrich Compalulidn, Italy). Solvents were of the highest
commercially available quality. Dry THF was premhrefluxing on KOH and after on potassium
under nitrogen atmosphere. Dry &H, was obtained refluxing the solvent on GaReactions were
monitored by Thin Layer Chromatography (TLC) anedysn silica gel plates (Kieselgel 60 F254).
The spots were visualized with UV light and, wheecessary, iodine vapours. Column
chromatography was performed on silica gel 60 coroially available from Merk using mixtures of
petroleum ether /ethyl acetate or dichlorometham methanotH-NMR, **C-NMR spectra were
recorded on a Bruker spectrometer (200 MHz). Chahshift 0) are reported in parts per million;
coupling constantsJ) are reported in Hertz. GC-MS analysis was per&on a Shimatzu VG
70/250S spectrometer with an electron beam of 7Gmed/a CP-SIL 8 CB-MS column (25m, 0.25
mm and 0.25 mm film thickness). GC-MS analysis weorded using an isothermal temperature
profile of 100 °C for 2 minutes, followed by a 1G/fMmin temperature gradient for 15 minutes until

280°C. The injector temperature was 280 °C.

Synthesis of 1,2-glycerol carbonate (4-hydroxymetind,3-dioxolan-2one)

Procedure a)Glycerol (92 mg, 1.0 mmol) was dissolved in DMCO(é1L), then DBU (1.0 eq.)
was added; the mixture was stirred at reflux fr. The reaction was monitored by GC-MS analysis
and by TLC, using UV and iodine vapours as detsctat the end, the mixture was cooled to room
temperature. DMC was evaporated under vacuum azeatropic mixture with methanol and the
crude mixture was purified by chromatography oncailgel (eluent: CECl,/MeOH=9/1). 1,2-
Glycerol carbonate (yield: 70%), diglycerol tricartate A (yield: 10%) and 4-
(methoxycarbonyloxymethyl)-1,3-dioxolan-2-ome (yield: 15%) were characterized B{-NMR,
C-NMR and GC-MS.

Procedure b)Glycerol (92 mg, 1.0 mmol) was dissolved in DMCX(&1L), then polymer-bound
DBU (1.0 eq., N loading: 1.15 mmol/g) was added thixture was stirred at reflux for 9 h. The
reaction was monitored by GC-MS and by TLC using &\d iodine vapours as detectors. At the
end, the mixture was cooled to room temperaturlgnper-bound was filtered, DMC was evaporated
under vacuum as an azeotropic mixture with methamal the crude mixture was purified by

chromatography on silica gel (eluents: £H/MeOH=9/1). 1,2-Glycerol carbonate (yield: 75%),
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diglycerol tricarbonateA (yield: 12%) and 4-(methoxycarbonyloxymethyl)-1j8xblan-2-oneB
(vield: 10%) were characterized Hy-NMR, **C-NMR and GC-MS.

Glycerol 1,2-carbonate (4-hydroxymethyl-1,3-dioxeone). Colourless oil. '"H-NMR (200
MHz, CDCL/CD;OD): 6 (ppm) 4.70-4.60 (m, 1H), 4.42 (d#~=8.0 Hz J,=8.4 Hz 1H), 4.27 (dd,
J;=8.0 Hz, J,=6.0 Hz 1H) 3.72 (dddJ;=2.0 Hz;, }=4.0 Hz %= 8.0 Hz, 1H) 3.48 (ddd};=2.0 Hz,
J,=4.0 Hz, 3= 8.0 Hz, 1H)."*C-NMR (CDCL/CD;0D): & (ppm) 115.6, 77.4, 66.3, 61.3. MS (Ei)z
(sylilated glycerol carbonate): 189 (M- 1).

Diglycerol tricarbonateA. Colourless oil.'H-NMR (200 MHz, CDC)) ¢ (ppm) 4.84-4.77 (m,
2H), 4.48 (ddJ, and J,=8.6 Hz, 1H), 4.39 (ddJ;=13.2 Hz, J=3.2 Hz 1H), 4.34 (ddJ;=6.0 Hz,
J,=2 Hz, 1H), 4.29 (ddJ;=4.2 Hz, 3=2.4 Hz 1H).C-NMR: (CDC}): 5 (ppm) 156.0, 155.5, 70.3,
67.3, 65.1. MS (Eln/z: 262 (M" — 1).

4-(Methoxycarbonyloxymethyl)-1,3-dioxolan-2-@enhite solid.*H-NMR (200 MHz, CDC}) 6
(ppm) 4.88-4.77 (m, 1H), 4.44 &, and 3=8.6 Hz 1H), 4.32 (ddJ;=13.2 Hz, J=3.2 Hz 1H), 4.25
(dd, J,=6.0 Hz, J=2 Hz, 1H), 4.16 (dd.;=4.2 Hz, 3=2.4 Hz 1H) 3.65 (s 3H)**C-NMR: (CDCk):
8 (ppm) 155.1, 154.4, 73.6, 66.1, 65.8, 55.4. MS (kZk: 177 (M" + 1).

Synthesis of 30-tosylated-1,2-glycerol carbonate

1,2-Glycerol carbonate (1.0 g, 8.5 mmol) was dis=mblin CHCI, (10 mL), after triethylamine
(1.0 eq.) and tosyl chloride (2 g, 10.2 mmol, 1g2) evere added. The mixture was stirred at room
temperature for 24h. The reaction was monitoredIb§. At the end, CHCl, was evaporated under
vacuum. The crude product was washed with cold amethand dried at high vacuum pump. 3-O-
Tosylated-1,2-glycerol carbonate was isolated iangjtative yield and characterized Hy-NMR,
C-NMR and GC-MS.

3-O-Tosylated-1,2-glycerol carbonat&Vhite solid. 'H-NMR (200 MHz, CDCYCD;OD) §
(ppm)7.80-7.74(m, 2H), 7.40-7.24(m, 2H), 4.93-4(82, 1H), 4.56 (dd,);=8.0 Hz 1H); 4.34 (dd,
J;=6.0 Hz; 3=2.0 Hz, 1H) 4.20 (ddJ;=2.0 Hz 2H); 2.45 (s, 3H)**C-NMR: (CDCL/CD;OD): &
(ppm) 155.6, 145.3, 133.0, 129.9, 128.0, 72.1,,70733, 21.8. MS (EIMm/z (sylilated glycerol
carbonate): 272 (M.

Preparation of compounds (8-11)
The appropriate phengt5 (1.0 mmol) was solubilised in DMC (6.0 mL), then DB1.2 eq., 178
pL) was added and the mixture was heated to ref0xX’C) for 24 h. The reaction was monitored by
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TLC and GC-MS. After the disappearance of the satistthe reaction mixture was cooled to room
temperature and DMC was evaporated under vacuum méthanol. The residue was solubilised
with dichloromethane (10 mL) and treated with H®I (6.0 mL). The aqueous phase was extracted
with dichloromethane (3x5 mL). The reunited orggoiases were washed with a saturated solution
of NaCl (10 mL) and dried over MNaO,. Compounds3-11 were isolated in quantitative yields and
characterized bH-NMR, *C-NMR and GC-MS.

2-(4’-Methoxyphenyl)ethyl methyl carbonaie Colourless oil.*H-NMR (200 MHz, CDC})) §
(ppm) 7.16-7.09 (m, 2H), 6.86-6.75 (m, 2H), 4.28&7.1 Hz 2H), 3.77 (s, 3H), 3.74 (s, 3H), 2.90
(t, J=7.1 Hz 2H).*C-NMR (CDC}): & (ppm) 158.0, 155.6,131.3, 131.2, 112.3, 67.8, 55521,
35.3. MS (El)m/z: 210 (M").

3-(4’-Methoxyphenyl)propyl methyl carbon@e Colourless oil!H-NMR (200 MHz, CDCJ): §
(ppm) 7.14-7.09 (m, 2H) 6.86-6.74 (m, 2H), 4.14)&7.1 Hz, 2H), 3.77 (s, 3H), 3.75 (s, 3H) 2.63 (t,
J=8 Hz, 2H); 1.91-1.82 (m, 2HY>C-NMR (CDCL): & (ppm) 157.1, 155.7,134.4, 130.3, 114.5, 68.8,
55.2, 55.1, 31.4, 30.4. MS (Bf)/z: 224 (M").

2-(3'-Methoxyphenyl)ethyl methyl carbonét@. Colourless oil'H-NMR (200 MHz, CDC)): §
(ppm) 7.20-7.16 (m, 1H) 6.81-6.74 (m, 3H), 4.32J&7.1Hz, 2H), 3.75 (s, 3H), 3.73 (s, 3H) 2.93
(t,J=7.1 Hz, 2H)**C-NMR (CDCE): & (ppm) 158.8, 155.6,141.71, 129.2, 121.3, 113.2,6,167.8,
55.5, 55.1, 35.7. MS (E/z:210 (M").

2-(3',4’Dimethoxyphenyl)ethyl methyl carbonate Colourless oil.'H-NMR (200 MHz, CDC)):
o (ppm) 6.85-6.67 (m, 3H), 4.28 (t, J=7.1Hz, 2H),43(8, 6H), 3.75 (s, 3H) 2.88 (t, J=7.1 Hz, 2H).
*C-NMR (CDCk): & (ppm) 155.6,150.2, 149.1, 133.2, 123.2, 114.8,3,247.8, 55.5, 55.1, 35.7.
MS (El) m/z: 240 (M").

Preparation of compounds (12-15)

The appropriate compoun8sl11 (1.0 mmol) was solubilised in tetrahydrofuran (#Q), then a
solution of 1N NaOH (4.0 mL) was added. The reactioxture was stirred at room temperature for
24 h and monitored by TLC. At the end of the reagtihe solvent was removed under vacuum. The
residue was neutralized with HCI 1N. Then, the aggsephase was extracted with dichloromethane
(3x5 mL). The organic phases were washed withwa@td solution of NaCl (10 mL) and dried over
NaSQ,. After the evaporation of the solvent, produk2s15were isolated in quantitative yields and
characterized bjH-NMR, *C-NMR and GC-MS.
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2-(4’-Methoxyphenyl)ethandl2. Colourless oil'H-NMR (200 MHz, CDC}) 6 (ppm) 7.14-7.09
(m, 2H), 6.87-6.81 (m, 2H), 3.76 (7.1 Hz 2H), 3.76 (s, 3H), 2.77 (8=7.1 Hz 2H); *C-NMR
(CDCl): & (ppm) 158.0, 131.3, 131.0, 112.5, 63.0, 55.2, ;389 (EI) m/z: (silylated product) 224
(M+)

3-(4’-Methoxyphenyl)propan-1-di3. Colourless oil'lH-NMR (200 MHz, CDC)): ¢ (ppm) 7.13-
7.08 (m, 2H) 6.86-6.80 (m, 2H), 3.76 (s, 3H), 3t62£7.1 Hz 2H), 2.63 (tJ=8 Hz 2H), 1.91-1.80
(m, 2H).**C-NMR (CDC}): & (ppm) 157.2, 134.3, 129.3, 113.9, 62.4, 55.2, ,32258; MS (El)m/z
(silylated produgt238 (M").

2-(3'-Methoxyphenyl)ethandl4. Colourless oil*H-NMR (200 MHz, CDCJ): d (ppm) 7.26-7.17
(m, 1H) 6.82-6.75 (m, 3H), 3.80 @=7.1Hz 2H), 3.78 (s, 3H), 2.82 (1=7.1 Hz 2H). *C-NMR
(CDCly): & (ppm) 159.1, 141.4, 129.4, 128.9, 113.0, 112.64,685.5, 39.2. MS (Eln/z: 224 (M").

2-(3',4’-Dimethoxyphenyl)ethandl5. Colourless oil*H-NMR (200 MHz, CDC}): é (ppm) 6.78-
6.68 (m, 3H), 3.82 (s, 6H), 3.76 J&£7.1Hz 2H), 2.74 (tJ=7.1 Hz 2H).*C-NMR (CDC}): & (ppm)
150.4, 149.1, 133.4, 121.4, 113.9, 113.3, 64.%,58.7; MS (EIm/z: (silylated product) 242 (4.

Synthesis of alkyl glycidyl carbonates (16-19)

The appropriate compouri®-15(2.0 mmol) was solubilized in dry THB mL) and NaH (1.2
equiv.) was added. The mixture was kept underestiat-70°C under nitrogen atmosphere for 15
minutes. Then, a solution of tosylated 1,2-glycexaibonate (0.5 g, 1.84 mmol) andBu,NBr (59
mg, 0.183 mmol) in dry THF (5 mL) was slowly add&tie reaction was monitored by TLC. After 2
h at -70°C under stirring, the mixture was allovwedlowly warm up to room temperature; after 1h
THF was evaporated under vacuum and the crude raixtas solubilised in ethyl acetate and water.
The organic layer was washed with water and briinen dried over N&QO,. After filtration and
concentration of the solution in vacuum, the residwas purified by flash column chromatography
(petroleum ether/ethyl acetate=3/1). At the enggidlyl carbonates, 16-19were isolated in 42-50%
yields and characterized Biy-NMR, **C-NMR and GC-MS.

Oxiran-2"-ylmethyl 2-phenylethyl carbona@ Colourless oil'H-NMR (200 MHz, CDC}) §
(ppm) 7.33-7.18 (m, 5H), 4.35 (dd;=12.0 Hz, J=4.0 Hz 1H), 4.34 (t,J=8 Hz, 2H), 4.00 (dd
J=6.0 Hz1H), 3.24-3.16 (m, 1H), 2.97 @=7.1 Hz 2H) 2.82(tJ; andJ,=4 Hz, 1H), 2.63 (ddJ)=2.4
Hz, 1H).'*C-NMR: (CDCk): & (ppm)154.9, 137.1, 128.9, 128.6, 126.7, 68.6,,68021, 44.6, 35.1.
MS (El) m/z:222 (M").

2-(4’-Methoxyphenyl)ethyl oxiran-2-ylmethyl carb&ma6. Colourless oil'H-NMR (200 MHz,
CDCly) 6 (ppm) 7.14-7.08 (m, 2H), 6.85-6.78 (m, 2H),4.35, @¢3.2 and J,=8.0 Hz, 1H), 4.28 (t,
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J=8.0 Hz 2H), 3.98 (dd,J=6.0 Hz 1H), 3.75 (s, 3H), 3.22-3.14 (m, 1H), 2.89J¢7.1 Hz 2H),
2.80(t,J; andJ,=4.5 Hz, 1H), 2.63 (ddJ=2.4 Hz 1H).*C-NMR: (CDCE): § (ppm) 158.4, 154.9,
129.9, 129.1, 114.0, 68.9, 68.1, 55.2, 49.0, BUE. MS (El)m/z: 252 (M").

3-(4’-Methoxyphenyl)propyl oxiran-2-ylmethyl carlzse17. Colourless oil*H-NMR (200 MHz,
CDCly) 6 (ppm) 7.24-7.06 (m, 2H), 6.85-6.78 (m, 2H),4.38,(d3.3 Hz, J=8.8 Hz, 1H), 4.14 (t,
J=6 Hz, 2H), 4.02 (ddJ=6.0 Hz 1H), 3.76 (s, 3H), 3.27-3.19 (m, 1H), 2.84Jtand J,=4.0 Hz
1H), 2.66 (dd,J=2.4 Hz 1H), 2.89 (t,J=7.1 Hz 2H),2.02-1.88 (m, 2H)**C-NMR: (CDCL): &
(ppm)157.9, 155.0, 132.9, 129.3, 113.9, 68.1, 69562, 49.0, 44.6, 30.9, 30.4. MS (Htyz: 266
(M™).

2-(3'-Methoxyphenyl)ethyl oxiran-2-ylmethyl carb&ma8. Colourless oil'H-NMR (200 MHz,
CDCl) 6 (ppm) 7.24-7.17 (m, 1H), 6.82-6.75 (m, 3H), 4.34,(tH, J,=2.0 Hz, 3=12.0 Hz 2H),
4.34 (t,J=7.2 Hz 2H), 4.01 (ddJ=6.0 Hz 1H), 3.78 (s, 3H), 3.25-3.17 (m, 1H), 2.95 (t7.2=Hz,
2H) 2.83(t,J; and J,=4.5 Hz 1H), 2.64 (ddJ=2.4 Hz 1H). **C-NMR: (CDC}): & (ppm) 160.0,
159.7, 138.6, 129.6, 121.3, 114.7, 112.1, 68.2,6@%.2, 49.0, 44.6, 35.1. MS (Eyz: 252 (M").

2-(3",4’-Dimethoxyphenyl)ethyl oxiran-2-yimethylrbanate 19. Colourless oil!H-NMR (200
MHz, CDCL) 6 (ppm) 6.82-6.72 (m, 3H), 4.37 (dd=3.2 Hz, 3=8.0 Hz 1H), 4.31 (t,J=8.0 Hz
2H), 3.99 (ddJ=6.0 Hz1H), 3.84 (s, 3H), 3.24-3.16 (m, 1H), 2.90J%7.2 Hz 2H), 2.82(t,J; and
J,=4.0 Hz, 1H), 2.63 (ddJ,;=2.0 Hz J,=4. 0 Hz 1H). ®*C-NMR (CDC}): & (ppm) 155.5, 150.0,
149.0, 129.6, 120.9, 112.2, 111.4, 68.8, 68.2,, 5388, 44.5, 34.7 ). MS (Ef/z: 282 (M").

Preparation of demethylated glycidyl carbonates (2@2)

The appropriate substrai®-18 was dissolved in fresh dry dichloromethane (12 .mlf)en the
mixture was cooled at -15°C and boron tribromidieitsan 1M in dichloromethane (2.0 mmol) was
added. At the end, the mixture was brought to re@mperature and ice was added; after stirred at
room temperature for &in; the organic phase was washed with a satusatietion of NaHCQ (10
mL). The aqueous phase was extracted with dichletbame (3x6 mL); then the organic phase was
washed with a saturated solution of NaCl (20 mLg dried over Ng50O,. After filtration the solvent
was removed under vacuum, the residue was purifigdflash chromatography (petroleum
ether/ethyl acetate=2/1) and produgfis22were isolated in 40-55% vyields.

3-Bromo-2-hydroxypropyl 2-(4’-hydroxyphenyl)ethgrlsonate20. Yield: 40%. Yellow oil.*H-
NMR (200 MHz, CDC}) ¢ (ppm) 7.14-7.08 (m, 2H), 6.78-6.71 (m, 2H), 4.2d,(d=6.0, 3=12.0,
1H), 4.23 (t, J=6 Hz, 2H), 4.08 (dd, J=6.0 Hz, 1814-3.36 (m, 1H), 3.49 (dd,=R.0, 3=4.0, 1H),
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3.46 (dd, §=2.0, 3=4.0, 1H), 2.87 (t, J=7.1 Hz, 2HC-NMR: (CDCE):8 (ppm)155.1, 154.5, 130.1,
129.8, 115.5, 69.1, 69.0, 68.9, 34.2, 34.1. MS (&h: (silylated20) 462 (M"-1).

3-Bromo-2-hydroxypropyl 3-(4-hydroxyphenyl)propgttmonate21. Yield: 50%. Yellow oil.*H-
NMR (200 MHz, CDC}) 6 (ppm) 7.04-6.98 (m, 2H), 6.77-6.70 (m, 2H),4.24,(d<6, 1H), 4.14 (t,
J=4 Hz, 2H), 4.14 (dd, J=6.0 Hz ,1H), 3.58-3.41 1), 3.48 (t, $=2=6.0 Hz, 1H), 3.55 (dd, J=2.4,
1H), 2.62 (t, J=7.6 Hz, 2H), 2.03-1.87 (m, 2FC-NMR: (CDCL): 5 (ppm)154.5, 153.3, 132.2,
114.7, 68.4, 68.2, 67.2 ,35.6, 30.3, 29.7. MS (&b: (sylilated21) 476 (M"-1).

3-Bromo-2-hydroxypropyl 2-(3-hydroxyphenyl)ethytbzmate 22. Yield: 44%. Yellow oil.*H-
NMR (200 MHz, CDC}) ¢ (ppm) 7.20-7.12 (m, 1H), 6.78-6.68 (m, 3H), 4.34)&7.0 Hz, 2H), 4.23
(d, J=6, 2H), 4.10-4.0 (m, 1H), 3.47 (dd=4; J=1, 2H), 2.92 (t, J=7.0 Hz, 2H}’*C-NMR:
(CDCL):8 (ppm) 155.7, 155.0, 138.8, 129.8, 121.3, 115.8,8,169.0, 69.8, 68.6, 49.0, 34.9, 34.4.
MS (El) m/z:462 (M"-1).

Synthesis of compounds (23-25)

The appropriate substra2®-22 (1.0 mmol) was dissolved in MeOH (8 mL), then IBX36 mg,
1.2 equiv) was added. The solution was stirred°@t until disappearance of the substrate (2 h). At
the end, water (8 mL) and p&2Q, (348 mg, 2.0 mmol) were added, and the solutios stiared for
5 min at room temperature. After evaporation of swvent under vacuum the residue was
solubilised with ethyl acetate and treated withauisited solution of NaHGOThe aqueous phase
was extracted with ethyl acetate. The organic phasge washed with a saturated solution of NaCl
and dried over N&O,. After filtration the solvent was evaporated undacuum, the residue was
purified by flash chromatography (petroleum ethényke acetate, 2:1) and the corresponding

hydroxylated products affording in satisfactorylgie

3-bromo-2-hydroxypropyl 2-(3’,4’-dihydroxyphenyhgt carbonate23. Yield: 48%. Yellow oil.
'H-NMR (200 MHz, CDC}) § (ppm) 6.80-6.72 (m, 1H), 6.65-6.60 (m, 2H), 4.30J47.0 Hz 2H),
4.23 (d,J=4.0 Hz 2H), 4.10-4.00 (m, 1H), 3.51 (d#~4.0 Hz, 3=6.0 Hz 1H), 3.43 (dd,J;=6.0 Hz
J,=4.0 Hz, 1H), 2.85 (1,J=7.0 Hz 2H). *C-NMR: (CDCE): & (ppm) 155.0, 143.7, 142.6, 129.8,
121.3,116.0, 115.5, 69.1, 69.0, 68.8, 68.2, 3907. MS (El)m/z: (silylated23) 462 (M"-1).

3-Bromo-2-hydroxypropyl 3-(3’,4’-dihydroxyphenylpmyl carbonate24. Yield: 49%. Yellow
oil. *H-NMR (200 MHz, CDC})) ¢ (ppm) 6.78-6.72 (m, 1H), 6.67-6.55 (m, 2H,), 4.85 IH, J=4),
4.12 (t,J=6.4 Hz 2H) 4.17-4.08 (m, 1H), 3.54 (dd=4.0 Hz, 3=2.0 Hz 1H), 3.46 (ddJ;=J,=5.0
Hz, 1H), 2.58 (tJ=7.5 Hz 2H), 2.01-1.82 (m, 2H)*C-NMR (CDCL): & (ppm) 155.2, 143.6, 141.9,
133.7, 120.7, 115.4, 115.3, 74.0, 68.8, 34.3 3. MS (El)m/z: (silylated24) 476 (M"-1).
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3-Bromo-2-hydroxypropyl 2-(3',4’-dihydroxyphenyhgt carbonate25. Yield: 43%. Yellow oil.
'H-NMR (200 MHz, CDC}) J (ppm) 6.80-6.72 (m, 1H), 6.65-6.60 (m, 2H), 4.30047.0 Hz 2H),
4.23 (d,J=4.0 Hz 2H), 4.10-4.00 (m, 1H), 3.51 (dd~4.0 Hz, 3=6.0 Hz 1H), 3.43 (dd,;=6.0 Hz,
J,=4.0 Hz, 1H), 2.85 (tJ=7.0 Hz 2H)."®*C-NMR (CDC}) & (ppm) 155.0, 143.7, 142.6, 129.8, 121.3,
116.0, 115.5, 69.1, 69.0, 68.8, 68.2 31.0, 29.7.(EBmM/z: (silylated25) 462 (M"-1).
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CONCLUSIONS
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As a part of the research carried out in our lafooyadevoted togreen chemistryprocesses,
during this PhD course new ecofriendly methodolegiseful in organic chemistry have been

optimized.

Mono- and bis(fluorous-ponytailed)/methyltrioxoringm catalysts (bpy-#MTO) have been
prepared for the first time in acceptable yield asithracterized by spectroscopic data. Their
application in the epoxidation of olefins with teavironmental friendly oxidant hydrogen peroxide
has been tested. The corresponding epoxides haue digained in high yields and selectivities
similar to those obtained using traditional MTOatgdéts. Experiments on the recovery and recycling

of MTO/bpy-F, catalysts have been not satisfactory.

Dimethyl carbonate (DMC), an ecofriendly chemites been widely utilized both as solvent and
reagent in several reactions. In particular, ificieincy in the methylation of flavonoids has been
verified in the presence of 1,8-diazabicyclo[5.4rtJec-7-ene (DBU). In these reactions, DMC has
been an alternative reagent to hazardous and ogemtinchemicals. Final products are bioactive
compounds potentially useful in cancer therapy. e\mv, the methodology is limited to mono or

dihydroxylated flavonoids being high hydroxylatéabnoids insoluble in DMC.

An efficient and ecofriendly procedure to proteeamino anda-acid group of a large panel of
amino acids by using the DMC/DBU system has beetimaged; the corresponding protected
derivatives have been isolated in moderate to g@elds depending on the amino acid. The removal

of the protecting group has been optimized. Thiegdure will be extended to peptides.

2-lodoxybenzoic acid (IBX) has been employed ascirie and efficient oxidant as an alternative
to toxic oxidizing heavy metals to synthesize rareino acids DOPA and DOPA peptides from
tyrosine derivatives. Yields have been very sattsig. IBX-polystyrene has been very efficient and

its use could afford to economic and environmengalefits.

An unreported route for the preparation of 1,2-ghpt carbonate we described from glycerol, a
renewable starting material, and DMC. The reagtiwfttosylated glycerol carbonate toward a series

of phenolic compounds in order to prepare new fiatieantioxidants have been explored.
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