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Introduction

The design and implementation of eco-compatibleth®gtic methods finds its natural
environment inGreen ChemistryGC) which today, has grown into an internationallgagnized
focus area of Chemical ScienceNot surprisingly, major targets of genuinely clgancedures
are always encompassed within the leading twelireiptes ofGC.2 Among them, the foremost
need to realize catalytic rather than stoichiorogtrocesses, and the use of innocuous solvents
and reagents as well.

In this context, our group has a long standingregein several fields including the utilization of
supercritical carbon dioxide as a solv@thge investigation of the reactivity of organic loanates

as safe replacements of hazardous chenilaatsl the setup of multiphase systems generated by
ionic liquids, able to enhance the reaction proiigt and the recovery of productsThe
presence of inorganic catalysts as well as orgdalysés represents the cornerstone of all these
activities. Catalysis by itself, has been refeteds a “foundational pillar” o&C.°

In particular, this work reports on two differerdptics which may have a potential in the
synthesis of fine chemicals: i) alkylation processesing safe organic carbonates in place of
conventional alkylating agents (alkyl halides antfades). This section highlights the reactions
of dimethyl carbonate (DMC) with several nucleophiin the presence of basic and amphoteric
catalysts of the class of alkaline carbonates dali anetal exchanged faujasites, respectively; ii)
C-C bond forming reactions in dense £&3 a solvent. This section is especially focusethe
metathesis of alkenes catalyzed by heterogenecsi®nsy, more specifically by Re-oxides
supported on different aluminas and silicas.

Case by case, the nature of the catalysts andkgieximental conditions are examined to discuss
their effects on the reaction outcome (both oncseity and yields) as well as to propose
plausible mechanistic hypotheses.

Results and Discussion

Dimethyl carbonate (MeOCO,Me)

The industrial synthesis of dimethylcarbondtke allure of DMC as a green reagent and solvent
is readily recognized in several aspects whichuel not only its general reactivity and
properties, but also its methods of industrial Bgsts as well. Although the old phosgene route is
still active in both SNPE and BASF plants (Scherag’ this process is highly undesirable from
both safety and environmental standpoints: thecttycorrosivity of phosgene, the generation of
contaminated salts, and careful waste-water trestsn@re major drawback. Today, alternative
synthesis of DMC operate with clean technologiesclvlare based on three different reactions
(Schemes 1b—df.

1. The oxycarbonylation of methanol catalyzed by copgadts (Scheme 1b), patented by
Enichem in the early 19803whose key advantages are the high safety improwewith



respect to the phosgenation of MeOH, the high seigc and the sole formation of water
as a by-product.

2. The carbonylation of methyl nitrite over a Pd-cggal(Scheme 1c), developed by UBE
Industries in 1993% in which methyl nitrite serves simultaneously las substrate for the
formation of DMC and as an efficient oxidant of tagalyst.

3. The two-stage process of insertion of L£@nto an epoxide, followed by a
transesterification reaction with MeOH (Scheme 'td)This represents a recent
breakthrough in the production of DMC, in which thalding block is the safe and cheap
carbon dioxide.
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Overall, thanks to the choice of raw materialsalgasts, conditions, etc., processes based on
reactions 1-3 actually prevent pollution at therseu

The reactivity and other green features of DM@. addition to its synthesis, the flexible
reactivity of DMC is also a key feature to devisaavative synthetic strategies. DMC possesses
two electrophilic centers (the carbonyl and mettgtbon atoms), which, in the presence of a
generic nucleophile (NuH), may undergo two distinckactions. In particular, a
carboxymethylation or a methylation process mag talace (Schemes 2ab)n the first case
(a), DMC serves as safe substitute for fosgendgevihithe second one (b), DMC replaces highly
noxious methyl halides or dimethylsulfate (DMS).eTlemperature and the nature of the catalyst
used, may discriminate between paths (a) and (b)thé presence of basic catalysis, the
carboxymethylation is favored at low temperatungs to the reflux of DMC, 90 °C), while the
methylation process predominates above 120 °C.a8otvphenomena plausibly account for this
change in reactivity’ In the presence of neutral or weak acid catalystg., zeolites),
methylation reactions takes place preferably. Wieate¢he reaction, the only co-products are
MeOH which is, in principle, recyclable to the dyesis of DMC, and C§& which does not
usually involve disposal problems.



Compared to phosgene and to conventional methglatgents €.g, Mel and DMS), which are

labeled are highly toxic compounds, DMC offers daamtageous toxicological profile (Table 1):
it displays a very low (eco)toxicity, it has no itating or mutagenic effects, and it is
biodegradablé® In addition, DMC is noncorrosive and air and maietstable so that it can
handled safely, being classified as a flammablenbuattoxic chemical.
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Table 1 Toxicological data and hazard of DMC in compatiso phosgene and DMS/Mel
DMC DMS/Mel

DMS: LDsq 440 mg / Kg
Mel: LDsy 76 mg/kg

Mel: LRy 110 mg/kg

Properties Phosgene

Oral acute toxicity (rats) L8 13.8 g/Kg

Acute toxicity per contact

(cavy)
Acute toxicity per

LDsg >2.59g/Kg

LCso16mg /¥, | pys: e, 1.5 mgll (ah)

inhalation (rats) (4h) (75 min)
Mutagenic properties None DMS: Mutagenic
Irritati_ng propertie_zs None Corrosive DMS_: causes bur_ns
(rabbits, eyes, skin) Mel: irritating to skin
Reagent Hazard No Yes Yes

Selective Mono-C-methylation of gHctive compoundwith DMC. An emblematic example of
highly selective methylation processes mediateddiogethyl carbonate is the reaction with
methylene active compounds. In this context, goadiels as nucleophiles are arylacetonitriles
(ArCH.CN). In the presence of several organic and inacgaases, these compounds carube
methylated with conventional techniques involvingthyl halides:* However, a poor selectivity
is usually observed due to the formation of mix¢uoé mono- and bi&-methylation products:
for example, in the reaction of phenylacetonitrikéth Mel, the overall mond&-methyl
selectivity hardly exceeds 70 %, at a quantitatgaversion. By contrast, in the presence of a
weak base (e.g., KX0Os) as a catalyst, the same reaction proceeds withoao-C-methyl
selectivity >99 %, when DMC is used in place of myttiodide’® DMC totally inhibits the
multiple substitution. This result is quite generél can be extended not only to different
arylacetontriles, but also to several £attive compounds such as arylacetoesters, arayace
acid derivatives, and sulfones bearingethylene groups (Table A noteworthy application
of this method is the synthesis of precursors tmrsteroidal anti-inflammatory drugs (NSAIDs)



belonging to the class of hydratropic acids. Welbwn cases are those of ibuprofen, ketoprofen,
and naproxen, whose preparation can be scaled battbes of 250 kg, with overall yields >95

% (Scheme 3’
o)
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Table 2. Selective mono-C-methylation of GHactive substrates (WGH) with DMC
Product, .
Entry WCH,Z T (°C) WCH(CH 2)Z Isolat(g/S)Yleld
W Z (%, Selectivity)
1 0-MeOGH, CN 180 >99 85
2 p-CICeH, CN 180 >99 89
3 p-FCeH, CN 180 >99 81
4 GsHs CO,CH;, 200 92 80
5 (6-CH;,O)naphthyl CO,CH; 220 99 90
6 GsHsO COH 200 96 81
7 GHsO CO,CH; 190 94 80
8 CeHs SO,Ph 180 92 81
9 GsHs SO,CH; 180 96 85
K,CO3 H,0
H><H +DMC ———» I\ CHs 2 H CHs
Ar” “C=N 180-220°C  Ar” “C=N 1. OH" 2. H* Ar><n/OH
o]
HzC_ H Q  nHec H HzC_ H
I U7 . :
Ibuprofen Ketoprofen Naproxen

Scheme 3The synthesis of some NSAIDs with DMC

A detailed investigation of these reactions haswhthat the final mono-C-methyl product takes
place via two intermediates; @nd b, Scheme 4). This observation along with a kinatialysis

of these processes supports the reaction mechamiglimed in Scheme 4 for the case of
arylaceto-nitriles and —esters. The two nucleophalnions generated by reactions (a) and (c)
allow the formation of the intermdiate andl ,, respectively. In these processes, DMC exhibits a
dual reactivity: it behaves subsequently as a mxgtarbonylating and as a methylating agent
through B2 and B2 mechanisms [eqs. (b) and (d)]. Finalllz is subjected to a
demethoxycarbonylation reaction to the final pradacCH(CH3)X].

Selective Mono-N-methylation of primary aromaticirzes with DMC. It is well known that
conventional alkylation procedures of primary amsiméth alkyl halides are not usually feasible
for the preparation of secondary amines: especfalynethylation reactions, only mixtures of
tertiary amines and quaternary ammonium salts ataired. An elegant and very efficient
synthetic solution comes from the combined use BICDas the alkylation agent and of alkali
metal-exchanged Y and X faujasites as catalysts @MMX; M = Li, Na, K). In the presence of
these solids in fact, a number a primary aromatninas even deactivated by both steric or



electronic effects, undergo mohbmethylation reaction with an unprecedented higacteity
(93-98 %) at conversions up to 95 % (Schem@ 5).
@
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Scheme 4The mechanism for the mono-C-methylation of,@&dtive compounds with DMC

The result finds an even more notable applicatiothé reaction of DMC with ambident primary

amines such as anilines bearing functional groupsceptible to undergo themselves
methylations or carboxymethylations with DMC.

CHs H

NH; g Y Fau N.
©/ + o — | YO, CO, + CH3OH
R o} 120-150 °C  gAF
CH,
T t Mono-N-methyl selectivit ArNHMe
R Catalyst C) (min) (% )y y (%)
H NaY 130 195 98 84
p-NO, KY 150 600 93 79
p-CN KY 150 270 98 83
0-COMe NaY 150 330 96 84
2,6(Me), NaY 150 300 94 76

Scheme 5Themono-N-methylation of anilines with DMC

Scheme 6 clearly exemplifies the situation of ampienols. In the presence ob®0O; as a
catalyst, the reaction @Faminophenol with DMC proceeds through several petitive O- and
N-methylation, and carboxymethylation processebdé€8e 6, top right). By contrast, when NaY



is used, the exclusive methylation at the N-atombiserved and, in particular, only the maxo-
methyl derivative is isolated in a substantiallantitative yield (99 %, bottom righty.

Likewise, wheno-aminophenol and DMC react over a baseQ®s) or even an acidic catalyst
[Pb(AcO)], a N-methylbenzoxazolone is obtained via simultaneougsthgiation and
carboxymethylation reactions at both the N- andef@s (Scheme 6, top left). The NaY-
catalyzed process affords solekfN-methyl)aminophenol in a 91 % yield (bottom left).

NH, OH %, GC
OH p-MeOCGH4NH2 22
KoCOs CH, KoCO3  p-MeOCgH,NHMe 23
d p-MeOCgH,NMe, 18
o B MeOCH NMe0Me 5
(0] -Me ] e
Pb(ACO), g p sHsN(Me)CO,
\
CH
CH, 3 NaY

CHs
o
H

Yield = 99%

O+
HO

Yield =91%

Scheme 6The reaction of aminophenols with DMC over diffiet catalysts.

Faujasite catalysts may therefore operate a fineguof the mono-N-methyl selectivity (Scheme
5) and of the methyl chemoselectivity (Scheme 6)wad. The investigation of adsorption
phenomena of reagents (anilines and DMC) on faegsupports the fact that both the mono-
and the chemo-selectivity are controlled by theistnd the acid-base requisites of the catalyst.
A pictorial description is offered in scheme 7 floe model case of aniline.

Once the amine and DMC diffuse into the supercajdbe NaY catalyst, they may approach
each other only according to the steric requisd&sheir adsorption patterns. The reaction
proceeds via a N2 displacement of aniline on DMC. The product, mdhmethyl aniline

(PhNHMe), is more nucleophilic than aniline; noredtiss, the NHMe group may force the



molecule farther from the catalytic surface in shian less suitable to meet DMC and react with
it. This behavior can account for the madenethyl selectivity observed.

The reaction chemoselectivity instead, is discussmmbrding to the principle of hard and soft
acids and basé8:in fact, the methylation takes place exclusively the attack of the less
electronegative atom (the aminic N-atom) of angite the soft electrophilic center of DMC (i.e.,
the methyl carbon). This is true however, only ondition that reactant amines are “solvated”
by their adsorption within the zeolite cage.

The self-metathesis of 1-olefinsin scCO,

The olefin metathesis is among the most powerfdl @egant means of constructing complex
carbon frameworks® Since its discovery in the 1950s, the reactionuratergone a tremendous
development thanks to the preparation of new homeges catalysts able to operate under
milder conditions, to improve the reaction selatgivand to extend the synthetic scope of the
process? The metathesis also represents the archetype greemistry reaction for clean
syntheses with reduced emissions of hazardous svastthe environmerit. In this context, a
largely unexplored area is the use of alternagjkeenersolvents able to replace conventional
media, typically hydrocarbons or light chlorinatedmpounds. Only a few recent patents and
papers report on the application of dense GQonic liquids as solvents for metathesis reand)
using metal complexes (Grubbs catalysts) or tramsimetal salt$? Compressed CQas a
solvent seems perfectly suited to this purpose asipe when combined to heterogeneous
catalysts. In fact, thanks to its low viscosity) @nd high diffusivity D), dense carbon dioxide is
very efficient at penetrating meso- and micro-psrsupports used for solid catalyst¥et, only
very recently, we have investigated for the firghe, the metathesis ofi-olefins over
heterogeneous catalysts in the presence of sa€@ solvent?

The self-methathesis of 1-octefitne best studied and effective heterogeneousystdior the
metathesis of alkenes are based on Re-oxides dadpmm refractory solids, most often alumina
and silica?’Accordingly, such systems have been prepared \aereia conventional wet

impregnation, or sol-gel techniques (Schem&8j.
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The self-metathesis of 1-octene has been chosennasdel reaction. Based on a preliminary
solubility screening, the experiments have beenathout in batch mode (autoclave) operating
at 35 °C and at a C(pressure of 90 bar. Under these conditions, sd€@ot only an efficient

solvent for the reaction, but it allows even fastactions with respect to conventional solvents

(Table 3).
G Re207/y—A|203
T ReihrA j:@ o
M solvent

iy 4
1-octene 7-tetradecene

Table 3 The self-metathesis of 1-octene in seg@@d conventional liquid solvents

Solvent Octene? T P t Conv Selectivity Yield

(Xi x 10?) C) | (atm) [ (h) (%) (%) (%) °

n-heptane 1 40 95 38
Toluene 11 35 1 2 36 95

scCQ 90 71 97 67

2Molar fraction of 1 octené;lsolated yield of 7-tetradecene

In the presence of R@s/y-Al,03, the conversion of 1-octene in the self-metathpeluct 7-
tetradecene, is 30% higher on average, in sctb@n in liquid solvents such as toluenener
heptane. The increase of the mass transfer pronimtedense C®as well as local density
enhancement effects, likely account for the result.

Under the same reaction conditions, in se@® a solvent, other terminal olefins such as 1-
hexene and 1-heptene, show a reactivity similarl{octene: they both undergo the self-
metathesis reaction to the corresponding 5-decedéalodecene, with a conversion of 61 and
63%, respectively.

The influence of the catalysi&he nature of the catalytic support affects thie@me of the self-
metathesis of 1-octene. Table 4 reports the reshtained in scC@at 35 °C and 90 bar.

Table 4. The conversion/selectivity of the self-metathedi$-octene over different catalysts

Catalyst Sa Conversion | Selectivity
(Re content, %) (m?g) (%) (%)
Re,04/y-Al,0; (6.8) 250 74 96
Re,0O4/y-Al ,05(7.0) 200 37 86
Re,0;//meseAl ,0;(11.8) 362 33 96
Re,0O,/Si:Al-TUDL1 (7.7) 298 <1 -
Re,04/Si0, (6.7) 550 <1 -
sg ReO4/SiO, (2.7) 696 <1l -

Only those catalysts supported on@{ (bothy-phase and mesoporous solids), show appreciable
activities. Though, the conversion drops by dedngashe surface area of the support or by

varying its morphology going fron¢ to meso-AdOs. Other catalysts supported on an alumino-



silicate (TUD) or on silica as such, are not actwell. A plausible explanation is based on the
stabilization of monomeric tetrahedral structure®eQ, - thought to be the active specie - over
the surface of the support: accordingly, both thidity and the surface area of different supports
can play a role to affect the metal centre.
Continuous-flow(c.-f.) metathesis of alkenes inG£QT he last frontier in the use of dense G5
a solvent for the metathesis of alkenes, has bdeeisdtup of the reaction of 1-octene in a plug-
flow reactor filled with a bed of R&./y-Al 03 (7%) and continuously fed by a solution of the
olefin in scCQ.%® C.-f. conditions reproduce the trend observedndubatch experiments (Table
5): the reaction conversion is higher in se¢C88%, than in a conventional solvent such as n-
hexane, 36%.

Table 5. The continuous flow self-metathesis of 1-octanedCQ andn-hexane as solvents

Flow rate o Cy4product .
Solvent (1-0?:(tene) 1-octgn_(-i ; Eb?r; [mtin] Conv'n (?eﬂf-met, [E/SI \E‘I’Z |]d
[mL min ] %)
CO, 0.1 100/90 10 53 46 86 57
n-hexane | 2.8 x 107 0.1 100 10 - - - -
n-hexane 0.02 100 10 36 28 71 2]

Not only. In the presence ofhexane, the reaction takes place only at a flde adout one-fifth
lower than that used in scGOOverall, the use of the supercritical solvenbwal a great
improvement of the reaction productivity.
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