Use of zeolites for greener and morpara-selective

electrophilic aromatic substitution reactions

Keith Smith* and Gamal A. EI-Hiti* *

School of Chemistry, Cardiff University, Main Bund, Park Place, Cardiff, UK
CF10 3AT. E-mail: smithk13@cardiff.ac.uk, el-hit@aardiff.ac.uk; Fax: +44
(0)2920870600; Tel: +44 (0)2920870600

Electrophilic aromatic substitution is one of theshimportant reactions in synthetic
organic chemistry. Such reactions are used for ¢lyathesis of important
intermediates that can be used as precursors éopribduction of pharmaceutical,
agrochemical and industrial products. However, maoynmercial processes to
produce such materials still rely on technologyt thas developed many years ago.
Such processes commonly lead to mixtures of regiwess and in recent years
several new approaches have been developed tagairol over the regiochemistry
of the reactions. Zeolites can act as heterogenemasysts, support reagents, entrain
by-products, enhance produgiara-selectivities via shape-selectivity and avoid
aqueous work-ups. For example, zeolites can havangales irpara-regioselective
nitration, halogenation, alkylation, acylation amdethanesulfonylation reactions
under modest conditions. Moreover, usually theylmamasily removed from reaction
mixtures by simple filtration and regenerated bwthey and can then be reused
several times to give almost the same yield andcteity as fresh samples. This
review surveys the use of zeolites @ma-selective catalysts for a whole range of
aromatic substitution reactions, based largely wnowvn work in the area, but set in

the wider context of other related work.

1. Introduction: assessment of “green-ness” of chegal processes

It is widely recognised that there is a growingadém more environmentally friendly

processes in the chemical industry. Obviously, gfeduction of chemicals needs to
be profitable, but recently the costs associatdtl Wie treatment of chemical waste
have been increasing. Therefore, even from an eci@n@erspective it is very

important that chemical processes are designedinonime the waste produced. In

the case of pharmaceuticals it is especially ingydrtthat such processes be
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considered from the start as early registratiosyothetic routes militates against later
adoption of superior ‘green’ synthetic approaches.

The trend towards what has become known as ‘greleemistry’ or
‘sustainable technology’ is therefore growing. Greehemistry is a shift from
traditional concepts of process efficiency, whicknerally concentrate on molar
yields of chemical products, to ones that take mtoount elimination of waste at
source and avoidance of use of toxic matefialsThe underlying ideas behind
‘green’ chemistry have been put forward by Anassasl Warner? and are
encompassed in twelve principles, but green cheyneEn be expressed simply as
chemistry that utilizes renewable raw materialsnielates waste and avoids use of
toxic and/or hazardous reagents and solvents iprthguction of chemical¥.

While it may be easy to accept the principles i@&feg chemistry, it is more
difficult to assess how “green” any particular cheshprocess might be. One relevant
approach involves consideration of an environmemgahbct factor (E-factor), defined
as the mass ratio of waste to desirable productltieg from a particular
manufacturing process?® The E-Factor for a particular product can be dated
from the number of tons of raw materials purchaaad the number of tons of
products sold, with water generally not includedha E-factor calculation. The ideal
E-factor is zero and in the oil industry E-factei® very low. However, E-factors
increase dramatically on going from bulk chemitalpharmaceuticals.

Atom efficiency is another useful concept for tbealuation of the waste
quantities that would be generated by alternatiyeth®tic routes to a specific
product®*® Dividing the relative molecular mass of the desiproduct by the sum
total of the relative molecular masses of all sasts produced in the stoichiometric
equation(s) for the reaction(s) involved gives ts¢he atom efficiency.

In order to evaluate the full environmental impadt alternative routes,
however, it is also necessary to take into conatd®r the nature and quantities of all
reagents, solvents and energy used and the ndtthre waste produced in the course
of the reactions. In order to take account of tHastors, another concept is that of an
environmental quotient (EQ), for which the E-factB) is multiplied by an arbitrarily
assigned unfriendliness quotient (Q), which depeodsthe toxicity and ease of
recyclability of the material generated as waste.

Clearly, assessing the “green-ness” of any chdngoacess is not a very

precise science, but use of concepts such as tlesseibed above can help provide



some guidance. In general, modern methods for ptmiu of chemicals should
ideally be atom efficient, be safe, have only otepswith no solvent, generate
minimal waste, have minimal energy requirementshdmed on renewable resources,
and be environmentally benign. Such ‘green’ symthegutes might involve use of
recyclable catalysts, recyclable and more benidwests, and/or alternative energy
sources. Advances have been made in all of thesas.aHowever, commercial
synthetic routes are introduced at an early stddgleeoproduct development cycle, so
that many will not yet have benefited from the neeas. In this review we hope to

demonstrate how ideas of green chemistry haveanfiad some of our own work.

2. Electrophilic aromatic substitution and the roleof catalysts

The synthesis of valuable industrial, pharmaceltaggrochemical and fine chemicals
frequently involves electrophilic aromatic subdiitn reactions. Indeed, substituted
aromatic compounds represent useful intermediatesany synthetic processes. For
example, aromatic nitro compounds are versatilenoted feedstocks for a wide range
of industrial products, including pharmaceuticaiggrochemicals, dyestuffs and
explosives. Halogenated aromatic compounds haveeraus applications as fine
chemicals and for synthesis of pesticides and pheenticals and are also useful
precursors of organometallic compounds. Regiosekcdialkylation of naphthalene
is of great interest as 2,6-dialkylnaphthalenes loanoxidised to naphthalene-2,6-
dicarboxylic acid, used to prepare the commerciallgluable poly(ethylene
naphthalenedicarboxylate), which is increasinghdiing use in films, liquid crystal
polymers, packaging, coatings and adhesives. Similacetylation of aromatic
compounds is an important tool for the synthesiaromatic ketones, some of which
are useful intermediates for other valuable indaiséemd pharmaceutical compounds,
while some sulfones have applications in agrochaisicpolymers and other
industrial fields. Despite the importance of suabmpounds, their commercial
syntheses commonly suffer serious disadvantagedding some or all of the
following: large quantities of mineral or Lewis dsias activators, which on work-up
are hydrolysed with generation of large quantibégorrosive and toxic waste by-
products; the use of stoichiometric quantities edgents that produce metal salts as
waste; poor yields; or production of mixtures aficésomers with low selectivit§?
Major efforts are therefore being made to develtgarer and environmentally

friendlier processes *®



The presence of a solid acid catalyst, particularkeolite, in a liquid phase
reaction can enhance reaction rate, support resgemtrain by-products and enhance
product selectivitied>** Regioselectivity of substitution is often fundartnto
achieving a greener aromatic substitution procgg=arly, E-factors are higher when
production of the desired regioisomer is lower, diteen there are few features to help
control regioselectivity. Having the catalytic sitevcated within the rigid pores of a
zeolite’s inorganic matrix imposes additional coaisits on reacting partners,
favouring production of one regioisomer, usuallg thost linear onee(g. the para-
isomer), over other possible onesg( ortho-). For this reason, much of our work in

this area has involved the use of zeolites.

3. Solid acid catalysts and zeolite structures
A range of common solid catalysts including zeslite** acidic clays' organic ion-
exchange resif€*’ supported heteropoly acfds and other are used in
electrophilic aromatic substitution reactions. Ttkem zeolite was first used by the
Swedish mineralogist A. F. Cronstedt in 178&eolites are crystalline, highly
ordered, microporous aluminosilicates with intratajline channels and cages of
molecular dimensions. The elementary building uwitszeolites are [Sig* and
[AIO4]° tetrahedra that are linked together through oxyetdges. The tetrahedra
share corners to form ordered three-dimensionalrosticictures. The negatively
charged framework structures may contain linkedesagcavities or channels,
resulting in zeolites having high surface areasO{B00 nf/g), most of which is
internal. The cavities may be of the right sizaltow small molecules to enter, which
allows chemical reactions to take place within thand this can provide selectivity.
The diameter of the pore entrance plays an impbrtae in the ability of a
zeolite to contribute to a chemical reaction. Zegliare classified according to their
pore sizes as small, medium and large pore zeokimsexample, zeolite A (Linde
Type A; Fig. 1), a small pore zeolite, has an apjpnate empirical formula such as
Nayo[Al 15Si1204¢].27 HO, with a ring aperture having 8 tetrahedral atg8isor Al)
in the ring, leading to a pore diameter of arourd 4. Zeolite A is used for water
softening by ion-exchange and for drying solvesitsce only small molecules such as
H,O can enter its pores. Three charge-balancing rsati&’, Na" and C&") are

commonly associated with this type of zeolite. ZeoK'A is referred to as 3A



molecular sieve, having a pore diameter of aroudd Zeolites N4A and C&'A are
known as 4A and 5A molecular sieves, respectivigause of their pore diameters.

Zeolite ZSM-5 (Zeolite Socony Mobil-number 5; Figf* is an example of a
medium pore zeolite and is also known as a MFI tgeelite. It has an empirical
formula such as N§Siz.AlnO167.16 H:O, where n< 838 and has 10 tetrahedral
atoms in its apertures, leading to oval poresthtse dimensional structure clearly
indicates that the zeolite crystal contains twaes/pf channels, straight channels (5.3
x 5.6 A) and sinusoidal channels (5.1 x 5.5 A). Shusoidal channels are located in
planes normal to the axes of the straight channels.

Zeolites X and Y are known as synthetic faujas{fedU; Fig. 1}* and are
large pore zeolites with 12 tetrahedral atoms mirtApertures and the same three-
dimensional pore structures. The entry ports amuaB A in diameter but channels
run in three perpendicular dimensions and intersed¢brm large, spherical internal
cavities calledh-cages (or supercages) about 13 A in diameter.rifhie difference
between zeolites X and Y is the silicon to alummi(Si/Al) ratio. Zeolite X has a low
silicon content with a Si/Al ratio in the range bD-1.5, whereas the Si/Al ratio in
zeolite Y is always above 1.5. The naturally ocogyrzeolite, faujasite, has a Si/Al
ratio of ca. 2.2. Zeolite X contains a higher density of acisltes than that of zeolite
Y as a result of its high aluminium content, bug #tid strength of an individual site

is lower in zeolite X. Both zeolites can be exchethwith various cations.

Zeolite A Zeolite ZSM-5 Zeolites X and Y
Fig. 1 Structures of zeolites A, ZSM-5, X and’Y

The mordenite structure has channels with 8 antettahedral atoms in their
apertures (Fig. 2} It also has a relatively high content of silicacbntrast to zeolites
X and Y, mordenite contains a one-dimensional systé channels; the smaller

channels cannot accommodate most organic moleduéeshe larger ones can.



Zeolite B (Fig. 27" has a large pore size and complex structure.sltahtaree
dimensional pore network with intersecting channedsing 12 tetrahedral atom
apertures, giving rise to large internal cavitiemilsr to those in zeolites X and Y.
There are two types of linear channels with posenditers of 7.0 x 6.4 A and 5.5 x
5.5 A, present in a 2:1 ratio. The third channdbisuous. Zeolit has a relatively
high Si/Al ratio of about 13, although it can berigd. It is made up of three
polymorphic structures, polymorphs A, B and C (¥ that differ in the way that
the cages are stacked with respect to each otlsgymBrph C contains only one
repeating unit i(e. AAAA...) and is present in small amounts as ituisstable.
Polymorph A has two repeating units (ABAB...) antids three (ABCABC...).

Mordenite

Fig. 2 Structure of mordenite and zeolp#
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Polymorph A (ABAB..)) Polymorph B (ABCABC...) Polymorph C (AA..)

Fig. 3 Framework structures of polymorphs A, B and Caetflite 5>

Table 1 summarizes the pore dimensions for thditeeadiscussed above.

There are many other types, but these are theinmegst common commercial use.



Table 1 Aperture sizes (number of tetrahedral atoms, T) aatoximate pore
dimensions for some common zeolites

Zeolite Zeolite type  Aperture (no. T)Pore diameter (A) Dimensionality
A Small pore 8 4.1 3

ZSM-5 Medium pore 10 53x56&51x55 3

XandY Large pore 12 7.4 3

Mordenite Large pore 12 6.5x7.0 1

Beta Large pore 12 5.7x7.5 3

Zeolites are widely used in chemical reactionsd@sl acidic catalysts. Active
Bragnsted sites in zeolites can be increased byertng the sodium form to its
protonated form. Typically, treatment of Naeolite with an agueous ammonium salt
is used to give the corresponding Nteolite, which loses NHon heating to
produce the corresponding'#deolite® Heating a zeolite at high temperature (more
than 400 °C) in air for several hours (known agioaktion) can remove water from
the zeolite. Brgnsted acid sites in zeolites ae abnverted into Lewis acid centres as
a result of dehydration that takes place at highptrature.

The selectivity observed in reactions catalysedéxnlites depends largely on
the size and shape of the pore networks. This piyppan be useful for separating
specific isomers from a reaction mixture or carphaldirecting reactions towards a
desired product. The shape selectivity observed zZewolite catalysis has been
classified into three different types. Reactant shape selectivity — when only
reagents with the appropriate dimensions can dhterzeolite pores and react. 2)
Product selectivity — when only products with the appropriate dimensiavill
diffuse out of the pores. Jyansition state shape selectivity — when the dimensions
and shapes of the transition states within the pofethe zeolite affect the ease of
formation of specific products within the pores.

We and others have been investigating the useaoiverable and regenerable
zeolites for development of cleaner and maqpararegioselective aromatic
substitution reactions. Some of our progress iratlea is reported in this review, but

is set in the wider context of other related work.

4. Regioselective nitration of simple aromatic conguinds
Nitration of aromatic compounds is one of the miagbortant and widely studied

chemical reaction€* Traditionally, nitration has been performed witmaxture of



nitric and sulfuric acids. However, this methoditgen highly unselective for nitration
of substituted aromatic compounds and disposat@fipent acid reagents represents
a serious environmental isst&® In order to address these problems several
alternative nitration methods have been develodde: use of solid catalysts is
potentially attractive because of the ease of regoand reuse of the catalyst, with
the added possibility that the solid might enhatfeeselectivity, particularly if it is a
zeolite. Therefore, regioselective nitration of glenaromatics over zeolite catalysts
has been the subject of much study, and it hasnheabear that the selectivity of the
reaction depends on the nature of both the catahgthe nitrating agent.

It is useful to consider the role a zeolite migitay in the reaction. In a
traditional ‘mixed acid’ nitration, the nitric acig the source of the nitro group that
becomes incorporated into the aromatic product, vidthiout the sulfuric acid the
reaction is slow and low-yielding. The sulfuric dqrovides a level of acidity that
encourages formation of the active nitrating speaigronium ion (Scheme 1, step 1),
and a means of deactivating the water producedgaide the nitronium ion, again
perhaps involving protonation (Schemeelg step 2 or 3). If a zeolite were to replace

sulfuric acid directly in the reaction, it wouldeteto fulfil both of these roles.

+

H + HNOs _ H20 +  NO2 (1)

+

H,SO, + H0 — H 0" + HSOs  (2)

HO' + sS04

HSO4 + H20 (3)

Scheme 1 Formation of nitronium ion from mixed acids

Zeolites can indeed offer sites as acidic as thm®sent in concentrated
sulfuric acid, though only in zeolites with relatly high Si:Al ratios. Proton forms of
such zeolites can arbitrarily be represented byradila for an aluminosilicate with a
20:1 Si:Al ratio, H(SiQ)20(AlO>), which has a relative mass of over 1000 Daltéins.
it were assumed that a convenient reaction prédilea ‘mixed acid’ reaction would
be achieved using two moles of sulfuric acid (omeffect step 1 and one to effect
step 2; Scheme 1), then the quantity of sulfurid aeeded for a reaction of one mole
of aromatic substrate (92 g in the case of tollmnsubstrate) would approach 200 g.
For the arbitrary zeolite to be able to replacéusid acid directly, over 2000 g would

be required. Not only would such a quantity be mamient and highly expensive for



nitration of, say, toluene (92 g) with nitric adi@3 g), but the substrate and reagent
would be completely absorbed into the pores todesmadry material. It would be very
difficult to ensure that all of the substrate moles would find all of the reagent
molecules, since diffusion through the pores midig limited under such
circumstances. Therefore, for zeolites to be usefulitration reactions, they cannot
take on the role of water-remover and their rolprason donor must be catalytic.

At the outset of our own research in this areaaihewas to find an alternative
to nitric acid as the source of the nitro groupa ifeolite were to have any beneficial
effect, it would need to catalyse the reactionit stiould be capable of protonation to
give nitronium ion, and the by-product should k&slprone to quenching the nitration

reaction than the water produced in the case o€ itid.

4.1. Attempts atpara-selective nitration of phenol

The traditional method of phenol nitration involvibe use of a mixture of nitric and
sulfuric acids to produce nitrophenols in which pega/ortho ratio increases from
aroundca. 0.48 to around 1.1 as the concentration of siglfacid increase¥.
However, the disadvantages associated with thiseghave stimulated efforts to
develop cleaner and more environmentally benigcgsses.

Several solid catalytic systems have been devdlégethe nitration of phenol
to nitrophenols. The most popular reagents have higgc acid and acetyl nitrate and
solids used include silica g®metal salt modified clay¥;*> mixed metal oxide®® a
variety of strongly acidic solidse(g. heteropolyacid&®® sulfated MCM-41% silica
impregnated with sulfuric acilor a hydrogen sulfate s&ftsulfated titani& "® and
sulfated mixed metal oxidéS. With the highly acidic solidsortho-nitrophenol
generally predominates to a much greater extemt with a mixture of sulfuric and
nitric acids, regardless of the structure of thikds®y contrast, different degrees of
para-selectivity have been reported with some of the &sdic solids. However, such
observations are difficult to interpret since mitecid is capable of nitrating phenol
(albeit in a rather messy fashion) without catal\isy added agents and because the
mechanism of nitration is complicat&t? potentially involving some or all of the
following: direct nitration of the ring; additiom tWheland intermediates; elimination
of nitrous acid from such adducts; nitrosation fyons acid produced; intermediacy

of phenyl nitrate; cyclohexadienone intermediatearrangements; and oxidation.



Nitration of phenol I; Scheme 2) has been reported over various types of
zeolites, including non-acidic or weakly acidic ierchanged zeolit€§.”®> For
example, nitration of phenol(Scheme 2) using dilute nitric acid in a solverioam
temperature over proton forms of various types @blires produces mixtures of

nitrophenols2 and3 in which theortho-isomer is predominant (Table 2).

OH OH OH
nitrating agent NO,
catalyst
[ A + + Others
NO,
1 2 3

Scheme 2  Nitration of phenol 1) using a nitrating reagent over a zeolite

Table 2 Nitration of phenol I) according to Scheme 2 using dil. H)NGver
zeolites in a solveft
Yield (%)°
Catalyst Solvent > 3 Benzogquinone
HZSM-5 CCl, 33 22 5
HY CCly 36 18 6
Hp CCly 84 10 3
HpB MeOH 5 — 7
HB Et,O 44 42 3
HB 2-Butanone 51 19 6
Hp H.O 37 17 9
HB Hexane 47 28 6

& An equimolar mixture ofl and HNQ (30%) in the presence of a catalyst (50%;
w/w) and a solvent was stirred at room temperdior® h”®® Numbers expressed as
percentages have been rounded to the whole number.

It is clear from Table 2 that zeolite3Hvas the most active catalyst among the
zeolites tried. Also, th@ara/ortho ratios were dependent on the solvent used. The
para/orthoratio was highest (0.97) when diethyl ether wapleyed as the solvent
and lowest (0.11) when CfClwas the solver® A significant quantity of
benzoquinone (3-9% vyield) was also obtained asleioduct due to oxidation of
phenol. This by-product was the major product idiext (7%) when methanol was
the solvent and a minor by-product (3%) when diegtlyer or CCJ was the solvent.

Clearly, 2-nitrophenol?) was the major product in most cases, despitdatitethat
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zeolites are normally associated with increageda-selectivity in electrophilic
substitution reactions of aromatic compounds.

Phenol has also been nitrated using fuming nitd over various
cation-exchanged faujasite zeolites in hexanegtit low loading of phenol (0.07 g of
1 to 0.50 g of zeolite) and at higher loading (0.8fd. to 0.5 g of zeolite}* Most of
the reactions gave substantial quantities of 2@n@rophenol and other unidentified
by-products and a predominance2bver 3, but in one case (use of CsY at a low
loading of phenol) the major product formed, in%8yield, was3, and the3/2 ratio
wasca. 4.7. The reason for thgara-selectivity with CsY could be attributed to the
large size of the Cs cation, which reduces the c@ggee and hinders formation &f
andthe very low loading, which encourages most ofréection to occur within the
pores. The result demonstrates the possibilityooftrolling regioselectivity through
shape-selectivity, but it is not a practical appfto#or para-nitration of phenol.

Our own approach involved investigation of nitati of phenol using
iIso-propyl nitrate as reagent, chosen because dadgts df reactivity in the absence of
a catalyst, which would ensure that the zeolite teabe involved in catalysing the
reaction. Our initial attempt, over zeoliteBHSI/Al = 12.5) in 1,2-dichloroethane
(DCE) under reflux for 48 h, gave nitrophen@land 3 with a 3/2 ratio of 1.0 in a
combined yield of 60%° iso-Propoxybenzenei-PB, 2%yield) was obtained as the
only side product® The low overall recovery of products arose becamseerial
(mainly phenol) was lost from the reaction mixtimeg evaporation during the long
reaction period. By carrying out the reaction inaatoclave under otherwise identical
conditions, the nitrophenol and3 were obtained in 94% yield, but still with3&2
ratio of 1.0, along with 4% abo-propoxybenzene. For simplicity while investigating
other parameters normal reflux conditions were ugedterial losses could be
controlled later under autoclave conditions if afusprocess should be discovered.

The effect of the solid catalyst in the reactioaswested with a number of
different acidic zeolite& The results,recorded in Table 3, showed thatyples of
zeolites tried catalysed the reaction. The reactwvas complete only when the large
pore zeolite P (Si/Al = 12.5) was used as the catalyst. Oth@chitalysts with higher
Si/Al ratios gave nitrophenol® and3 in comparable or lower yields and with lower
3/2 ratios, along with unreacted phenol, suggestiag tineir more highly acidic sites

favour orthoproduct formation, but that the availability of fewacidic sites causes
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slowing of the reaction. Zeolite HY behaved in anmer comparable to H(SI/Al =
300), while H-mordenite, a large pore zeolite wahmore restrictive channel
structure, gave an even higher predominancg a¥er 3. HZSM-5, a medium pore
zeolite, resulted i/3 ratios similar to those with 4 but in more modest yields.

Table 3 Nitration of phenol 1) according to Scheme 2 usirsg-propyl nitrate
over various zeolités

Catalyst (Si/Al) Yields (%) _
1 2 3 I-PB

No catalyst 56 O (] U
Hp (12.5) 0 30 30 2
HpB (150) 21 40 22 5
HpB (300) 23 34 16 4
HY (5.1) 21 33 19 3
HY (30) 23 34 18 5
H-Mordenite (20) 64 20 8 1
H-Mordenite (90) 29 40 13 1
HZSM-5 (30) 31 28 27 O
HZMS-5 (50) 47 19 15 O

& A mixture of zeolite (2 g), phenol;(0.90 g, 9.5 mmol) ando-propyl nitrate (2.00
g, 19.0 mmol) in DCE (50 ml) was refluxed for 48°h.

The amount of catalyst affected the reaction faie did not substantially
affect the selectivity. Similarly, the rate incredsas more reagent was used, resulting
in a trend to higher product yields and higher rded mass balances (because phenol
is removed more quickly by reactioff)However, there was again little effect on
product proportions and at the highest reagent exdnation a small amount of
2,4-dinitrophenol was also produced. Consequeinlst as for the other methods
reported above, this approach has not resultediseful method fopara-nitration of
phenol. Indeed, even with zeolite catalysigtho-nitrophenol is usually the major

product.

4.2  Selective nitration of substrates of moderatectivity
Regioselective nitration of toluene and other sem@iomatics over zeolite catalysts
has been the subject of much std®f°and it has become clear that the selectivity of

the reaction depends on the nature of both théysatnd the nitrating reagent.
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Toluene §) has been successfully nitrated witpropyl nitrate over HZSM-5
zeolite at 116C. When a high silica form (Si/Al = 1000) was used! the reaction
was carried out at high dilution, mononitrated &vlas were produced in 54% vyield
with a paralortho ratio of 19, though a very large quantity of theolte was
required’® Unfortunately, a more common HZSM-5 (Si/Al = 30sess selectiva.

Our approach was to consider acyl nitrates, whrehmore reactive than alkyl
nitrates, as reagents. Indeed, nitration of tolugnbenzoyl nitrate in the presence of

zeolites proceeded readily, presumab#yproduction of nitronium ion (Scheme %).

+

+

PhCO;NO2 + H PhCOH + NO2

Scheme 3  Generation of NgJ from benzoyl nitrate

Because no water was present, any of a rangeladrds could be added to
increase the mobility of the mixture and diffusiointhe materials through the zeolite
pores. Of several zeolites tested, H-mordenite gheebest results. For example,
nitration of toluene4) over H-mordenite in the presence of benzoyl teti@ room
temperature gave 2-nitrotoluen®) (and 4-nitrotoluene7) in 32 and 67% yields,
respectively, along with 1% of 3-nitrotoluen; (Scheme 4§’ The reaction was
therefore high yielding and much mopara-selective than traditional nitration
reactions, and the zeolite could also be recoversd re-used’ When a similar
reaction was carried out by others over surfacetdeded ZSM-11 in hexan&, was
obtained in even higher selectivity (98%), thouglower yield’® "

Me Me Me Me
PhCO,NO, NO,
H-mordenite
+ +
NO,
NO,

4 5 (32%) 6 (1%) 7 (67%)

Scheme 4  Nitration of toluene4) using benzoyl nitrate over H-mordenite

Unfortunately, benzoyl nitrate is expensive toduee. Acetyl nitrate, formed
in-situ from acetic anhydride and nitric acid (Schemasbinore economical.

Ac20 + HNOs3 AcONO2 + AcOH

Scheme 5  Generation of acetyl nitrate from nitric acid awktic anhydride
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Indeed, simple aromatic compour@lsvere nitrated (Scheme 6) in excellent
yields (Table 4) and with high regioselectivity @ndmild conditions with acetyl
nitrate, generated using stoichiometric quantigésitric acid and acetic anhydride

and in the absence of any additional solvent, wteerite H3 was the cataly$f

X

X X X
() e (7 (Y
HNO4/Ac,0/Hp N .
NO,
NO,
11

8 9 10

Scheme 6  Nitration of simple aromatid® using a HN@ACc,O/H system

The order of addition of the materials had a digant effect on thepara
selectivity of the reaction. The best order involy@emixing the zeolite with nitric
acid, followed by addition of acetic anhydride dastly the aromatic compound. This
Is consistent with the formation of acetyl nitratedominantly within the pores of the

zeolite, where reaction with the substrate thersgkace.

Table 4 Nitration of simple aromatics8 using a HNGAC,O/HB system
according to Schemé 6

X t (min) Yield (%)  Proportions of the isomers (%)
9 10 11
Me 30 >99 18 3 79
Et 10 >99 15 3 82
'Pr 30 >99 9 3 88
‘Bu 30 92 8 traces 92
F 30 >99 6 0 94
Cl 30 >99 7 0 93
Br 30 >99 13 0 87

2 A mixture of H3 (1 g), HNQ (35 mmol of 90%), AgO (53 mmol) and (35 mmol)
was stirred at room temperature for the indicagzattion time followed by distillation
under reduced pressute.

It is clear that it is possible to nitrate toluaneessentially quantitative yield
with high paraselectivity (79%) and without recourse to expeesor relatively
inaccessible reagents or to conditioresg( temperature and solvent) that would
preclude application on a large scale. The proeedan be applied to a range of
substrates of moderate activity, which are the dinasoften give selectivity problems
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in traditional nitrations. The zeolite can be rdeyc and the only by-product is acetic
acid, which can be separated easily from the mommgbroducts by distillation. These
results represent the highgstra-selectivities yet achieved in high yielding nitost
reactions for such an extensive range of substrates$ dinitro compounds are not
formed in significant amounff.The mechanism of the reaction has been investigate
in detail by the group of Prins. Their studies @onfthe intermediacy of acetyl nitrate
and support the view that the selectivity arisectwystrictions on the transition state
within the zeolite pore$%.®3

Although this method seems to meet most of therai of a cleaner, greener,
environmentally more acceptable nitration processamercial organisations appear
reluctant to adopt the new technology, possiblyabhee of the hazards of acetyl
nitrate. Therefore, alternative methods of achig\walective nitration are still needed.

Aromatic compound8 can also be readily nitrated mguara-selectively with
dinitrogen pentoxide over zeolite cataly&tdHowever, the process suffers several
disadvantages such as the production of one mahiraf acid per mole of product.
Moreover, the reagent can only be produced usimgigpfacilities. Vapour phase
nitration with nitrogen dioxide at elevated temperes in the presence of zeolites has
also been reported, but generally without partichenefits®>®® However, one report
of nitration of chlorobenzene with nitrogen dioxiohethe presence of oxygen over
zeolite H3 at 150°C gave arortho/metdpara product distribution of 3/1/96, though
the overall yield of chloronitrobenzenes was on8p3° A reaction utilising NO,
and oxygen can be catalysed by tris(pentane-2dattgiron(lll) (Fe(acag) in an
organic solvent®® so that it occurs under moderate conditions inighlj atom-
efficient process, but it is not regioselective. @éxided to reinvestigate the zeolite-
catalysed reaction and found that it could be edrout under mild conditions for
simple aromatics8. The higher temperatures used earlier were natinedy For
example, nitration of chlorobenzene with excesaidig\N,O, in dichloroethane over
various zeolites at €C in the presence of oxygen (assuming the stoickignshown

in Scheme?, X = Cl) gave high yields and reasonapéea-selectivity (Table 5§23

X X

Oy, HB,0T
CICH,CH,CI
4 + 2N0, ———— 4 -NO, + 2H,0

8 9-11

Scheme 7 Assumed stoichiometry for nitration of simple aaim compounds
over a NO4/O,/H[3 system with excess N,
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Table 5 Nitration of chlorobenzene8( X = Cl) over a NO4J/O,/HB system
according to Schemé 7

Catalyst (Si/Al) t (h) Yield (%) Proportions of the isomers (%)

ortho meta para
O 50 2 39 0 61
SIO, 50 28 29 <1 70
HB (12.5) 50 90 14 <1 85
NaB (12) 50 96 15 0 85
KB (12) 50 92 21 0 79
NH4B (12.5) 50 70 30 1 69
HY (30) 50 91 16 2 82
NaY (28) 50 91 16 1 83
H-mordenite (10.5) 50 28 27 0 73
HZSM-5 (50) 72 42 28 2 70
HZSM-5 (150) 72 32 20 <1 79

& A mixture of catalyst (1 g), chlorobenzer® X = Cl; 10 mmol), 1,2-dichloroethane

(30 ml) and NO,4 (ca. 10 ml) was stirred under oxygen at’O for the indicated
reaction time?

Zeoltes H8 and N@ produced the greatest selectivity fguara
chloronitrobenzene (85%) and among the highestlyi€d0 and 96%). The reaction
over H3 has been applied to a range of other aromatidses3 (Scheme 7) to give
excellent yields of mononitrated produc®sll (Table 6), with moderat@ara
selectivities somewhat better than those of trawliti reaction§?%®

Table 6 Nitration of simple aromatic compoun8sover a NO4/O,/H[3 system
according to Schemé 7

X t (h) Yield (%) Proportions of the isomers (%)
ortho meta para

Me 24 85 53 2 45

F 48 95 7 0 93

Cl 48 95 14 <1 85

Br 48 94 22 <1 77

I 48 95 37 1 62

& A mixture of H3 (1 g), 8 (10 mmol), 1,2-dichloroethane (30 ml) anddy (ca. 10
ml) was stirred under oxygen af@ for the indicated reaction tinié®

In principle, this method could offer a potentalclean synthesis of

halogenonitrobenzenes. However, the reactions @re&ary selective, and involve a
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large excess of dinitrogen tetroxide, a halogenawdent, cooling and a reaction
time of 48 h, all of which reduce the green cre@ddsbf the process.

Suzuki showed that better selectivities for praauncof para-isomers could
be achieved at low conversion using the substratésaown solvent in the liquid
phase’* while we avoided the need for cooling by use ofatoclave to contain the
dinitrogen tetroxide. In this way substra&sould be nitrated in high yields with
moderategpara-selectivities (Table 7) under mild conditions (aem temperature and
a modest pressure), using only the stoichiometrioumt of dinitrogen tetroxide, and
using air instead of oxygeft® Actually, it transpired that the stoichiometryniat as
indicated in Scheme 7, but instead results in prtodo of one mole of nitric acid for
each 3 moles of product (Scheme 8). A means othegythe nitric acid would also
therefore need to be developed in order to makerheess really attractive.

X X
air, HB, RT
autoclave, 200 psi N
3 +2N0, — =3 || TNOz +H0 + HNO3
=
8 9-11

Scheme 8  Nitration of simple aromatic compoun8sover a NOJ/air/Hf system
under autoclave conditions

Table 7 Nitration of simple aromatic compoun8sover a NOJ/air/Hf system
according to Schemé 8

X t (h) Yield (%) Proportions of the isomers (%)
ortho meta para

Me 24 76 50 3 47

F 16 95 9 <1 91

Cl 14 97 15 <1 84

Br 14 90 19 <1 80

& A mixture of H3 (3 g),8 (33 mmol) and MO, (ca. 1.4 ml) was stirred under 200 psi
air pressure at room temperature for the indicegadtion time’>%°

Under the conditions described in Table 7 the treads rather slow, but
simply raising the temperature to 30-40 in the sealed system used reduces the
required reaction period dramatically. Thereforalyothree remaining obstacles
prevent this reaction from fulfilling all the desd criteria. One is the relatively low
para-selectivity (though already significantly bettdrah for traditional methods).

Another is the production of a modest amount aicacid as by-product, which can
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deactivate the zeolite by adsorption or reactionit$ the efficiency of usage of the
dinitrogen tetroxide and could lead to plant caoos The third disadvantage is the
use of an autoclave, and on some occasions thaomatave unexpectedly shown
thermal runaway, which would need to be understatithen prevented.

One other approach involves use of nitric acithasreagent®*®!In this case,
a modest amount of zeolite can be used in a camtalydy. However, higher
temperatures and longer reaction times are negitedigher temperatures, catalyst
deactivation takes place rapidly and oxidation patsl are produced. Also, the yields
and selectivities tend to be lower than those abthiwith the nitric acid/acetic
anhydride system. Nevertheless, progress has beele mnd the method has the

advantages of simplicity and cheap reagents.

4.3  Selective nitration of deactivated substrates

Normally, nitrations of deactivated compounds #metefore polynitration of
toluene are carried out using aggressive nitricl-ateum mixtures. Dinitration of
toluene with mixed acids produces 2,4- and 2,6tditdluenes in a ratio of 4:1, from
which 2,4-dinitrotoluene is isolated for the marmtfme of toluene di-isocyanate
(TDI), which is used in the manufacture of polyheeies and toluenediamine.
Zirconium and hafnium derivatives catalyse nitmatiof 2-nitrotoluene §), but the
ratio of 2,4-:2,6-dinitrotoluene is modest (66:3%).Dinitration of toluene using
claycop (copper nitrate on K10 clay), acetic anfdaland nitric acid in the presence
of tetrachloromethane has produced dinitrotoluenes yield of 85% with a ratio of
2,4-:2,6-dinitrotoluene of 9:1° but the method requires a large excess of nitiit, a
use of an unacceptable solvent, high dilution,rgelauantity of catalyst and a long
reaction time. Nitration of a 1:1 mixture of 2-NTda4-NT {.e. somewhat richer in
4-NT than is produced by nitration of toluene witixed acids), using nitric acid over
zeolite H3 as catalyst, with azeotropic removal of wateregia 2,4:2,6-dinitrotoluene
ratio of ca. 14, but in modest yieldcé. 20% with one equivalent of nitric acid, 30%
with two) and with significant deactivation of thatalyst during the reactiofr*®

Nitrobenzene can be successfully nitrated usingpifg nitric acid and
trifluoroacetic anhydride (TFAA) in equimolar pragions at 45-55C.*'° However,
such conditions are generally not very selective nitration of substituted

nitrobenzene$*'? Because there is only one actived position, btituene 7) is
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nitrated by a TFAA/HN@ mixture to give exclusively 2,4-dinitrotoluen&?j in high
yield at room temperaturél**?By contrast, nitration of 2-nitrotoluens)(gives two
main products]12 and 2,6-dinitrotoluen€l@). We studied the reaction in the presence
of zeolite H3 in an attempt to improve regioselectivity for thd-isomer. Indeed, on
nitration of 5 with TFAA/HNO; in the presence of zeolitefHhe regioselectivity
improved slightly {2:13 ratio of 3:1 compared to 2:1 without zeolite) haligh there
was little effect on the overall reaction rate ooguct yield. It appeared that the free
solution reaction was too fast for the reactantdiffose fully into the pore system and
so reaction occurred primarily in free solutiorabthe external surface of the zeolite.

In order to slow down the overall reaction, acetnthydride was added as a
diluent, thereby giving the zeolite a better chatacexert influence over the reaction.
Indeed, this led to a slower reaction and zeoliethtn exerted a greater influence
over both rate and selectivity. In the presenceaadtic anhydride but absence of
zeolite the combined yield df2 and 13 from 2-nitrotoluene §) after 2 h at —10C
was only 16% and th&2:13 ratio was 2:1. In the presence of zeolif¢ @ g for 17.5
mmol of5), the yield increased to 99% and @13 ratio to 17:1 (Schem@).***

Me Me Me

NO, HNOg, TFAA, Ac,0 NO,  O,N NO,
HB, -10 T, 2 h .

NO,
5 12 (94%) 13 (5.4%)

Scheme 9  Nitration of 2-nitrotolueneX) using a HNQTFAA/Ac,O/HB system

4-Nitrotoluene 7) could also be nitrated with the system optimided
2-nitrotoluene %), but the reaction was much slower. Therefore dicgct dinitration
of toluene it was necessary to minimise the amotithie diluent used. When this was
done, single step nitration of toluer® (sing two equivalents of HNQwith TFAA
and AcO gavel2 and 13 in almost quantitative yield with higpara-selectivity
(12:13 = 24:1 using 1 g and 14:1 using 0.5 g ¢ fér a 17.5 mmol reactiori}’
Excellent though these results were, the ratiolafl3 was less than would be
predicted if the first step were to give 2- andi#etoluenes in the published ratio for
the HNQYAC,O/HPB system ¢a. 4:1) and the second nitration step were to proesed

described above. 4-Nitrotoluen&) (should give onlyl2, while 2-nitrotoluene §)
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should givel2 and 13 in ca. 17:1 ratio, leading to a ratio expected for therail
process ota. 98:2 to 99:1. It seemed likely that the problens\adess selective first
step using TFAA and therefore a two-step nitrapoocess was investigated.

The two-step nitration process, involving onlytecanhydride and zeolite H
in the first step, with TFAA and extrafeolite added in the second step (Scheme
10), improved thepararegioselectivity to al2:13 ratio of 70:1, and a quantitative
yield was obtained after 2 h at around @' Pure 2,4-dinitrotoluenel®) was
isolated in 90% vyield from this reaction simply HMitration of the zeolite,

concentration of the mother liquor, and recrystatiion from acetone or diethyl ether.

HNO3 Ac,0 HNOj3, TFAA
_HB, zgmin Aczo HB. 2 h

NO,
4 12 (96%) 13 (1.4%)

Scheme 10 Two-step nitration of toluend) with a HNGQ/TFAA/Ac,O/HB system

The mono-nitrotoluene intermediates in the ditidra of toluene are only
moderately deactivated because of the activatifigeince of the methyl group and
2,4-DNT has the two electron-withdrawing groupsta to each other, in line with
traditional regioselectivity. To test the limits tife methods, it was of interest to see
how they would behave with substrates having jusingle deactivating substituent.
A series of deactivated monosubstituted benzénbsaringmetadirecting groups
was therefore subjected to the HMTOFAA/HB and HNQ/TFAA/Ac,O/HB systems
(Scheme 6, X = N® COH, CN)!! The results, recorded in Table 8, showed that
reasonable yields of mononitrated products weraioetl using the HNETFAA/H[3
system, but that yields were lower with the systeamtaining AgO. In comparison to
mixed acid, the HNgTFAA/Ac,O/HPB system in particular led to higher proportions
of paraisomers (to 19% in the case of benzonitrile), preedoly as a result of shape-
selectivity imposed on the transition state. Wigmkoic acid the proportion oftho-
isomer also increased (to 11%), possibly by regearent of benzoyl nitrate formed

in-situ. However, in all cases tmeetaisomer was still vastly predominafit.
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Table 8 Nitration of deactivated monosubstituted benzeBesaccording to
Scheme 6 but using HNEOTFAA/HB? and HNQ/TFAA/AC,0/HB system®

X Nitration system Yield (%) _Proportions of the isomers (%)
ortho meta para

NO, HNO3/TFAA/HPB 72 5 88 7
COH  HNOS/TFAA/HB 86 2 97 1

CN HNOS/TFAA/HB 54 13 74 13
NO, HNO3/TFAA/Ac,O/Hf3 25 2 91 7
COH  HNOS/TFAA/AC,O/HB 74 11 79 10

CN HNO3/TFAA/Ac,O/HB 17 10 71 19

& A mixture of H3 (1 g),8 (17.5 mmol), HNQ (17.5 mmol of 90%) and TFFA (17.5
mmol) was stirred at -18C for 2 h***° A mixture of H3 (1 g),8 (17.5 mmol), HN@
(17.5 mmol of 90%), TFFA (17.5 mmol) and A (3.5 ml, 37 mmol) was stirred at
-10°C for 2 h**

Recently, we undertook a more detailed study @& thtration of such
monosubstituted deactivated benzeBgScheme 11) using HNIRCO)O/zeolite
systems? Solvents were used because some of the anhyavietesnot liquid and to
make the mixtures more mobile. Initial nitration lénzonitrile 8; X = CN) with
HNO;3; and chloroacetic anhydride over zeolitp {bi/Al = 12.5) in dichloromethane
at room temperature for 2 h gave only 3-nitroberntzten (10, X = CN) and
4-nitrobenzonitrile 11; X = CN) in 17 and 4% yields, respectively, with artho-
nitrated product. In the absence of catalyst nati@a occurred. The absence of
ortho-isomer was interesting. Since the cyano groumesal and provides little steric
hindrance toortho-nitration, and since traditional nitration prodscsignificantly

moreortho-nitrated product thapara-, a higherortha/pararatio had been expected.

X X X X
HNO3/(RCO)20/zeolite NO2
solvent, reflux
+ +
NO2

NO2
8 9 10 11

Scheme 11 Nitration of deactivated monosubstituted benzéhesing a mixture of
HNO3z and (RCO)O over zeolite

Higher yields were obtained under reflux condisicaand reaction proceeded
similarly in various chlorinated hydrocarbon soliggnalthough reflux temperature
seemed to influence the overall yield of nitrobemizdes (NBNs), possibly by
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decomposition or loss through evaporation of thevacnitrating agent at higher

temperatures. The yields @0 and11 were highest for reaction in dichloromethane,
which was therefore used for further investigafithOther anhydrides and other
zeolites were tested and a few of the resultsearerded in Table 82

Table 9 Nitration of benzonitrile § X = CN) using HNGQ/(RCO),0/zeolite
systems under reflux in dichloromethane accordin8aheme 1%

Catalyst (Si/Al ratio)  Anhydride/(RCGD Yield (%)
8

10 11
Hp (12.5) Acetic 100 — —
Hp (12.5) Propionic 100 — —
Hp (12.5) Chloroacetic 25 56 18
HB (12.5) Dichloroacetft 34 41 15
Hp (12.5) Trifluoroacetic 4 75 21
Hp (150) Chloroacetic 42 46 11
Hp (300) Chloroacetic 27 62 12
HY (12.5) Chloroacetic 80 14 4
HY (28) Chloroacetic 70 27 2

& A mixture of zeolite (2.00 g), nitric acid (19 mhaf 100%), chloroacetic anhydride
(3.30 g, 19 mmol) an8 (X = CN; 1.03 g, 9.5 mmol) in DCM (20 ml) was nefed
for 4 h**?  2-Nitrobenzonitrile §; X = CN) was produced in 10% vyield.

In a reaction over zeolite H-ZSM-5 (a medium ppeelite), no NBNs were
formed, presumably because the pores are too smatcommodate the reacting
species and the number of acidic sites on the ®iifalow. The results were similar
when ferrierite and mordenite were used as catlyi$tese zeolites, although having
relatively large entry ports, contain one-dimenalochannel systems, which restricts
diffusion within the channels and inhibits intefant between species. By contrast,
large pore zeolites with three-dimensional chanr(gkolites p and Y) showed
significant conversions of benzonitrile into nitestzonitriles (Table 9)*2

The Si/Al ratio of zeolites used also influenckd telectivity of the reactions,
with samples having lower Si/Al ratios giving highgroportions of 4-substituted
product than those with higher ratios. Thus, usihigroacetic anhydride with zeolite
HY (Si/Al = 12.5) as catalyst thparametaratio was 4:14, while over zeolite HY
(Si/Al = 28) the ratio was 2:27. Similarly, with @ée HB the parametaratio varied
from 18:56 over H (Si/Al = 12.5) to 12:62 over B(Si/Al = 300)1*2

Clearly, acetyl and propionyl nitrates were ncacterze enough for such a

deactivated substrate. The results with dichlorb@a@nhydride were unusual — the
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para/metaratio was relatively high (0.37), but there wasoah significant quantity of
the ortho-isomer**? On the other hand, chloroacetyl and trifluoroakcatirates gave
only 10 and11, with the latter giving a higher yield than therfer but with a slightly
lower para/metaratio (0.28:cf. 0.32 for chloroacetyl nitraté}?

Trifluoroacetic anhydride is intrinsically more aaive than chloroacetic
anhydride, so a higher reaction rate was not ureggde However, this alone could
not explain why a higher yield was obtained, simssactivation of the zeolite
appeared to be the limiting factor with chloroatatitrate. Perhaps the greater
volatility of trifluoroacetic acid and a lower temgcy to complex the zeolite (Scheme
12) might result in a greater amount of free zeolieing available to catalyse the
reaction. If so, a smaller quantity of zeolite ntifhe able to generate a high yield of
product. Indeed, the results (Table 10) indicaked hitration of benzonitrile could be
catalysed with as little as 0.10 g of for a 9.5 mmol reaction. Under such conditions
the reaction was nearly complete (96% after 4 I the yield of 4-nitrobenzonitrile

(11, X = CN) was around 24%, withpara/metaratio of 0.33'*2

Zeolite + RCOz2H

Zeolite . RCO2H

Scheme 12 Possible deactivation of zeolite by complexation

Table 10 Nitration of benzonitrile § X = CN) according to Scheme 11 using
TFAA over various quantities of zeolite3

HB (SIAI=12.5/09)  Reaction time (h)_Yield (%)
8

10 11
— 4 100 — —
4.0 4 — 77 23
2.0 4 — 76 24
0.50 4 — 77 23
0.25 4 — 77 23
0.10 6 1 75 24
0.10 4 4 72 24
0.10 2 5 72 23
0.10 0.5 41 46 13

& A mixture of H3 (Si/Al = 12.5), nitric acid (19 mmol of 100%), TRA(3.50 ml, 25

mmol) and8 (X = CN; 1.03 g, 9.5 mmol) in DCM (20 ml) was netked for the stated
reaction time-*?

A range of cation-exchang@dzeolite catalysts was also tested in the nitration
of benzonitrile under similar conditioh¥> The results, reported in Table 11, showed
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some interesting features. For example, the yiéltlBNs was only 7%, with no
4-NBN, when KB was used as catalyst. K*B is not very acidic and Kis a large
univalent cation that may inhibit entry to the Zeopores, spoiling its potential as a
catalyst. The small amount of NBN produced may hanigen by reaction at the small
number of external sites, thereby reducing thedanog to produceara-isomer.

For the divalent cation-exchanged zeolites th&dyaé NBNs was high in the
case of ZA'B and Cd'B but only moderate with HEB.**? The higher yields with the
smaller cations could reflect easier entry to tbeemetwork. The lower yield with
Hg?*B would be consistent with the larger cation causjregter constriction to access
to the pore network. There was also a slight irswea para-selectivity going from

Zn**B to Hof*B as the cations get larger, but at the expenseeshb yield.

Table 11 Nitration of benzonitrile §& X = CN) according to Scheme 11 over
various cation-exchanged zeolif¢%s

Zeolite Yields (%)

8 10 11
H'B 0 76 24
K*B 90 7 0
Zn*'B 2 80 17
Cd'B O 78 22
Hg”'B 54 34 11
AI*'B 2 77 22
Fe'B O 77 (735 24 (28§
In*P O 85 15
La®>B O 87 14
Ce'p 0 85 15

& A mixture of zeolite (2.00 g), nitric acid (19 mhaf 100%), TFAA (3.50 ml, 25
mmol) and8 (X = CN; 1.03 g, 9.5 mmol) in DCM (20 ml) was tefed for 4 h:*?
® Figures in parentheses are for similar reactibnswith 4 g of zeolite Fap.

All trivalent cations produced quantitative yields NBNs, of which 4-NBN
(11) was in the range of 14-24%, the best being witifFand AP*g.**? Furthermore,
11 was obtained in even better yield (28%) when 4 l§ed'B zeolite was used instead
of 2 g, while use of only 0.1 g resulted in 22%14f 58% o0f10 and 21% unreacted
benzonitrile. Therefore, E& behaved in a manner broadly similar to that pf H

Surface-passivated zeolites offered the possibdlitfurther improvement in
para-selectivity, by eliminating reaction catalysedts external surface of the zeolite
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and by introducing further constraints on accesshe pores. Indeed, with 1 g of
zeolite H3 passivated by trimethylchlorosilane for a 19 mmezction, reaction was
complete within 1 h, giving 67% df0 and 33% ofl1, which is easily the highest

proportion ofl1 ever achieved in nitration of benzonitrile (Tab®2 1+

Table 12 Nitration of benzonitrile §& X = CN) according to Scheme 11 over
various quantities of passivated zeolitg*H

Passivated i (9) Yields (%)

8 10 11
0.10 40 45 1=
0.50 5 64 31

& A mixture of passivated zeolitefHnitric acid (19 mmol of 100%), trifluoroacetic
anhydride (25 mmol, 3.5 ml) ar&l(X = CN; 1.03 g, 9.5 mmol) in DCM (20 ml) was
refluxed for 2 h-*2

Similar conditions were applied to a range of othmono-substituted
deactivated benzenes using standard zeolfie(Fable 13; results compared with

those with mixed acids) and using passivat@d Fable 14):*?

Table 13 Nitration of deactivated aromati& according to Scheme 11 using
nitric acid and TFAA over zeolite Hand comparison with use of ‘mixed acftls’

R Yield (%)°

9 10 11
CN O (17) 76 (80) 24 (2)
NO; O (6) 92 (91) 7(2)
CHO 10 (22) 76 (72) 14 (1)
COMe O @) 67 (75) 15 @)
COBu 10 (18F 52 (27§ 300)°
COBU 38 (33) 26 (41) 36 (26)
COH O (27) 75 (72) 21 (1)
COMe 4 (20) 85 (69) 10 (3)
CO,Et 8 (20) 77 (78) 12 (3)
CO,Bu 10 (20) 75 (74) 13 (2)

& A mixture of H3 (Si/Al = 12.5, 0.25 ), nitric acid (19 mmol of %), TFAA (3.50
ml, 25 mmol) and (9.5 mmol) in DCM (20 ml) was refluxed for 4*f.® Figures in
parentheses are for similar reactions using mix@dsa® Reaction was carried out
using only nitric acid rather than mixed acid; stay material ¢a. 55%) remained.

25



Table 14 Nitration of deactivated aromati& according to Scheme 11 using
nitric acid and TFAA over passivated zeolitB*H

R Yield (%)

9 10 11
CN 0 67 33
NO, 0 90 8
CHO 12 73 15
COMe a° 70¢° 17
COBuU 10 50 33
COBU 37 26 37
COH 0 78 24
CO,Me 4 85 10
CO,Et 8 78 13
CO,Bu 11 72 14

& A mixture of passivated [B(Si/Al = 12.5, 0.25 g), nitric acid (19 mmol of A%),
TFAA (3.50 ml, 25 mmol) an8 (9.5 mmol) in DCM (20 ml) was refluxed for 4'f.

Tables 13 and 14 showed that nitration of deatttvaromatics8 generally
gave quantitative yields of nitro products. Botpdy of zeolite i, but especially the
passivated one, enhanced thera-selectivity in all such reactiorts® Nitration of
benzonitrile, butyl phenyl ketongert-butyl phenyl ketone and benzoic acid gave the
highest proportions opara-isomers, several being over 30%. Furthermore,lliin a
cases except oneeft-butyl phenyl ketone) thertho-products were obtained in lower
proportions than by traditional nitration, in sealecases the amount being so low as
to be unmeasurable. The proportiomudtaisomer was often not very different than
that produced in traditional nitration reactiong;reases in the amount mdira-isomer
having been more or less matched by decreases antbunt obrtho-isomer'*?

The case ofert-butyl phenyl ketone was an exception to the génead. As
with other substrates, the proportionpafra-isomer increased for the zeolite-catalysed
process, but uniquely thartho-isomer had also increased and thetaisomer had
become the minor produt® The proportions with this substrate are unusuaheer
traditional nitration of an acylbenzene, attributedhe bulkytert-butyl group forcing
the carbonyl group out of alignment with the berezeing*****Within the confines
of the zeolite pores this twisting may be furthefoeced.

In summary, these zeolite-catalysed processesitfation of monosubstituted
deactivated aromatic compounfls(Scheme 11) are general and give significantly
increased proportions @ara-substituted isomers compared with the resultsiodta
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from the traditional mixed acid method. In mostesathe proportion adrtho-isomer

is substantially reduced. Although the reactioresraot sufficientlypara-selective to
render them suitable for commercial applicatiorgytiproduce substantially higher
proportions ofpara-nitro compounds than has been possible previofisiyn such
substrates. They demonstrate how careful choiceatdlyst, reagent, solvent and
conditions can give powerful improvementspara-selectivity even with substrates
that normally give very littlepara-product, and may point the way to design of
methods to overturn completely the normal selegtiwith deactivated aromatics.

5. Regioselective halogenation of aromatic compousad

The usual methods for halogenation of aromaticd laamany cases to mixtures of
regioisomers that may be difficult to separate. @wmrcial processes might be
simplified considerably by the use of solid, hetgnoeous catalysts such as zeolites,

since separation of the catalyst from the reaatioriure would be eas$?**

51 Selective chlorination of aromatic compounds

We first became interested in the use of solid aathlysts when products from
reactions of trialkylboranes with dichloramine-T r&emodified during column
chromatography on silicd® It transpired that systems comprising an activerate-
containing compound such as dichloramine-T andcaficasolid such as silica were
capable of chlorinating benzenoid compounds, widthlihe nature of the chlorine-
containing compound and the acidity of the soli@@tfng the activity of the system.
Thus, for example, phenols could be chlorinatedh wéry weak systems comprising a
chlorodialkylamine and chromatographic silica, ameérestingly such reactions were
highly ortho-selective''” However, the greatest challenge would be to eréhdne
para-selectivity for chlorination of compounds of modtr reactivity, such as
toluene, which gives predominantbrtho-chlorotoluene by traditional chlorination
methods. Zeolites offer an opportunity for provglisuchpara-selectivity. Indeed,
regioselectivepara-chlorination of phenol has been achieved usinfusgl chloride
over partially cation exchanged L type zeolites2i@,4-trimethylpentane at room
temperature for 20-42 h. The procedure providedhl@ro and 4-chlorophenols in a
combined yield of 96%, with para/ortho ratio of 81

Numerous reagents have been used to enhance #igh@rtho or para

selectivity of aromatic chlorination reactiohg:*** The rates of chlorination reactions
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with molecular chlorin¥®**° are generally faster but lepsra-selective than those
with sulfuryl chloride™*'**’ Consequently, achieving gopdra-selectivity is not easy
when chlorine is the reagent, even by use of 2mliFor example, chlorination of
toluene §) with chlorine in the presence of chloroaceticdaover various zeolite
catalysts (Scheme 13) showgara-selectivity only over zeolite KL (Table 153 In
the absence of chloroacetic acid ffel14ratio was only 1.76, although the role of the
reagent in the reaction is not clear. The bestseity (15/14ratio 6.7) was obtained
when the reaction was carried out in dilute sohutio 1,2-dichloroethane at 8.

However, the absolute yield para-chlorotoluene was never very hitfA.

e e e HClI
Cl2/CICH2CO2H Cl
zeolite
—— + + + Others
Cl
14 15 16

4

Scheme 13 Chlorination of toluene 4) using chlorine in the presence of
chloroacetic acid over a zeolite

Table 15 Chlorination of toluene4) using a GICICH,CO;H/zeolite system
according to Scheme 13

Catalyst (Si/Al) Yield (%)’
4

14 15 16 Others
— 52 1 0.5 45 2
FeCk 56 24 12 6 3
K-ZSM-5 (82) 56 23 16 3 2
K-Mordenite (44) 57 22 15 4 2
KX (4.8) 60 16 11 11 2
KY (8.2) 56 23 18 2 1
KB (65.4) 56 24 20 0.5 —
KL (12.6) 55 10 33 1 —

% To a stirred mixture of toluend,(0.32 mol), catalyst (1.6 g) and CIgEDH (0.32
g) Ch was added at a flow rate of 0.08 mol/h at°80'® ° Numbers expressed as
percentages have been rounded to the whole nufmBelychlorinated toluenes (di-,
tri- and tetrachlorotoluenes).

Chlorination of tolueng***® and other simple aromatics such as curtiéne
using sulfuryl chloride over several types of zediis more selective than with
conventional Lewis acids but simple substrates tidteene remain problematical and
the reaction also suffers from formation of sidedurcts from side-chain and multiple

chlorinations. Also, deactivation of the zeoliteapid under the conditions.
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Our own approach was to use a less active redgainivould not give rise to a
highly acidic by-product such as HCI. This shouleghe zeolite greater opportunity
to influence the reaction, and avoid its early degion. Indeed, use dert-butyl
hypochlorite over proton-exchanged zeolite X (HX}pulted in almost quantitative
ring chlorination of toluene, with 74% qfara-chlorotoluene produced within one
hour at 25°C in tetrachloromethane (Scheme 14, X = M&)Other zeolites were less
successful, consistent with faujasite’s large pdr@meter and three-dimensional
lattice structure allowing easy diffusion of substr and reagents while restricting
transition state freedom sufficiently to favquara-isomer formation. Zeolite HY also
has the faujasite structure, but it is more strpagidic than HX, resulting in a greater
proportion of by-products. The effect of solventyald and selectivity for reaction

over HNaX was investigatéd? Some of the results are recorded in Table 16.

X

X X
Bu'OCl, zeolite Cl
solvent
v . .
Cl
17 18

8

Scheme 14 Chlorination of monosubstituted benzenes using tert-butyl
hypochlorite over a zeolite

Table 16 Chlorination of toluene usintgrt-butyl hypochlorite over zeolite HX
according to Scheme 14 (X = Me)

Solvent t (h) Yield (%) Isomer proportions (%)
ortho para
Pentane 1 78 37 63
Toluene 28 0 29 71
CH.Cl, 1 95 26 74
CCly 1 95 26 74
Et,O 0.5 63 8 92
CH.CI2:Et,O (3:1) 1 95 9 91
DMF 24 5 50 50
MeCN 0.5 100 18 82
MeOH 20 46 60 40

2 A mixture of toluene (2.5 mmol), BDCI (2.5 mmol), HNaX (1.5 g) and solvent (10
ml) was stirred at 25C for the reaction tim&*?

Good yields of monochlorotoluenes were obtaineth bma non-polar solvent

such as pentane and in a very polar aprotic solilengacetonitrile. Solvents having a
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strongly coordinating functionality e(g DMF) or strong hydrogen-bonding
tendencies €.g. methanol) inhibited the reaction, possibly by dirating the acid
sites of the zeolite and also inhibiting diffusiohreactants in and out of the lattice.
The high regioselectivity (92%ara) obtained in diethyl ether may reflect a polarity
sufficient to render it capable within the poresstdbilising the likely intermediate
oxonium cation but not fully to deactivate the acisites. Unfortunately, in the case
of less active substrates, for which the rateseattion were slower, the competing
reaction oftert-butyl hypochlorite with ether itself became a peob. In view of this,
acetonitrile appeared to be a better solvent fomgemeral proceduré? The
BU'OCI/HX/MeCN system has been applied successfullya tange of substituted

aromatics of moderate activit{? Some of the results are recorded in Table 17.

Table 17 Chlorination of aromatic compounds using tert-butyl hypochlorite
over zeolite HX according to Schemé® 14

X T (°C) t (h) Yield (%) Isomer proportions (%)
17 18
Me 25 1 100 18 82
Et 40 3.5 100 10 90
Pr 40 96 90 20 80
Bu' 40 96 99 2 98
Ph 45 72 86 14 86
Cl 40 120 95 3 97
Br 40 96 75 3 97
OMe 25 3 100 18 82

2 A mixture of8 (2.5 mmol), BIOCI (2.5 mmol), MeCN (10 ml) and zeolite HX (1.5
g) was stirred at the indicated temperature ancticratime’*?

Excellent yields (75-100%) and higpara-selectivities (82-97%) were
achieved although reactions of less active sulestrakere rather slow. Furthermore,
the reaction worked for preparation dra-chlorotoluene anghara-dichlorobenzene
on 0.1 mole scale with no detrimental effects axidyor selectivity:*?

In view of the relative lack of success in chlation of toluene over zeolites
other than the large pore zeolite HX, we felt tthed transition state was taking up
most of the space within the zeolite cavity anéyrefore, it was by no means certain
that disubstituted benzenes would react at allieadth tert-butyl hypochlorite over
zeolite HX. Nevertheless, the system was appliethéoselective chlorination of a
range of disubstituted benzenes and most of thes émed could eventually be
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chlorinated in high yield with moderate to excetleplectivities. Slightly deactivated
ortho- and metachlorotoluenes gave predominantly chlorinatjmara to one of the
substituents, with a substantial preference forssuhion para to chlorine. para-
Chlorotoluene was very selectively chlorinatetho to the methyl group but the very
low rate of the reaction makes it impractical fgnthetic purpose¥'? More activated
ortho and metaxylenes gave good selectivity for substitutipara- to one of the
existing methyl groupscé. 90% at 20 °C), but heating the reaction mixtard® °C
led to the emergence of unwanted polychlorinatechpmunds:** para-Xylene
afforded o-chlorop-xylene together with polychlorinated aromatics 4@ °C.
ortho-Chloroanisole was very selectivelya( 100%) chlorinategbara to the methoxy
moiety!*? In summary, therefore, the BICl/zeolite HX/MeCN system provides an
excellent general method fgrara-selective chlorination of a range of mono- and
disubstituted benzenes of moderate activity. Funtioee, the BIOH can in principle
be reconverted into BOCI, the zeolite can be recovered and the solventte

reaction can be chosen to be relatively benigthabthe green credentials are good.

5.2  Selective bromination of aromatic compounds
Following our earlier work on chlorination reactomver silica, we investigated
several systems involving active bromine-containtegnpounds in the presence of
silica. A system involvingN-bromosuccinimide (NBS) and silica proved useful fo
selective bromination of some relatively active swdites, including heterocyclic
systems such as indoles, carbazoles, benzimidaasiésiminodibenzyl$*® Such
systems were not of value for regioselective bratmam of most simple benzenoid
compounds, however. Therefore, we turned our abiend use of zeolite catalysts.
There have been a number of studies of zeolitelyst$ in regioselective
bromination of simple aromatic compourtd$:°® but in many cases only limited
improvement in selectivity was shown. For exammearly studies showed that
bromination of halobenzenes with bromine could ksalysed over partially
exchanged zeolite ¥ Para/ortho ratios were higher than for conventional
procedures and the highest ratios were obtainadsoivent-free procedure.
Bromination of phenol with KBr in the presenceaafetic acid and hydrogen
peroxide at room temperature over CrZSM-5 for 5dveg58 and 25% yields,

respectively, of 4-bromophenol and 2-bromophéffoNo products were obtained
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when moderately active substrates such as toluemeartivated substrates such as
nitrobenzene and benzoic acid were used, evenl@ger reaction time (24 h).

Bromination of anisole with NBS in carbon tetramide over HZSM-5 under
reflux conditions for 5 h gave bromoanisoles in 7g@&d with apara/orthoratio of
2819 but anisole is naturally substituted higipigra-selectively and the reaction has
not been tried for other simple substituted benzeneh as alkyl and halobenzenes.

Bromination of chlorobenzene with bromine in theegence of sulfuryl
chloride over various zeolites gave 4-bromochlonzieee in high selectivity when
CaY was used as the catalyst, but faga-selectivity was not high for toluerié’
Bromination of toluene using bromine or NBS ovd¥ ghve a mixture of brominated
toluenes in which th@ara/ortho ratio was 4-5.5, but under the conditions used the
product from side-chain bromination was also sigaift:>* Sasson’s group achieved
significant improvement in selective bromination tofuene using bromine as the
brominating agent, zeolite NaY as catalyst and poxiele as a hydrogen bromide
scavenger. Although the selectivity and rate ottiea diminished as the reaction
proceeded, such procedures gave exceflargselectivity at low yield>?**°

When we began to investigate the bromination hfetee, as one of the most
testing and important of substrates, two possiditseemed to offer significant
potential: (i) use of B®Br by analogy with our earlier chlorination reacti(see
above); and (ii) gaining an understanding of thesa method, so that the high
selectivity could be retained in a reaction thawegdiigher yields. We tested
bromination of toluened) with tert-butyl hypobromite over several zeolites (Scheme
15) at 20°C for one hour in a mixture of tetrachloromethamel aiethyl ether as

solvent®® Some of the results obtained are recorded in THhle

e Me Me
Bu'oBr Br
zeolite
e .
Br
19 20

4

Scheme 15 Bromination of toluened usingtert-butyl hypobromite over zeolites
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Table 18 Bromination of toluene over various zeolites acamydo Scheme 15

Zeolite Yield (%) Isomer proportions (%)
19 20
HNaX 49 0 100
HNaY 77 36 64
H-Mordenite 62 54 46
HZSM-5 4 30 70

2 A mixture of zeolite (1.5 g), BOBr (2.6 mmol),4 (2.5 mmol), E2O (7.5 ml) and
CCl, (2.5 ml) was stirred at 20 for 1 h**°

For the medium pore zeolite HZSM-5, the reacti@s wlow and the yield was
very low (4%), while the large pore zeolites H-memde and HY gave reasonable
yields but in lowpara-selectivity. However, as in the case of chlorioatreactions
partially exchanged zeolite X (HNaX), which hasgkrpores to allow reasonable
diffusion but weakly acidic sites, turned out to tughly successful, giving almost
exclusively 4-bromotoluene as product. Presumabéy catalyst was sufficiently mild
to allow the shape-selective constraints of thelilseg@ores to exert maximum
effect’® The low yield obtained over HNaX was probably hesathe rate of the
reaction was slow enough to allow effective contpeti from destruction of the
hypobromite in ether. Indeed, the yield could beroved by use of a solvent mixture
containing a lower proportion of ether, but at #gense of reduced selectivity.
Furthermore, when the reaction over zeolite HX wsl with less active substrates,
destruction of the hypobromite seemed to becomeptimeiple reaction, so that the
yields of products were very low (0-3698§.Consequently, although somewhat better
yields could probably be achieved by use of exceagent, it seemed unlikely that
the reaction would be useful as a general methdurefore, thepara-selective
bromination of toluene using bromine over varioeslites and in particular zeolite

NaY (Scheme 16; X = Me), as used by Sasson, wasiigated furthel>***’

X X X
Br
Bry, NaY
_— +
Br
22

8 21

Scheme 16 Bromination of monosubstituted benzeBassing bromine over NaY
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It emerged that when NaY zeolite was used in largeantity at room
temperaturgara-bromotoluene was obtained in 98% yield witpaaa/ortho ratio of
around 103°%*"This procedure represented the higlpesa-selectivity yet achieved
in high yielding bromination reactions of toluer@d purepara-bromotoluene could
be obtained by simple distillation. The scope @f tbaction (Scheme 16) with a range
of substituted benzends was explored. The results (Table 19) indicated tha
reaction gave high yields ampdra-selectivities for a range of substituted benzeafes

moderate activity, including alkyl and halogenolsmes'>***’

Table 19 Bromination of simple aromatic compourlaccording to Scheme 16

X Yield (%)

8 21 22
Me 0 1 98
Et 0 1 97
Py O O 98
Bu' 2 0 97
F 8(6y 0 @) 92 (93f
Cl 22 (17§ O @)° 78 (82§
Br 44 (343 0 @) 56 (667
OMe 0 O 93

& A mixture of zeolite NaY (0.55 gg (0.84 mmol), Bs (0.93 mmol) and CkCl, (8
ml) at 20°C for 5 h**®*5"® Figures in parentheses are for reactions with Ka80 g).

The selectivity was remarkable, almost exclusorenfation of thepara-isomer
being achieved in all cases. In many prior studiészeolite-induced aromatic

bromination reactiort&*152-1%°

selectivities at total conversion were signifidahess,
especially for toluene. Also, conventional wisdooggested that space within the
pores of zeolite Y was so abundant that there vites bpportunity for significant
shape-selectivity. It appeared that the reactiquired the substrate, bromine, NaY
and perhaps even solvent molecules all to be imgbia the process. In this case, the
space within the pores could become much more stede¢han might be envisaged
on cursory consideration, and this might lead edhserved selectivity.

The need for a large amount of zeolite NaY andiced selectivity during the
later stages of reaction with less NaY correlatidthe zeolite being a stoichiometric
rather than catalytic reactant (Fig. 4). Fortunatbl heating the mixture of HY and

NaBr produced, HBr can be driven off and NaY recedefor use again. Therefore,
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this is potentially a very useful approach para-bromination of aromatic substrates.
Furthermore, the HBr by-product is easily oxidisgeatk to bromine using innocuous

and cheap reagents, so that this is potentialty glste a green reaction.

ArH + NaYyY + Bn

ArBr + HY + NaBr

Fig. 4 Conversion of zeolite NaY to HY in bromination céan of aromatics

6. Regioselective alkylation of aromatic compounds

Friedel-Crafts alkylation reactions of aromatic gqmunds suffer two major
drawbacks additional to the usual problems of megjectivity common to all
electrophilic aromatic substitution reactions:r@arrangement of alkyl groups during
reaction renders the incorporation ofalkyl groups longer than ethyl virtually
unknown; and (ii) the fact that the initial produstmore reactive than the original
substrate makes it difficult to control the reastto get specifically mono- or di-alkyl
compounds. Nevertheless, Friedel-crafts alkylat®still important in synthesis of
various fine chemicals, pharmaceuticals, agrochasiiadyes and polymet?’ In
principle, zeolites could help with all of the pleims.

6.1. Attempts to prevent rearrangement of alkyl groips

Given that the pores of any zeolite employed inriadel-crafts alkylation reaction
would need to be large enough to accommodate a&hemning, it is unlikely that they
could be small enough to inhibit isomerization mermediate cation®(g Fig. 5) by
shape selectivity. However, the more stable abylom might survive long enough to
react without rearrangement, and might be congtdaloy shape-selectivity to react

preferentially at the terminal rather than theriné end of the allylic unit.

+
CH3CH2CHCH3

+ + +
CH3CH2CH2CH2 CH3CHCH2 CH3CCH3
I I

CH3 CH3

Fig. 5 Isomerization of butyl cations

Therefore, we undertook an investigation of thectien of monosubstituted
benzenes (Scheme 17) with several allylic reagents in thespnce of a range of
solid catalysts, including zeolites, and observed lzest results (very substantially

mono-alkylation and almost exclusive attachmentthet 1-position) with allylic
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alcohols as reagents and zeolite HY or K10 clagaalyst:®® The reaction produced
high yields of23, of which para-isomers were the major ones. Sir&® obtained as
E-isomers, are easily converted imtalkylbenzenes by hydrogenation, this offers a
possible approach to compounds that are impontathiel production of detergents.

X

HY or K10 N /
@ *  HOT DR T \//\/\R

8 23

Scheme 17 Allylation of monosubstituted benzenes over HYA0

6.2. Attempts to control regioselectivity and polykylation for simple
substituted benzenes
The production ofpara-xylene is of enormous commercial importance sipaes-
xylene is a precursor to terephthalic acid andpds/meric esters. Zeolites of the
MFI/ZSM-5 type are used in the commercial productmf para-xylene, and the
process is often cited as a quintessential denairsirof shape-selectivity in action.
The process involves alkylatiore.¢¢ methylation of toluene to give xylenes and
poymethylbenzenes), dealkylatior.§ polymethylbenzenes giving xylenes) and
isomerization €.g ortho- and metaxylenes isomerising t@ara-xylene) and these
competing processes, taking place at high temperatuthe catalytic sites within the
zeolite structure, conspire to produce a producttume that is significantly richer in
para-xylene than can be obtained with any traditionalls acid catalysed proce'Ss.
However, because of the commercial importance @fptiocess, precise details of the
underlying science are not easily accessible. Quesgly, in this section we
concentrate on the published academic studiestiahndetails are known.

Regioselective alkylation of monosubstituted be&eseover solid catalysts has
been widely investigatef>***However, in many cases limited improvement indjiel
or para-selectivity was achieved. For example, alkylat@nphenols with alcohols
and alkenes over zeolite catalysts has been rebanteboth vapour and liquid
phases®*!">However, the process produces mixtures of aniaideO-methylation)
and cresols\yia bothC-methylation and isomerization of anisotéj®’

Methylation of toluene with methanol at 250 under pressure over CMC-22

zeolite gave a mixture of xylenes in which the mmbjpn of theo/m/p isomers was
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38/15/44 after 5 minutes at 37% conversiBhSome 1,2,3-trimethylbenzenea(
3.5%) was also obtained. Use of CMC-22 treated wilidine provided a greater
proportion ofpara-xylene (isomer proportions were 6/12/74) with #dreconversion
(50%)1"® The authors believed that collidine selectivelyspoed the external acid
sites, and that the remaining internal acid sitesewesponsible for the selectivity.

para-Xylene has been produced selectively by methylatd toluene with
agueous methanol in the presence of hydrogen @aite ZSM-5 containing boron
(ca 6-9% by weight), but at very low conversion (5% Also, under the
conditions tried, the boron deposited on the reaetls as the reaction proceeded.
The authors believed that boron restricted poreniogs to favour methylation at the
para-position, rather thaortho- or metapositions. Also, boron may have deactivated
strong acid sites on the external surface and iteltiisomerization opara-xylene.
Vapour-phase methylation of toluene with methanatroZSM-5 zeolite modified
with phosphoric acid (phosphorus conteat2.1% by weight) producepara-xylene
selectively at higher conversion (43%), but at M&igh temperature(42%C).X"8

tert-Butylation of toluene 4) with tert-butyl alcohol over zeolite catalysts
gives a mixture of mainly Brt-butyltoluene 24) and 4tert-butyltoluene 25) along
with other minor products (Scheme 18J842-tert-Butyltoluene is obtained in only
trace amounts as a result of the steric hindramterden the methyl antrt-butyl
groups and the restrictions of space within thditeepores. Various factors influence
the level of conversion angaraselectivity. For example, use of t@rt-butyl
alcohol:toluene molar ratio of 1:8, over H-morderdt 160°C, gave a mixture a24
and25in which the selectivity towards tlpara-isomer increased as the silica content
of the catalyst increase@924 ratio 1.2 for H-mordenite (Si/Al = 10) but 2.2 for
H-mordenite (Si/Al = 45)1°

Me Me Me
Bu'OH
zeolite
. + + others
Bu'
Bu'

4 24 25

Scheme 18 tert-Butylation of toluene4) with tert-butyl alcohol over zeolites

Vapour-phasdert-butylation of toluene 4) with a deficiency oftert-butyl

alcohol in a flow system over several large-poraiiss at 120-180C in some cases
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resulted in good selectivity for thara-isomer'® Zeolite HY (Si/Al = 40), which has
strong acidity but relatively low acid site densityas found to be the most effective
catalyst, providing substantigbara-selectivity @524 ratio ca 6 at a toluene
conversion of 22%)%° The authors believed that higher reaction tempegatand
high acid site density (low Si/Al ratio) promotesbmerization of thgpara- to the
metaisomer, reducing thpara-selectivity.

On use of excedgert-butyl alcohol under batch conditions at 18D toluene
conversion increased with reaction time, but seliégttowards thepara-isomer
diminished and yields of side products increasetldidenite was the most effective
catalyst, giving 59% conversion after 8 h an@8524 ratio of 7:1 (Table 20%** In
further studies a somewhat higher conversion (66%sg achieved after 8 h, but the
para-selectivity was similat®* Treatment of H-Mordenite (Si/Al = 10.2) with sodiu
hydroxide and sodium aluminate also resulted iry onbdest conversion (33-52%)

and a relatively poa25/24 ratio in the range of 3.2-4'8°

Table 20 tert-Butylation of toluene 4) with tert-butyl alcohol over zeolites
according to Scheme 18

Zeolite (Si/Al) Time (h)  Conversion (%) Yields (%}

24 25 Others
H-Mordenite (10) 1 22 2 19 0.4
H-Mordenite (10) 4 44 5 38 1
H-Mordenite (10) 8 54 7 45 2
H-Mordenite (17.5) 1 17 2 15 0.6
H-Mordenite (17.5) 4 42 5 36 1
H-Mordenite (17.5) 8 59 7 50 2
HY (15) 1 11 2 8 0.6
HY (15) 4 20 4 15 1
HY (15) 8 26 5 19 1
HPB (12.5) 1 21 4 17 0.4
HB (12.5) 4 41 8 31 1
HB (12.5) 8 51 12 37 2

2 Reaction conditions: BOH (40 mmol); toluene (20 mmol); catalyst (0.35 Q);
n-decane solvent (70 ml); 18C .18 ® Numbers expressed as percentages have been
rounded to the whole number except for figate® Mainly polyalkylated toluenes.

Alkylation of biphenyl over zeolites has receiveae attention?***°but in
most cases selectivity for production of 4,4'-dyditkohenyl was not high and high
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temperatures were needed. However, high selectiaty observed iiso-propylation
of biphenyl.when dealuminated H-mordenite (Sital 1300) was used as catalyst.

In conclusion, zeolites have undoubtedly improbedh the regioselectivity
and tendency to polyalkylation during alkylation mbnosubstituted aromatics, but
the reactions still suffer from low yields and/@latively low selectivity forpara
isomer production. In many casetetaisomers are formed in high proportion. In

some cases higtara-selectivity can be achieved, but usually at lowwasion.

6.3 Regioselective dialkylation of naphthalene

There is considerable interest in the use of zlito control alkylation of
naphthalené®??® primarily as a result of the commercial importancé
2,6-dimethylnaphthalene, a precursor of naphthak&alicarboxylic acid (NDA),
which is needed for production of poly(ethylenerthplate; PEN). A convenient
process for preparation of 2,6-dimethylnaphthaleoeld be selective dimethylation
of naphthalene. Unfortunately, in addition to tlseial problems of polyalkyaltion, the
B-positions of naphthalene are less reactive thanatpositions and there are 10
possible isomeric dimethylnaphthalenes, so simpiéte methylation of naphthalene
is not easy to control to give the specific compbuaquired. Mixtures are produced
and require separatiéf® Since the 2,6-disubstituted compounds are the tinsar”
isomers, zeolites offer a possible way to favowhsproducts.

Indeed, a degree d¥-selectivity in dimethylation could be achieved pve
zeolite HZSM-5, whereas non-selective alkylationswseen over the larger pore
H-mordenite and HY zeolit¢$? However, even using HZSM-5 a poor vield of the
2,6-isomer was obtained and the ratio of 2,6/Qmers was approximately 1.

Since other 2,6-dialkylnaphthalenes can in prilecgdso be oxidised to NDC,
attempts to gain greater control have been extetwletse of alternative alkylating
agents.iso-Propylation of naphthalene with prope¥ig sopropyl alcohdf*%" and
isopropyl bromid&® has been studied using a variety of zeolitesfafieselectivities
of over 75%, with a 2,6/2,7 ratio of approximat@yhave been reported using H-
mordenite?®® The besiso-propylation procedure gave 2,6-di-isopropylnaplethe in
54% vyield with a 2,6/2,7 ratio of 4° The best reported cyclohexylation makes use of
HY zeolite, and results in the corresponding 2@rdohexylnaphthalene in 19%
yield, with a 2,6/2,7 ratio of 1.2° The same authors also reported-butylation to
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give a 23% yield of 2,6-diert-butylnaphthalene, with a 2,6/2,7 ratio of 5.9,hniihe
added advantage of easy separation of the 2,6-iSoynerystallisatiorf="

In view of thistert-butylation result we decided to study ttezt-butylation
process in greater detail. Initially, we repeateeltért-butylation of naphthalen&@)
in cyclohexane over zeolites under autoclave carditsimilar to those reported by
Moreau and co-workefs! 2-tert-Butylnaphthalene27), 2,6-ditert-butynaphthalene
(28) and 2,7-ditert-butylnaphthalene2@) (Scheme 19) were produced as the major
products (Table 213*%?*3The trends in results were consistent with thepented>"
where direct comparison was possible. The minaiatians in absolute results could
reflect use of a different autoclave with differelnensions, leading to different self-

generated pressures, and differences in zeolitplsam

autoclave, heat

+ Bu'OH + zeolite catalyst - =
26
Bu' Bu' Bu' Bu'
* :
Bu'
27 28 29

Scheme 19 tert-Butylation of naphthalen&6) over zeolites

Table 21 tert-Butylation of naphthalene6) according to Scheme 19

Zeolite (Si/Al) Conversion (%8) Yields (% 28/29ratic’
27 28 29

HY (15) 89 39 33 12 2.7

HY (30) 89 41 30 11 28

HY (40) 87 41 28 10 2.9

HB (12.5) 49 46 2 2 11

H-Mordenite (10) 24 22 2 0 0

H-Mordenite (17.5) 31 22 6 0.4 14.0

HZSM-5(25) 0 0 0 0 0

2 18 h stirred autoclave reaction at 1%L zeolite (0.5 g), cyclohexane (100 n2f
(10 mmol) and B®OH (20 mmol)**??33® Figures are rounded to the nearest whole
number, except for thosel. © Ratio calculated from pre-rounded yield figures.

B-Substituted products were formed virtually exohedy, except over HZSM-
5, where no reaction took place, presumably bectuseyores were too small to
allow reaction to occur. Zeolite HY was the modiecsolid, while zeolite B was
less active and non-selective for productio?®bver29 (2829 ratio 1.1)*#?**With
H-mordenite (Si/Al = 17.5), naphthalene conversieas 31% and a 6.4% yield of
dialkyl products with a2829 ratio of 14 was observed. Interestingly, with
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H-mordenite (Si/Al = 10) the only dialkyl isomertdeted wa£8, albeit that the yield
was very low?*??*3Therefore, this zeolite was selected for furthedy.

Conversion into desirable product increased umdere forcing conditions
(increased reaction time and temperature) and dyganore zeolite and/dert-butyl
alcohol. Doubling the amount of H-mordenite (SifAlLO) increased the conversion
by 12% and the yield of dert-butylnaphthalenes by 4%. Also, it was then possibl
identify the 2,7-isomeR9 in the mixture and to calculate2&/29 ratio of 17.32%%%%
Increasing the temperature to 200 increased both conversion and yield 28

(Table 22), but selectivity fd8 over29 reduced at the higher temperattie>

Table 22 tert-Butylation of naphthalene26) according to Scheme 19 over
H-mordenite (Si/Al = 10) at various temperat(res

T°C Conversion (%)  Yields (%) 28/29ratic’
27 28 29

140 40 33 5 0.2 22.8

160 43 34 8 0.5 16.4

180 47 38 9 0.6 13.4

200 52 41 10 1 9.5

220 42 31 8 1 6.4

218 h stirred autoclave reaction; H-mordenite (2ayclohexane (100 miR6 (10
mmol) and BIOH (20 mmol)**?*® Figures are rounded to the nearest whole
number, except for thosel. © Ratio calculated from pre-rounded yield figures.

Increasing the amount eért-butyl alcohol to 80 mmol increased conversion
and the yield o8, although yet more caused both to fall. Ineres$gine 2829 ratio
increased with increasirtgrt-butyl alcohol without peaking (Table 28%:2%

Table 23 tert-Butylation of naphthalene26) according to Scheme 19 over
H-mordenite (Si/Al = 10) using various quantitidgart-butyl alcohot

Bu‘OH Conversion (%)  Yields (%} 28/29ratic”
(mmol) 27 28 29

20 54 40 12 1 10.9

40 56 40 16 0.5 33.9

80 57 38 19 0.4 44.2

160 50 37 12 0.2 75.6

530 21 19 3 O 0

18 h stirred autoclave at 18C; H-mordenite (Si/Al = 10; 4 g), cyclohexane (100
ml), 26 (10 mmol) and BW®WH.2**%3*" Figures are rounded to the nearest whole
number, except for thosel. © Ratio calculated from pre-rounded yield figures.
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The general trend on increasing the reaction twmas an increase in the
conversion and yield &8, with little variation in the28/29 ratio. However, even after
24 h increases in yield and conversion were onlgest Therefore, in an attempt to
push the reaction further the initial product wasted with fresh zeolite and reagent.
After two successive 1 h autoclave reactions at °I83@ high yield of28 with high
selectivity was achieved. After 2 stages over Hdeaite (17.5), a 60% yield with a
28/29 ratio of 50.6 was achieved. Approximately 85% bé 28 present in this
mixture could be isolated in pure form simply byncentrating the reaction mixture,
allowing the product to crystallise and then retalfsation from ethanol. Separation
of the remaining 15% could be achieved by redugedsure kugelrohr distillation,
providing almost 60% of pure 2,6-t#ft-butylnaphathalene in totaf>*

Although this method is easily the most selectiyet discovered for
production of a 2,6-dialkylnaphthalene, it may b#iallt to oxidise thetert-butyl
groups to carboxyl groups. Also, six carbon atonasilel be lost during the process,
which is wasteful. Therefore, there is still rooar tonsiderable improvement in the
clean and selective synthesis of naphthalene-2Z#&dolbxylic acid. Consequently, we
have looked briefly at other alkylation agents @uke 20). Cyclohexylation of
naphthalene26) with various cyclohexylating agents over zeobtdalysts was not
particularly selective over HY and even less sor ¢y& while H-mordenite (Si/Al =
10) and HZSM-5 did not give any reaction under ¢haditions tried>? The results

for several other alkylations over H-mordenite stiewn in Table 24

. . autoclave, heat
+ alkylating agent + zeolite catalyst >

30 31 32

Scheme 20 Various alkylations of naphthalene over zeolites

With iso-propyl alcohol as reagent, modest naphthalene ession and
modest31/32 ratio (2.2) was achieved, which is consistent webults obtained by
others?*®> Somewhat better results were obtained with 2-tmit&B1% conversion;

31/32 ratio of 3.3), but primary alcohols gave poor cersions and selectivitieéd?
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Table 24 Alkylation of naphthalene 26) using various alkylating agents
according to Scheme 20 over H-mordenite (Si/Al 310

Alkylating agent R Conversion (%) Yields (%} 31/32ratic®
30 31 32

iso-Propyl alcohol  Pr 13 12 05 0.2 2.2

1-Butanol BLT 3 2 0.1 0.1 1.0

iso-Butyl alcohol Bu 5 3 03 0.2 1.5

2-Butanol BE*® 31 24 4 1 3.3

21 h stirred autoclave reaction at 180, H-mordenite (Si/Al = 10; 4 g), cyclohexane
(10 ml), 26 (10 mmol), alkylating agent (10 mmdf¥-° Figures rounded to the nearest
whole number, except for thosé.  Ratio calculated from pre-rounded yield figures.

6.4  Regioselective alkylation of heteroaromatics

The regioselective alkylation of nitrogen heterdegcsuch as pyrrole, indole and
quinoline is of great interest since the alkylatiedivatives are used as intermediates
in the synthesis of antibiotié&? Alkylation of various heterocycles with aldehydds,
alcohol$®2%” and epoxid€s® over zeolites have been reported. For example,
alkylation of indole with methanol and 2-propaneko various types of zeolites at
high temperature (300C) gave the corresponding 3-alkylindofés However, the
maximum Yyields obtained were 34-40%, with 1-alldilkyl and polyalkyl indoles
being the major by-products. Similarly, alkylatiof quinoline with methanol and
2-propanol under similar reaction conditions gahe torresponding 2-alkylated
quinolines in yields up to 40-5583’ 4-Alkyl, dialkyl and polyalkyl quinolines were
the major by-products.

It has recently been reported that alkylation @fiaus indoles83 with styrene
oxides over 3D mesoporous aluminosilicates in watepom temperature for a short
time (1-2.5 h) gave the corresponding 3-substituidedvatives34 in high yields
(Scheme 213% However, under similar reaction conditions reawiof 5-nitro and
5-cyanoindoles with 4-chlorostyrene oxide gave lowelds (10 and 18%,
respectively) even after a longer reaction time k24> Reactions of pyrrole and
N-methylpyrrole with styrene oxide under similar ggan conditions gave mixtures
of 2- and 3-substituted pyrroles in 80 and 73%dgelrespectively, of which the
2-substituted derivatives were the major produgfsgnd 60%, respectively, after 2.5
h).238
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OH

mesoporous aluminosilicate = N
H20,1-2.5h R+ |
+ . N\

X
R

33 [ R = H, Me; R = H, 2-Me, 5-Me, 5-MeO, 5-Br; X = H, CI] 34 (78-90%)

;UH
/l\
0 —= 7

Scheme 21 Alkylation of indoles 33 with styrene oxides over 3D mesoporous
aluminosilicates

7. Regioselective acylation of aromatic compounds

Acylation of aromatic compounds over zeolite catdyto produce the corresponding
para-acylated aromatics selectively has been extensivelestigated®**9?% The
early reports provided modest yields or mixturepfducts and some involved use
of solvents>°%*°However, substantial progress has been made atitezeatalysed

acylation of aromatic ethers has been applied conamercial scalé®*2%

7.1 Regioselective acylation of simple aromatics

Zeolites have not yet provided a good solutionp@ara-selective acylation of phenol.
Indeed, acetylation of phendl)(with various acetylating reagents over zeoliteeg
a mixture of products (Scheme 22) including phemggtate §5) by O-acetylation
along with 2-hydroxyacetophenon@&6] and 4-hydroxyacetophenon&7), which can
be formed either by direcC-acetylation of the aromatic ring ovia Fries
rearrangement o85. C-Acetylation is slower thamD-acetylation and36 generally
predominates oveB7.2°°?"3 For example, acetylation df with acetic anhydride
(Scheme 22) over HZSM-5 zeolite gave a mixtur8®f36 and37 in yields ofca. 20,

48 and>1%, respectively, at a phenol conversion of 72%.

OH

OAc OH OH
Ac
Zeolite
+ Ac,0 ——— + + + AcOH
Ac
37

1 35 36

Scheme 22 Acetylation of phenolX) with acetic anhydride over a zeolite

Reaction of phenollj with propanoyl chloridelfpropanoyl chloride ratio =

3) over various large pore zeolites gave mixtunewtich phenyl propionate was the
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major product®® The most active zeolite fo€-acylation was 18, which also
favoured 4-hydroxypropiophenone productipfo(=1.9, compared to 0.9 for Alg)l
Acylation of anisole38, R = Me; Scheme 23) over zeolite catalysts has bee
reported by several group&?®>?°>2"42"\we found that acid anhydrides are much
better reagents than the corresponding acids dérchtyrides for such acylations, and
that zeolite ¥ was the most active zeolite catalyst of thosealtriellowed by HY??
For example, acetylation of anisole using acetitydride over H (Si/Al = 12.5) in
the absence of solvent at 120 for 2 h gave exclusivelgaramethoxyacetophenone
(38, R = R = Me; Scheme 23) in 98% yiefd. The catalyst was recovered,
regenerated and reused to give almost the samé gmlthat given by the fresh
zeolite®® The same process was investigated concurrenihydimstry and production

of 4-acetylanisole using zeoliteBHvas introduced as a commercial proc8&é®

OR OR
HB
+ (RCO),0 —— + R'CO,H
COR'
38 39

Scheme 23 Acylation of aromatic ethef38 using anhydrides over zeolit§sH

We explored the reaction scope by varying the tsates (anisole, phenetole
and diphenyl ether) and acid anhydride over zebIRSi/Al = 12.5)* The yields of

thepara-acylated product39 obtained are recorded in Table 25.

Table 25 Acylation of aromatic ether38 according to Scheme 23

Acylating agent R R’ Yield a39 (%)
Ac,O Me Me 76
(EtCOR0 Me Et 73
(PFCO)%0 Me Pt 73
(BU'CO)0 Me Bu 10
Ac,0 Et Me 77
(EtCOR0 Et Et 74
(PYCO)%0 Et Pt 75
(BU'CO)0 Et Bu 14
Ac,0O Ph Me 52
(EtCOR0 Ph Et 43
(PFCO)%0 Ph Pr 27
(BU'CO)0 Ph Bd

& A mixture of H3 (1.5-2.5 g), acylating agent (30-50 mmol) &&I(30-50 mmol)
was heated at 10 for 3 h*?
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There was a general reduction in yield on goimgnfracetic to successively
more hindered anhydrides, and with increasing cerip of the ether. Consequently,
the acylation of diphenyl ether with pivalic anhigdr did not take place at all under
the standard reaction conditions due to a comiuinaif steric and electronic effeéts.

2-Phenylbutanoylation of anisole [Scheme 23; R & R' = EtCH(Ph)] over
zeolite H3 (Si/Al = 12.5) or HY (Si/Al = 40) was conductedttivarious acylating

agents and some of the results are recorded ire a&3f°

Table 26 Yield of 39 [R = Me; R' = EtCH(Ph)] from acylation of anisdl&s; R
= Me) according to Scheme 23 using various acydat@agents over zeolifes

Acylating reagent Zeolite(Si/Al) Time (h) T (°C) Yield of 39 (%)
PhCH(Et)COCI HB (12.5) 5 85 43
PhCH(Et)COCI HY (40) 5 85 40
PhCH(Et)CQCOCHK; HB (12.5) 4 Reflux 96
PhCH(Et)CQH HPB (12.5) 24 85 —
PhCH(Et)CQCOCH(Et)PR HPB (12.5) 4 120 48

& A mixture of zeolite (0.5 g), acylating reagen2.d mmol) and anisole (1.01 g, 10.0
mmol) was heated for the stated tifi&” Excess reagent (20 mmol) was used.

2-Phenylbutanoyl trifluoroacetate, formadsitu from 2-phenylbutanoic acid
and trifluoroacetic anhydride, was more effectikiant the simple anhydride or acid
chloride, giving39 [R = Me, R' = EtCH(Ph)] in 96% yield after 4 hltef over H3.2%°

Acetylation of substituted aryl ethers resulted swbstitution almost
exclusivelypara to a substituerf®® For example, reaction of 3-methylanisot)(
with acetic anhydride at 12TC over H3 (Si/Al = 12.5) or HY (Si/Al = 40) led to
mixtures of regioisomer4l and42 (Scheme 24), witd1 being obtained in a typical
yield of 60-70% while42 was never formed in greater than 25% yf&fd.

OMe

OMe OMe
Ac
HB or HY
+ Ac,0 > + + AcOH
Me Me Me
Ac
41 42

40

Scheme 24 Acetylation of 3-methylanisolelQ) with acetic anhydride over zeolites

By contrast, acetylation of 2-substituted aryleei#3 gave almost exclusively
products of substitutiopara- to the alkoxy group4d; Scheme 25) in high yield§!
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OR OR

R’ R
HB or HY
+ AC2O —_— + AcOH

Ac
43 44

Scheme 25 Acetylation of 2-substituted aryl ethet8 over zeolites

Regioselective acylation of 2,3-dihydrobenzofur@®) with various acid
anhydrides over Bl or HY gave the corresponding 5-acylated proddé&¢Scheme
26) uncontaminated by their isomeric products (€&1)?2°?%! Zeolite H3 was not as
effective as a catalyst for reactions involving smbindered anhydrides, but HY was
somewhat more effective (40 and 57%, respectiv@yrf= Ph and Buafter 4.5 hf®°

(0]

HPB or HY R
+ (RCO),0 —> + RCOzH
o (e}

45 46

Scheme 26 Acylation of 2,3-dihydrobenzofurad®) over zeolites

Table 27 Acylation of 2,3-dihydrobenzofurad$) according to Scheme 26

Zeolite (Si/Al) R t (h) Yield of46 (%)
HPB (12.5) Me 1.5 95

HB (12.5) Et 1.5 90

HB (12.5) Pr 1.5 70

HB (12.5) BU' 4.5 29

HY (40) Bu 4.5 57

HB (12.5) Ph 1.5 26

HB (12.5) Ph 4.5 29

HY (40) Ph 4.5 40

HB (12.5) CICH; 1.5 8

& A mixture of zeolite (0.5 g?, (RCQY (12 mmol) andi5 (10 mmol) at 120C for
the indicated reaction tinf&%<%*

Ethyl (2,3-dihydrobenzofuran-5-yl)glyoxylatedd Scheme 27) is a useful
pharmaceutical intermediate that can be produce88ib yield by Friedel-Crafts
acylation of45 with ethyl oxalyl chloride in the presence of AAICWe investigated
the possibility of catalysing the reaction withdarpore zeolites (Scheme 27), but a
reasonable yield (73%) could be obtained only bydceting the reaction in ethyl

oxalyl chloride as solvent at high temperature 168 h in the presence of a large
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quantity of H3.2®° Such conditions are not attractive for commereigplication. A

major problem was formation of by-products fronttier reactions 047.2%°

o

o EtO
Zeolite
@ + Eto)g(d _ceolte o + HCI
(o] (o]
(o]
45

a7

Scheme 27 Reaction of 2,3-dihydrobenzofura#g] with ethyl oxalyl chloride

Several reports have documented acylation of i@u® with acid anhydrides
and acid chlorides over zeolite cataly$fs’®® For example, vapour phase acylation of
4 with various acylating reagents over zeolite HZSMgave a mixture of
2-methylacetophenondg Scheme 2B8and 4-methylacetophenor9) (Table 2834

Me Me Me

Ac
Zeolite
+  AcX —_— + + HX

Ac
4 48 49

Scheme 28 Acetylation of toluene4) with various acylating reagents over zeolites

Table 28 Acetylation of toluene4) over zeolites according to Schemé 28

AcX Zeolite Conversioll Isomers proportions (%) 4948 ratio
(SIVAl = 20.5) 48 49  Other§

AcCl HZSM-5 60 9.0 88.3 27 9.8
Ac,0O  HZSM-5 19 10.3 865 3.2 8.4
AcOH HZSM-5 11 13.2 78.5 8.5 5.9
AcCl HNa(28.9)ZSM-8 42 6.0 92.0 20 15.3
AcCl  HNa(26.5)ZSM-§ 27 5.8 93.4 0.8 16.1
AcCl HNa(37.3)ZSM-8 18 6.0 919 21 15.3

3 Catalyst (2 g)4/AcX molar ratio = 2; feed rate = 2 ml/h; 180.23° Conversion of
acetylating reagent, rounded to the nearest whoieber.® Diacetylated products.
9 Values in parenthesis represent the degree ofdslaege (%) in H-ZSM-5.

Acetyl chloride was better in terms of its conwens (60%) than acetic
anhydride (19%) or acetic acid (11%) and also imgeofpara-selectivity?®* Zeolite
HZSM-5 that had been partially exchanged with swdications gave even better

para-selectivity, but in lower conversion. Conversioh axetyl chloride increased
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with reaction temperature and toluene to acetylorathd molar ratio, while it
decreased with increasing time on stream as tHéeza@s deactivated.

Highly selective production of9, with less than 2% of thertho- andmeta
isomers, can be achieved over zeolifiedt a4/Ac,O ratio of 20°%° but although yield
increased with increasing time on stream, catalgattivation became a problem.

Acetylation of toluene with linear, branched anwnaatic anhydrides and
chlorides of different chain lengths over zeolit@ Have higher conversion of the
acylating reagent with increasing chain length bé treagent up to hexanoic
derivatives and then became almost cont&rthe selectivity towardpara-isomer

also increased with increasing chain length ofathieydride.

7.2 Regioselective acylation of naphthalene and 2ethoxynaphthalene
Acylation of naphthalene with acetic anhydride dpehzoyl chloride has been
investigated in the presence of several zedfte€® Zeolite H3 was found to be an
effective catalyst and 2-substituted naphthaleneeviormed in greater proportions
than with use of AIG| which afforded the 1-susbstituted derivativesqrentially.
Acylation of 2-methoxynapthalen®&@) with acid anhydrides over different
zeolites has been extensively studied since 2-b6atyethoxynapthalene 52,
Scheme 29) is a precursor for the anti-inflammatbng Naproxed®® Acetylation of
50 traditionally takes place at the kinetically catited 1-position to produce 1-acetyl-
2-methoxynaphthalenés{). However, in the presence of zeolites differeradpct

distributions were obtained, depending on the malid reaction conditiorf&®2%°

Ac Ac
OMe OMe OMe OMe
Zeolite
+ Acy,Oor AcCl —— + + + AcOH or HCI
Ac
51 52 53

50

Scheme 29 Acetylation of 2-methoxynapthalen&Q) over zeolites

For example, acetylation 60 with acetic anhydride over zeolite3Hnitially
gave predominantl$1.29>?°° However, as reaction proceedgtl was isomerised to
mainly 52, with some53. Disappearance &1 was fast at high temperature 5@l
was obtained in 80% yield &170 °C in nitrobenzen@® Acylation of 50 with

various anhydrides over zeolite in polar solverts been applied industriaffy’
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Acetylation of50 with acetyl chloride (Scheme 29) atb@/AcCl ratio of 1,
over zeolites I8, HY and H-mordenite in sulfolane, gave conversiar@ind 30-40%
and selectivity for formation &2 around 70-80% at 100-150 °C for all zeolit&s.

7.3 Regioselective acylation of heteroaromatics

The regioselective Friedel-Crafts acylation of hatgcles is of great importance
since the corresponding ketones represent usaérhiediates for the production of a
number of biologically active compounds and finerdicals?®® Acylation of various
heterocycles with acid anhydrides or chlorides mewnlites has been report&g3°
For example, acetylation of furan and pyrrdé, (X = O, NH; Scheme 30) with acetic
anhydride over various HZSM-5 zeolites produced twresponding 2-acetyl
derivatives 55.°°2 The maximum yield of 2-acetylfuran was 63% at 1D over
HZSM-5 (Si/Al = 30), whereas the maximum yield ca@etylpyrrole was 59% at
250°C over HZSM-5 (Si/Al = 2805% No 3-acetyl or diacetyl derivatives were

identified under the conditions tried.

zeolite
! \§ +  Ac0 @\Ac + AcOH
X

X
54 X =0, S, NH 55

Scheme 30 Acetylation of heteroaromatiés! over zeolites

Acetylation of heteroaromati&t (X = O, S, NH) over over various forms of
zeolite 3 with acetic anhydride (2 equivalents in 1,2-dicbkthane at 25-8TC) was
reported to give the corresponding 2-acetyl demreat55 as the major products,
along with 3-acetyl and 2,5-diacetyl derivatives #® main by-product®?
Conversions were in the range of 26-91%, while cdiziéy towards the 2-acetyl
derivative was 58-100%. A more recent report suiggimat furan and thiophene are
acetylated highly selectively over zeolitdd kvith acetic anhydride (4-5 equivalents
without added solvent at 6C€ for 1-2 h), giving the 2-acetylated derivatives9l
and 97% vyields, respectively, while acetylationpgfrole was less regioselective to
give a mixture of 2-acetyl and 3-acetylpyrroles7id and 17% yields, respectively,
after 7 h3*

Acetylation of indole %6, Scheme 31) was slower and gave 3-acetylindole

(57) in 35% vyield after 7% By contrast, acetylation of benzofuran and
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benzothiophenes@, X = O, S) with acetic anhydride over zeogat 130°C for 6 h
gave the corresponding 2-acetyl derivatiB8sselectively (Scheme 32) but with low

conversions (20 and 30%, respectivéf).

Ac

N HB, 7h
60T
+  Ac,0 —_— N\ + AcCOH
N
H

N
H
56 57 (35%)

Scheme 31 Acetylation of indole over zeolit@

N\ HB, orHY N\
+ Ac20 - Ac + AcOH
X X

58X=0,S 59

Scheme 32 Acetylation of benzofuran and benzothiophene oeelite3 or Y

Use of zeolite Y (Si/Al = 15) at 6TC as catalyst for acetylation of benzofuran
gave 2-acetylbenzofuran in better yield (4398)° Diacetylated and triacetylated
benzofurans were produced as by-products. Acetylati 2-methylbenzofurar6Q)
under similar conditions gave 3-acetyl-2-methylldoran 61) in 95% vyield
(Scheme 33§9°3%

Ac

HY, 60°C
mMe + A0 . ©i\$7Me + AcOH
o (0]

60 61 (95%)

Scheme 33 Acetylation of 2-methylbenzofuran over zeolite Y

8. Regioselective methanesulfonylation and relateatomatic substitutions
Direct sulfonylation of aromatic compounds is ofieh@ most important methods for
the synthesis of sulfoné%>° However, relatively little detailed attention hiasen
paid to this reactiof”>>*?In order to allow the reaction to proceed at asfattory
rate, an activator such as A{G$ usually needed, but Algforms a 1:1 complex with
the product and therefore has to be used in maregtoichiometric amourit’ Use of
methanesulfonyl chloride as reagent affords metiblyl sulfones in only 52% vyield
with an ortho/metdpara isomer distribution of 53/14/33° Furthermore, the AlGI

cannot be recovered, creating an effluent prob®everal non-zeolitic systems have
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been developed for catalysing such sulfonylatiactiens, including use of Fe(lll)-
exchanged montmorillonite cldy>** Bi(lll) triflate,** triflic acid (TfOH)-Bi(lll)
halide'® and certain metal salts under microwave irradigtté >

Methanesulfonylation of toluene with methanesuffochloride over zeolite
HB was reported in a patent to give a mixture of yletiblyl sulfones in which the
proportion of thepara-isomer was 819%° However, in the most favourable case the
yield was only 14%. We therefore undertook a detbdtudy of methanesulfonylation
of toluene 4) with methanesulfonic anhydride over zeolite catd, which gave
methyl o-tolyl sulfone 62), methyl mtolyl sulfone 63) and methylp-tolyl sulfone
(64; Scheme 34). Some of the results obtained arededan Table 2§2*32?

Me Me Me Me
SO,Me
(MeS0,),0
- + +
Zeolite
SO,Me

SO,Me
4 62 63 64

Scheme 34 Methansulfonylation of toluend) over zeolites

Table 29 Methanesulfonylation of toluend)(with methanesulfonic anhydride
over various zeolites according to Schem& 34

Zeolite (Si/Al) Yield (% Isomers proportions (%)

62 63 64
HpB (25) 78 32 11 57
NaB (25) 12 10 5 85
HX (1.2) 0 O O O
HY (2.7) 6 44 10 46
HY (5.2) 34 44 10 46
HY (16) 59 47 13 40
HY (30) 50 47 12 41
HY (45) 12 46 12 42
NaY (12.5) 56 47 8 45
NaY (28) 62 48 8 44
H-Mordenite (10) 9 43 12 45
H-Mordenite (18.23) 22 47 14 39
HZSM-5 (38) 36 48 15 37
HZSM-5 (150) 6 48 14 38

& A mixture of zeolite (0.6 g), (MeSHO (1.22 g, 7 mmol) and dry toluene (15 ml)
was refluxed for 18 F2**??* Yields based on methanesulfonic anhydride.

The results indicated that H-mordenite and HZSkré& not good catalysts for
para-selective methanesulfonylation of tolued. (The poor yields (9-22%) obtained
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on use of H-mordenite may be due to the limited-dingensional entry to the pores
of this solid, which causes statistical disadvaatagcomparison to a catalyst with
three-dimensional entry. The poor yields and fmwa-selectivity with HZSM-5 may
be because reaction does not take place withinestected pores of the catalyst, but
takes place primarily at external sifé$Zeolite HX gave no reaction, presumably
because its acidic sites are not strong enoughat@yse the reaction. By contrast,
significant yields (34-59%) of sulfon&2-64could be achieved with more acidic HY
samples having Si/Al ratios in the range 5-30, foutsamples having higher ratios,
and therefore fewer acid sites, the yields decrbaggin. Samples of NaY gave
results similar to those of the corresponding H¥hgkes. Zeolite 8 was the most
active zeolite tried, giving a 78% vyield of sulf@t2-64 with an isomer distribution
of 32/11/57°%3%2Zeolite N8 produced methanesulfonylated produg2s64in only
a low yield (12%), but with higpara-selectivity 62/63/64 = 10/5/85).

In view of the interesting results withBHand N#, reactions over various
cation-exchanged forms of zeolffe(obtained by refluxing the corresponding metal
salts with H) were studied (Table 36§32

Table 30 Methanesulfonylation of toluened)( over various cation-exchanged
zeolites of typg according to Scheme 34

Zeolite (Si/Al = 25) Overall Yield (%)of 62-64 Proportion (%) oB4

HB 78 57
Li"B 51 55
Na'B 18 95
K*B 12 53
Rb'B 3 79
CsB 1 67
BEB 52 67
Mé:l;*B 69 43
caB 62 61
SFB 33 62
B&EB 50 71
Ce'p 68 50
Ccrp 73 50
FE'B 46 54
Co*B 77 55
CUPB 65 55
Hg”'B 28 77

& A mixture of zeolite (1 g), (MeSHO (1.22 g, 7 mmol) and dry toluene (15 ml)
was refluxed 18 F2*%??" Yields based on methanesulfonic anhydride.

53



It was found that within Group 1 the yields desezhdown the group as the
cations became larger. The larger cations presynmdbtk entry to the pore system
of the zeolite, spoiling its potential as a cataly#owever, the restriction of the pore
size might also be expected to lead to an incréaseara-selectivity, which is
apparent with sodium but tails off thereafter. Wiitle larger cations it may be that a
substantial proportion of the product arises fragaction at the external surface,
thereby reducing the regioselectivity and also timg the yield because of the
relatively small number of available sit&$3%?

For Group 2 the yields were generally higher ttrar Group 1 counterparts.
Presumably the smaller divalent cations allow easigry into the pore network,
which would be consistent with the increased yielflkere was also a general
increase inpara-selectivity going down the group as the cationsabee larger, but
again at the expense of overall yield?IBeappears to be an exception, giving a lower
yield and higher selectivity than its 1§ analogue?!3??

Most trivalent cations, as well as divalent casiaf the first transition series,
produced reasonable yields (typically 60-70%) @ada-product proportions in the
range of 40-50%. This is consistent with the idest small cations allow more space
for reaction and it is clear that overall theraibroad correlation between cation size
and both yield and selectivifg™>?? Unfortunately, there is a trade-off between the
two, with those cases providing highpata-selectivity also giving rather poor yields.

The process was also applied to several mono+tutest benzene8 over H3

or N&B zeolite (Scheme 35). Yields 65-67and selectivity are given in Table ¥%.

X

X X X
SO,Me
(MeS0,),0
> + +
Zeolite
SO,Me

SO,Me
8 65 66 67

Scheme 35 Methanesulfonylation of compoun@sver zeolites B and N$

The results indicated that in all cases the pratarhanged zeolit§ was
considerably more active than BlaAnisole was the only substrate that afforded a
reasonable yield (43%) of the corresponding suBoménen N was used as a
catalyst?® The high reactivity of anisole to electrophilicbstitution may be the

reason for the relatively high yield over BlaAlso, substitution of anisole generally
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favours higherparaselectivity. Although most of the results are rikely to

stimulate commercial processes, in many cases theyrepresent significant
improvements irpara-selectivity compared with traditional reactionfielTprocedure
using H3 has also been applied successfully to methanesdéfiion reactions of

some disubstituted benzene derivativés.

Table 31 Methanesulfonylation of compoun@saccording to Scheme 35

X Zeolite (Si/Al = 25) Yield (%) Isomers proportions (%)
65 66 67
Me HB 78 32 11 57
Me NaB 18 3 2 95
Et HB 53 15 11 74
Et NaB 13 14 10 76
PY HB 74 13 20 67
Pr NaB 5 2 8 90
Ph HB 66 O O 100
Ph NaB 2 O O 100
OMe HB 54 26 O 74
OMe NaB 43 17 O 83
F HPB 12 4 11 85
F NaB 2 O O 100
Cl HB 23 O 12 88
Br HB 33 O O 100

& A mixture of H3 (0.6 g) or N8 (1 g), (MeSQ),0 (7 mmol) and8 (15 ml) was
refluxed for 18 H2%° Yields based on methanesulfonic anhydride.

Sulfonylation of substituted benzenes has alsom eeestigated over cation-
exchanged zeolites (ZSM-5, YY), using methanesulfonyl chloride and
benzenesulfonyl chloride as reagefitsPartially zinc-exchanged zeolites were found
to be significantly more active than their corrasgiog proton forms with these
sulfonyl chlorides. However, the conversion achée¥@r toluene was low (1-43%).
For example, methanesulfonylation of toluene ovEén¥ gave methyb-tolyl sulfone
(62), methylm-tolyl sulfone 63) and methyp-tolyl sulfone 64) in the proportions of
36, 8 and 56%, respectively, with 12% conversiohisTis virtually the same
selectivity as we found with the anhydride ovd3, But the yield is much lower. The

highest toluene conversion in benzenesulfonylatbdntoluene over HZ@ using
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benzenesulfonyl chloride was 43%, and the corredipgro-, m- andp-sulfones were
obtained in the ratio 22, 4, 74%, respectivéfy.

Conclusion
Zeolite catalysts offer possibilities for both dgs#s and selectivity enhancement in a
range of electrophilic aromatic substitution reawas, with the advantage of easy
separation of the catalyst from the reaction mixtby filtration. Furthermore, the
zeolites can often be recovered and reused setrer@$ to give almost the same
yields and selectivities as with fresh zeolite, hwthe avoidance of toxic waste
generated by traditional Lewis acids. Thereforereéhs substantial potential for the
development of greener chemical processes.

Phenol has been nitrated using nitric acid oveioua types of zeolites, but in
this caseortho-nitrophenol generally predominates to a much greatent than with
a mixture of sulfuric and nitric acids, regardlesfs the structure of the zeolite.
However, HNQ/Ac,O/HB is an effective system fopara-selective nitration of
monosubstituted aromatic substrates of moderatévitact Alkylbenzenes and
halogenobenzenes are nitrated in quantitative yieldh excellenipara selectivities
using a stoichiometric quantity of nitric acid aedough acetic anhydride to convert
all the nitric acid into acetyl nitrate and all tleater into acetic acid. Dinitro
compounds are not formed in any significant amaurtte intermediacy of hazardous
acetyl nitrate is an issue, but could possibly Aedfed by ensuring the intermediate
was only ever present in small amount. When theation system is adapted to
include TFAA, which enhances the reactivity consahdy, the nitration of
deactivated aromatics occurs readily. Optimisatidrthe process has enabled the
most selective double nitration of toluene yetia#td, giving 2,4-dinitrotoluene in
high yield. It is recognised that trifluoroacetichgdride’s volatility, toxicity and cost
may render it unattractive for larger scale commaérprocesses, but recovery of
TFAA should be easy. Alternative anhydrides hage &leen employed. Interestingly,
such processes provide improvpdraregioselectivity even in nitration aheta
directing substrates such as benzonitrile. Theiteechtalysed reaction produces only
3- and 4-nitrobenzonitriles in quantitative yieldth no 2-nitrobenzonitrile produced.
Zeolite H3 with a Si/Al ratio of 12.5, that has had its sudgassivated, renders the
reaction capable of producing thara-isomer in 32% yield.
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In an alternative approach to mononitration of ganaromatics, dinitrogen
tetroxide in the presence of air has been used ldfeiThis provides selectivity for
para-substitution that is higher than in the traditibapproach, though the reactions
are less selective than with the acyl nitrate syste

A system comprising HNaX/BOCI/MeCN is effective forpara-selective
monochlorination of aromatic compounds of modewatgvity. The procedure has
been applied successfully to a wide range of aremstibstrates under mild
conditions to give excellent yields of monochloteth aromatics with good to
excellent regioselectivity.

High para-selectivity has been achieved in bromination dfi¢oe by use of
tert-butyl hypobromite as reagent, HNaX zeolite aslgataand a solvent mixture
comprising diethyl ether and tetrachloromethanee Tike of tetrachloromethane as
solvent is, however, a substantial drawback. Thetiren of bromine with substituted
benzenes of moderate activity in the presence tifcnt NaY zeolite at room
temperature provides a convenient, high yielding laighly regioselective method for
synthesis opara-brominated products. Consequently, this approashthe potential
to become a commercially realistic possibility fbre synthesis ofpara-bromo
substituted benzenes. The use of a large quaritipealite is a disadvantage, but
heating of the spent zeolite liberates HBr, whleasily reconverted to bromine, and
regenerates the active zeolite, so the overallgg®could still be quite green.

n-Allylbenzenes can be obtained with reasonable telgcby allylation
using an allylic alcohol over zeolite HY or K10 gland could easily be hydrogenated
to give n-alkylbenzenes. Direct alkylation of simple arornatompounds over
zeolites is more difficult to control, but providesxtures ofmeta andpara-isomers
with bulky reagents such asrt-butyl alcohol. Highpara-selectivity can sometimes
be achieved, but only at low conversion.

Highly regioselective dialkylation of naphthalehas been achieved over
zeolite H-mordenite usingert-butyl alcohol as alkylating agent under autoclave
conditions. The process provides a particularlyveairent, high yielding and highly
regioselective method for the synthesis of 2,Gedi-butylnaphthalene, which has
been isolated in 60% yield with a 2,6/2,7 ratiooekr 50. Although this method is
easily the most selective yet discovered for prtidnoof a 2,6-dialkylnaphthalene, it

may be difficult to oxidise theert-butyl groups to carboxyl groups. Therefore, thsre
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still room for considerable improvement in the desynthesis of naphthalene-2,6-
dicarboxylic acid, for which 2,6-dialkylnaphthalenare potential precursors.

Acetylation of aromatic ethers over zeolit br HY gives high selectivity for
substitution para to the alkoxy group and the process usin§ Has been
commercialised. Deactivating groups cause condakeiglowing of the reaction and
in this case the more open and more active HYbistier catalyst.

Acylation of 2,3-dihydrobenzofuran (DHBF) with gihe anhydrides over
zeolite H3 occurs readily, giving the corresponding 5-acyidgives regioselectively
in good yields, even from bulkier acylating agesush as trimethylacetic and benzoic
anhydrides if longer reaction times are used. Ateel procedure with ethyl oxalyl
chloride has been applied to the synthesis of cawially important ethyl
(2,3-dihydrobenzofuran-5-yl)glyoxylate, but a higleld of the desired product could
be obtained only by conducting the reaction in lketigalyl chloride as solvent at a
high temperature for a prolonged period in the gmes of a large quantity of catalyst.

High para-selectivity has been achieved in methanesulfoiyladf toluene
ovr zeolite N@, but in low yield. Alternatively, reasonabpara-selectivity can be
achieved in quite good yield by use of proton atouss other cation-exchanged forms
of zeolite. All of these cases provide much beftara-selectivity than the published
reaction with aluminium chloride and methanesulfarhtoride and in most cases the
yield is substantially improved too.

In short, as a result of the application of zeslitemarkable progress has been
made in controlling artomatic substitution reactido provide good yields qfara-
substituted or related products. While there i stied for more research, several of
the reactions developed offer the possibility oéegrer chemical processes. For
example, traditional Friedel-Crafts acylations gatlg require more than one
equivalent of Lewis acid due to strong complexatminthe Lewis acid by the
carbonyl group of the acylation product. Consedyenthen applied to production of
4-acetylanisole, the traditional process produpeskg of product, 4.5 kg of aqueous
waste containing HCI, AlGlhydrolysis products, solvent residues and acetid. a
Zeolite H3 has been introduced as a catalyst for the acetiylat anisole, using acetic
anhydride as the reagefit™® This process generates just 0.035 kg of aqueostewa
(more than 100 times less than in the traditiomatgss), along with around 0.75 kg

of recyclable acetic acid. Table 32 compares thaitional and catalytic processes.
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Table 32 Traditional and catalytic Friedel-Crafts acylatimfsanisole

Traditional process (homogeneous) Catalytic proflesterogeneous)

OMe OMe OMe OMe
© AlCl3 © © HB ©

* AcCl + HCl + A0 7 + ACOH
Ac Ac

85-95% vyield 95-98% vyield, higher purity
Non-recyclable Al (1.1 equiv) Regenerable Bl (catalytic)
Chlorinated hydrocarbon solvent No solvent
Aqueous hydrolysis work-up No aqueous hydrolysiskaup
Liquid-liquid phase separation No liquid-liquid Eeaseparation
4.5 kg of ag. waste per kg of product 0.035 kgmpfveaste per kg of product

Generation of HCI in the agueous phase Generaficecygclable HOAc

It is of interest to compare theoretical E-factimssome traditional processes
with those calculated for alternative zeolite cggatl processes described in this
review. Assuming recycling of the zeolite and arlyeo easily recyclable materials,
the zeolite-catalysed processes offer much lowtacksrs (Table 33).

Table 33 E-factors for some zeolite-catalysed and tradifipnacesses

Zeolite-catalysed process Calculated E-factor Ti@thl process E-factor
4-Nitrotoluene from toluene,  1.94 >5.4

HNO;3, Ac,O and H

4-Bromotoluene from toluene, 0.5¢ >5.6°

Br, and NaY

4-Acetylanilsole from anisole, 0.35" 4.5

Ac,0 and H

2 Assumes complete recycling of zeolifedssumes use of 2 equiv.,50;, and 40%
yield of desired isomef.Assumes 1 equiv of AlBrand 50% vyield of desired isomer.
4See Table 32.

We and others continue to explore the possitslitox exploitation of zeolites

in selective aromatic susbstitution reactions.
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