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Preface

Ethylene, the first stable member of the alpha- or 1-olefin family, was discovered in 1795 by
four Dutch chemists: Deimann, Van Troostwick, Bondt, and Louwrenburgh. Since that time,
ethylene was known as olefin gas. Other olefins, including propylene, isobutylene, and pen-
tene, were gradually discovered and studied in the nineteenth century. Because C,H, had
one hydrogen less than C,H; ethyl, the Greek suffix of “ene” was added to its sequel in the
mid-nineteenth century, and olefin gas was known as ethylene till 1852. In 1866, German
chemist, Huffman, established the hydrocarbon naming systems based on alkanes. In this
system, each hydrocarbon with two hydrogen atoms less than the corresponding alkanes
was named as “Alkene.”

About a century after the discovery of ethylene, alkenes, which are known as olefins too,
gained attention. However, alkenes” markets rose significantly when the polyolefins (polyal-
kenes) were developed after World War II. Today, more than 200 years after the discovery of
ethylene, alkenes are used as intermediates and feedstock for manufacturing many industrial
chemicals in large quantities, and polyolefin is the world’s most widely used synthetic poly-
mer. The global market for alpha-alkene is expected to reach USD 12.58 billion by 2025. The
drivers for this market are the increasing demand for fuels, plastics, lubricants, and oilfield
chemicals, as well as the recent discoveries of shale gas. In addition, the other driving force of
this market is the growing applications of polyalpha-alkene-based lubricants as these com-
pounds possess highly desirable characteristics such as high thermal stability, viscosity index,
oxidative stability, low toxicity, and compatibility with mineral oils to the final product.

Due to the increasing quantity of alkenes produced worldwide and the importance of these
compounds in the industry, it is therefore essential to have broadened knowledge on the tech-
nology of alkene production and consumption and its corresponding reactions. These and
the most recent advances in synthetic aspects of alkenes are covered in the current book Al-
kenes. Emphasis is given to synthesis process, the efficient new catalysts for synthesis, reac-
tions, and the most recent applications of alkenes. Furthermore, new developments in
metathesis of alkenes (“metathesis” means “changes of position” in Greek) are covered.
There are many other textbooks on the basic concepts related to alkenes or alkene-corre-
sponded issues. We have omitted those repeating concepts and have just focused on the
most recent advances; however, those aspects that are required to understand each chapter
have been extensively explained. The book Alkenes includes five main chapters. The first
chapter focuses on alkene synthesis through Wittig reaction, which allows the preparation
of an alkene by the reaction of an aldehyde or a ketone. The second chapter covers the func-
tionalization of alkenes by organoaluminum compounds with particular focus on modern
concepts of the alkene hydro-, carbo-, and cycloalumination mechanisms. The third chapter
explains the alkene metathesis that entails the redistribution of fragments of alkenes. Analy-
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sis of various routes of oxidation of the simplest conjugated diolefin, 1,3-butadiene (BD), is
the main objective of the fourth chapter, followed by the polyolefins in the fifth chapter. In this
last chapter, two different types of polyolefins are considered, polyolefin fibers and polyolefin sul-
fone, along with their applications in photodegradable plastics and reinforcement of concrete,
respectively. We hope that Alkenes will benefit the readers.

Dr. Reza Davarnejad

Associate Professor of Chemical Engineering Department,
Arak University,

Arak, Iran

Baharak Sajjadi

Research Assistant Professor,
Department of Chemical Engineering,
University of Mississippi, U.S.A
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Chapter 1

Tandem-, Domino- and One-Pot Reactions Involving
Wittig- and Horner-Wadsworth-Emmons Olefination

Fatima Merza, Ahmed Taha and Thies Thiemann

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70364

Abstract

The Wittig olefination utilizing phosphoranes and the related Horner-Wadsworth-
Emmons (HWE) reaction using phosphonates transform aldehydes and ketones into
substituted alkenes. Because of the versatility of the reactions and the compatibility of
many functional groups towards the transformations, both Wittig olefination and HWE
reactions are a mainstay in the arsenal of organic synthesis. Here, an overview is given on
Wittig- and Horner-Wadsworth-Emmons (HWE) reactions run in combination with other
transformations in one-pot procedures. The focus lies on one-pot oxidation Wittig/HWE
protocols, Wittig/HWE olefinations run in concert with metal catalyzed cross-coupling
reactions, Domino Wittig/HWE —cycloaddition and Wittig-Michael transformations.

Keywords: Wittig olefination, one-pot reactions, Domino reactions, tandem reactions,
Horner-Wadsworth-Emmons olefination

1. Introduction

The Wittig olefination utilizing phosphoranes and the related Horner-Wadsworth-Emmons
(HWE) reaction using phosphonates transform aldehydes and ketones into substituted alkenes.
Because of the versatility of the reactions and the compatibility of many functional groups in
the transformations, both Wittig olefination and HWE reactions are a mainstay in the arsenal of
organic synthesis. The mechanism of the Wittig olefination has been the subject of intense debate
[1]. While initially it was supposed that all Wittig olefination reactions lead via 1,2-addition to
betaine structures 4 as zwitterionic intermediates that would form oxaphosphetane 3 with a
final release of alkene and phosphine oxide by ring opening (syn-cycloreversion process), it has
been seen more recently that especially under salt-free, aprotic conditions, many ylides undergo

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



4 Alkenes

a m’s/ma [2+2]-cycloaddition with the carbonyl component leading to the oxaphosphetane 3
directly [2], which in certain cases can be in equilibrium with betaine structures 4 (Scheme 1).
In HWE reactions, the deprotonated phosphonate 6a undergoes a nucleophilic addition to the
carbonyl compound (e.g., 7), which usually is the rate limiting step [3]. The elimination to the
final products proceeds through oxaphosphetane 9 (Scheme 2). The Wittig olefination has been
used industrially in the synthesis of terpenoids [4]. Recently, a one-pot synthesis of the vasodi-
lator and anti-platelet agent Beraprost sodium, a prostacyclin analog, was communicated with
the HWE reaction as the key transformation with the idea of using the approach in an industrial
synthesis of the pharmaceutical [5].

For years after the discovery of the Wittig olefination [6, 7], most Wittig transformations were
carried out under inert atmosphere using dry solvents such as THF [8], DME [9], diethyl
ether [10] and benzene [11]. Later it was realized that stabilized and semi-stabilized Wittig
reagents can be reacted in non-de-aerated solvents, where the solvents need not be dried spe-
cifically. Most of these conjugated Wittig reagents are thermally stable and tolerate water, air
and mild oxidants, while maintaining reactivity towards aldehydes and often also towards
ketones. This allows for a plethora of reaction conditions for many Wittig olefination reac-
tions such as obviating solvents altogether [12, 13] or running the reactions in aqueous solu-
tions [14, 15] or in mixed solvents [16]. Also, it permits one-pot transformations of Wittig
olefinations in combination with other reactions, also because the stabilized and to some
extent the semi-stabilized phosphoranes are inert to mild oxidizing and reducing agents.
However, also with non-stabilized phosphoranes, where reactions have to be performed
under the exclusion of air and moisture, Wittig reactions can be performed in conjunction
with further transformations [17].

This chapter is to give an insight into the types of transformations that can be combined
with Wittig- and Horner-Wadsworth-Emmons olefinations in Domino-, tandem and one-pot
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Scheme 1. Schematic presentation of the reaction mechanism of the Wittig olefination.
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Scheme 2. General reaction mechanism of the HWE reaction.

reaction strategies. These include the preparation of phosphoranes and their reaction in situ,
one-pot oxidation of alcohols to aldehydes and Wittig-olefination, in situ-recycling of phos-
phine oxides and catalytic Wittig reactions, one-pot Wittig-olefination metal catalyzed C—C
bond forming reactions such as Suzuki-Miyaura, Sonogashira- and Heck reactions, Wittig and
Horner-Emmons reactions in combination with polar cyclizations, Wittig-reactions carried
out in combination with electrocyclic reactions, one-pot Wittig and Horner Emmons-addition
reactions; cascade reactions featuring (triphenylphosphoranylidene)-ethenone and similar
phosphoranes.

2. Wittig and Horner-Wadsworth-Emmons (HWE) olefination reactions
with phosphoranes and phosphonates prepared in situ

Primarily, phosphoranes as Wittig reagents are prepared by the reaction of a triarylphosphine,
usually triphenylphosphine, or, more seldom, a trialkylphosphine, and an alkyl halide with
subsequent dehydrohalogenation of the triaryl(alkyl)alkylphosphonium halide produced.
Non-stabilized Wittig reagents are not stable enough to be stored over longer periods of time;
therefore, it is the norm that the Wittig-ylide is formed in situ from the oftentimes stable phos-
phonium salt, usually with a strong base, and then reacted directly with the carbonyl com-
pound. In the case of stabilized phosphoranes, they are often stable enough to store, and the
dehydrohalogenation necessitates only a weak base such as sodium carbonate or even sodium
bicarbonate [18]. Nevertheless, this likewise allows the preparation of the phosphorane and
the subsequent Wittig olefination in one pot [19], where even protic solvents can be used, such

5



6 Alkenes

as water. Similarly, semi-stabilized phosphoranes can be obtained in situ from their respective
phosphonium salts, also even in aqueous medium, where LiCl promotes the Wittig olefina-
tion and suppresses the decomposition of the phosphoranes [14, 15]. Furthermore, all the
catalytic Wittig reactions (see below) rely on the fact that the phosphorane is produced in situ.

Perhaps more interesting is the one-pot reaction of an alkyl halide, a phosphine and a carbonyl
compound (Scheme 3). This can be achieved by consecutive addition of the components,
when one or more of the components are sensitive, or by mixing of all components simultane-
ously. A consecutive addition of components in one pot was pursued by McNulty and Das
who reacted air-sensitive triethylphosphine with benzyl bromides to the respective benzyltri-
ethylphosphonium bromides, which were transformed to the phosphoranes with aq. NaOH,
before being reacted with benzaldehydes to give (E)-stilbenes in an aqueous Wittig olefina-
tion [20]. Here, the triethylphosphine oxide by-product is water soluble. This reaction pro-
cedure has been diversified further by a one-pot preparation of benzyltriethylphosphonium
bromides from the air-stable triethylphosphine hydrobromide and benzyl alcohols and sub-
sequent Wittig olefination with aromatic aldehydes in aqueous medium [21]. Simultaneous
mixing of alkyl halide such as a-haloesters (e.g., 13), a-halonitriles, a-halocarbonyl com-
pounds and a-alkyl-a-halocarbonyl compounds, triphenylphosphine (12), and carbonyl com-
pound (e.g., 11, 15, 18) in the presence either of a base [17, 22-26] or an alkene [27] was shown
to give o, 3-unsaturated esters [17, 22-27] (e.g., 14, 17, 19), o, 3-unsaturated nitriles [23, 26] and
enones [27], respectively (Scheme 3). Epoxides are stable under these reaction conditions as
can be seen in the transformation of 18 to 19 (Scheme 1). A one-pot, fluoride catalyzed Wittig-
olefination has also been devised, where ethyl bromoacetate is reacted with carbaldehydes in
the presence of tri-n-butylphosphine and tetrabutylammonium fluoride (Bu,NF) to give (E)-
configured o, 3-unsaturated esters in good yield [28]. The synthesis of a,3-unsaturated esters
has also been achieved from their alkyl halide and aldehyde constituents using tributylarsine
[29] or a substituted triarylarsine instead of triphenylphosphine [30]. The use of tributylarsine
in the presence triphenyl phosphite [29] led to the creation of a catalytic system which was
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Scheme 3. In situ preparation of phosphoranes and subsequent Wittig olefination.
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developed further with one-pot transformations that were managed with catalytic amounts
(2 mol%) of poly(ethylene glycol) and (PEG)-supported tellurides in the presence of K,CO,
as base [31-34]. Also, micellar reaction systems such as micellar solutions of sodium dodecyl
sulfate (SDS) in water have been used, in which Wittig olefinations were carried out between
aldehydes and phosphoranes, synthesized in situ [35, 36]. A. Galante has per Wittig reactions
in the fluorous phase with in situ pre-formed perfluorinated ylides [37].

Traditionally, stabilized halophosphoranes have been prepared by the halogenation of the
nonhalogenated parent phosphoranes and a subsequent dehydrohalogenation of the halo-
genated phosphonium salt obtained. Karama et al. have combined this in situ halogenation:
dehydrohalogenation step with the Wittig reaction itself. Additionally, an in situ alcohol oxi-
dation to provide the aldehyde starting material was integrated into many of these reaction
sequences (Scheme 4) [38-42].

Ph=—— XS, ujzu,
/—> ‘1(] 2, RS0, BN

Scheme 4. One-pot oxidation, halogenation, and Wittig reaction to 2-haloacrylates.

“H:UH

14X R 55t
b (At

3. In situ alcohol oxidation — Wittig/HWE reactions; other in situ
aldehyde preparations run with subsequent Wittig/HWE
sequences in one pot

The tolerance of stabilized phosphoranes towards mild oxidants allows for the oxidation
of an alcohol to an aldehyde and its Wittig reaction in one-pot (Schemes 5 and 6). As oxi-
dants, activated MnO, [43—46], barium permanganate [47, 48], tetra-n-propylammonium
perruthenate (TPAP)/N-methylmorpholine N-oxide (NMO) [49-54] and TPAP/N,N,N’,N’-
tetramethylenediamine dioxide (TMEDAQ,) [55], o-iodoxybenzoic acid (IBX) [56-58],
Dess-Martin periodinane [59-61], DMSO-oxalyl chloride (Swern conditions) [62-64], DMSO-
SO,-pyridine (Parikh-Doering oxidation) [38, 39] or DMSO-SO-triethylamine [65], pyridinium
chlorochromate (PCC) or PCC/celite [66—69] as well as pyridinium dichromate (PDC) [70] such
as PDC encapsulated in sol gel [71] have been used. In addition, metal catalyzed aerobic oxi-
dation reactions of aldehydes with concomitant olefination reactions are known, where [(eta-
p-cymene)RuCl, ], (27) [72], nanoparticulate ruthenium supported on highly porous aluminum
oxyhydroxide [73] or on silica gel [74], and nickel nanoparticles [75, 76] (Scheme 6) have been
used as catalyst in the case of a concomitant Wittig reaction and gold/palladium bimetallic
nanoparticles in the case of a concomitant Horner-Wadsworth-Emmons (HWE) reaction [77],
Cu(I)-phenanthroline as a catalyst in an oxidation: HWE: sequential procedure [78].

Taylor et al. give a good overview of the tandem oxidation-Wittig processes developed until
2005, focusing especially on the tandem oxidation process (TOP) developed by his group [43—46],

7
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Scheme 6. One-pot metal catalyzed oxidation of alcohols utilizing oxygen—Wittig reaction.

using activated MnO, [79]. Over the years, this process has been used more often [40, 80-97] than
the other processes shown above. Recently, also MnO, derived molecular sieve material such as
OMS-2 [KMn*Mn**O, . nH,0] has been used with success in aerobic, catalytic one-pot oxidation
Wittig reactions of benzylic and allylic alcohols to the respective cinnamates [98]. Overall, the
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Wittig transformations of the aldehydes produced in situ allows for the manipulation of alde-
hydes that are inherently instable such as of silyl substituted aldehydes, propargyl aldehyde
[97], and chiral y-aminoaldehydes, the latter without loss of stereochemical integrity (Scheme 5)
[89]. In the case of Wittig transformations of chiral a-aminoaldehydes, 3-aminoalcohols were
oxidized to a-aminoaldehydes with NaOCl in the presence of AcCNH-TEMPO, where the crude
a-aminoaldehydes gained from the oxidation were subjected directly to olefination to give
Wittig products without loss of stereochemical integrity [99-101].

Other preparation methods of aldehydes in conjunction with Wittig olefinations or HWE
reactions have been reported. Thus, an oxidative cleavage of a glycol can be carried out in
combination with a subsequent Wittig-olefination [102-105] (Scheme 7). Also a one-pot car-
boxylic acid to aldehyde reduction and Wittig reaction is known [106]. Finally, a Domino
hydroformylation/Wittig olefination procedure has been developed, starting from allylamines
(Scheme 8). The aldehyde is not isolated [107]. Domino/hydroformylation/Wittig olefination
protocols have been introduced with other olefinic starting materials, also [108-110].

BOC :;‘ . BoC __::::
\\N CH i . ~
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Scheme 7. Oxidative glycol cleavage —Wittig reaction.
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34 36 95%

35

Scheme 8. Hydroformylation — Wittig reaction.
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4. Wittig- and HWE reactions and C—C-coupling reactions in one-pot
procedures

Wittig- and Horner-Wadsworth-Emmons reactions can be combined with C—C-coupling
reactions such as Suzuki cross-coupling [111-113], Mizoroki-Heck reaction [113-118] and
Sonogashira-reaction [119]. Initially, it was observed that conjugated phosphoranes were
stable under reaction conditions used for Heck- or Suzuki reactions (Scheme 9). Thus, phos-
phoranes themselves could be functionalized by Suzuki- [120], Mizoroki-Heck- [121], or
Sonogashira-type [119] cross-coupling reactions, either in solution or when polymer-bound
[122]. These phosphoranes could then be subjected to normal Wittig-olefination reactions with
ketones or aldehydes [120-122]. The one-pot Wittig-Heck-reaction strategy can be extended
to include an O-alkylation, where the Wittig reaction of a p-hydroxybenzaldehyde (43) with
methylenetriphenylphosphorane, obtained in situ from phosphonium salt 44 provides the
p-hydroxystyrene as the olefin component in the Mizoroki-Heck reaction in the presence of
an alkyl bromide (e.g., 45), which O-alkylates the phenoxy-function to give alkoxystilbenes
46 (Scheme 9) [123].
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Scheme 9. One-pot Heck cross-coupling/Wittig reaction.

5. One-pot Wittig- and HWE olefination/cycloaddition reaction

One can easily visualize that an alkene prepared by a Wittig olefination can easily be used as a
2-pi component in cycloaddition reactions, in one pot (Scheme 10). A typical such cycloaddi-
tion is [4+2]-cycloaddition, such as the classical Diels Alder reaction, which can be performed
both inter-[69, 124] and intramolecularly [125-132] in tandem with a Wittig-reaction.

Hilt and Hengst have published a cobalt(I)-catalyzed Diels Alder reaction of alkynyltriphe-
nylphosphonium and 1,3-dienes with a consecutive Wittig reaction of the cycloadduct with
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Scheme 10. Oxidation —Wittig-olefination —Diels-Alder reaction sequence.

various aldehydes in one pot that lead after a further dehydrogenative step to substituted
stilbenes and styrenes (Scheme 11) [133].

Interesting is the cycloaddition of in situ produced benzyne (55) to 1,4-diphenylbutadiene,
prepared in situ by HWE reaction from cinnamaldehyde, (15) give 1,4-diphenylnaphthalene
(56) (Scheme 12) [134].

The transformation sequence Diels-Alder/Wittig can be part of a more complex reaction
chain. Thus, Ramachary and Barbas III [135] have forwarded a Domino Wittig/Knoevenagel/
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Scheme 11. Cobalt (I)-catalyzed Diels Alder reaction—Wittig reaction.
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Scheme 12. One-pot HWE reaction—cycloaddition of in situ produced benzyne.
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Diels-Alder sequence to spirotriones 58 (Scheme 13) and a Wittig/Knoevenagel/Diels-Alder/
Huisgen cycloaddition sequence to polysubstituted triazoles 61 (Scheme 14).

Oxidation of benzyl alcohols to benzaldehydes can be incorporated into a Wittig-Diels Alder
sequence [69]. Also, hetero-Diels-Alder reactions can be run in tandem with a Wittig olefination
as shown by Ramachary et al. in their synthesis of tetrahydropyrans 64 (Scheme 15) [136]. Here,
diamine 63 is used as a catalyst. The reaction, however, gives the product only in low enantio-
meric excess (Scheme 15).

Huisgen type [3+2]-cycloaddition reactions can be run also in a simple tandem process
rather than incorporated in a more complex reaction chain (see above). A typical example is
shown in Scheme 16, where azidoethyl-tetrahydro-hydroxyfuran 66 is treated with phos-
phorane 21 to give triazoline 68 alongside diazoamine 69 [137]. Further such approaches are
known [138, 139].
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Scheme 14. Wittig/Knoevenagel/Diels-Alder/Huisgen cycloaddition sequence.
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Scheme 16. Wittig reaction—intramolecular Huisgen type [3+2]-cycloaddition.

6. One-pot Wittig- and HWE olefination/addition reaction

Electrophiles can be added to the alkene function obtained, in a one-pot reaction with the Wittig
olefination. A typical example is the stereoselective bromination of the Wittig product with
oxalyl bromide (71), where triphenylphosphine oxide (70) as side product of the olefination
step acts as a catalyst in the bromination (Scheme 17) [140]. Hamza and Blum have devel-
oped a sol-gel entrapped tertiary phosphine by co-polycondensation of tetramethoxysilane,
2-diphenyl(phosphino)ethyltri(ethoxy)silane and N-2-(aminoethyl)-3-aminopropyltri(methoxy)
silane. This could be reacted in a Wittig type olefination with benzyl chlorides (e.g., 76) and
benzaldehydes, prepared in situ from benzyl alcohols (e.g., 75). The strategy allows for the
combination of the process with a bromination step in one pot by addition of sol-gel-bound
pyridinium hydrobromide perbromide after completion of the Wittig reaction (Scheme 18) [71].

Alternatively, the process can be combined with a hydrogenation step by the addition of
hydrogen in the presence of an added heterogenized Wilkinson catalyst (Scheme 19) [141].
A further Wittig olefination—hydrogenation sequence was developed by Zhou et al. who
obtained a-CF -y-ketoesters 82 by adding trichlorosilane to the reaction mixture where tri-
phenylphosphine oxide (again as side product of the Wittig olefination) acts as a Lewis base
and activates the silane as hydrogenating agent (Scheme 20) [142]. The routine was expanded
to other aldehydes including alkanals as educts [143]. This reaction was also carried out with
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Scheme 19. Wittig olefination —hydrogenation.

glyoxal derivatives 84 as starting materials, where after conjugate addition of trichlorosilane
a few drops of methanol were added to the solution resulting in conversion of the trichlorosi-
lylenol ether (86) to the keto compound 87 while at the same time generating HCl, which then
promoted a Paal-Knorr reaction of 87 to the furan 88 (Scheme 21) [144].
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Scheme 21. Furan synthesis by one-pot Wittig olefination —hydrogenation — Paal-Knorr reaction.

Lu and Toy showed that the Wittig-olefination—trichloromethylsilane conjugate addition
sequence can be coupled with the initial preparation of the phosphorane in one pot [145].
The conjugate addition to furnish the silyl enol ether can be combined with a reductive Aldol
reaction, where for the Wittig reaction and for the reductive Aldol reaction two separate alde-
hydes can be used (Scheme 22) [145]. The reactions above can be run with a triarylphosphine-
tertiary amine bifunctional polymeric reagent (Rasta-Resin-PPh,-NBn'Pr,), where the polymer
bound triarylphosphine oxide also exerts a catalyzing effect on the addition of C1.SiH while
making it possible to recycle the polymer [146].

As many Wittig olefinations can be performed in aqueous medium, it is possible to combine
the reaction with an enzymatic step. One such sequence is the enzymatic reduction of the ole-
finic moiety by a recombinant enoate reductase from Gluconobacter oxydans, carried out with
an enzyme-coupled in situ cofactor regeneration with a glucose dehydrogenase as enzyme
component and p-glucose as co-substrate (Scheme 23) [147].

Interestingly, a Wittig reaction can also be run in combination with an enzymatic reduction,
where the in situ prepared enone 93 is transformed to the alkenol 94 (Scheme 24) [148].

15



16 Alkenes

Ph,, PhCHO, OH Q
L] plizEIN jJ—]'"—l:'h(:H(}
\)’I\ CHCL;, 60 °C HSiCl,, 0%
Br - = p-F-Ph Fh
Ph oqfa—pnt rediclive
89 Willig Aldol i
Ph

8% syrfanii — 4553

Scheme 22. Wittig olefination—reductive Aldol reaction.

U
el rediclise

| Ty e Sy JL fw,,;i;'m.m /\J -
j T - j

T NATIET

Tl ;L U-placenalactone

clnzosc debnpdropewass
froon Havillne ag

Scheme 23. Wittig-olefination —enzymatic ene-hydrogenation.

4

[ =] 2H
i}— « o
Ty, ’“'m,)J\ L (5 ALL oy
N — — T
/L | = S E J
. agueau bully " NATEI  WADPY o e g

g
h\_\_‘\______,_.- H
. s

a2 a5

Scheme 24. Wittig-olefination —enzymatic keto-reduction.

The possibility of a combination of a Wittig/HWE olefination and a Michael addition has
been studied by a number of research groups. Thus, Piva and Comesse have added phos-
phonoesters to copper enolates derived from the 1,4 addition of cuprates 97 to enones 96
with the idea that the enolate would deprotonate the phosphonoester 98 producing the
reactive ketone and phosphonate, which undergo HWE reaction. Products 99 of the tan-
dem Michael-HWE reaction are produced in acceptable yield (Scheme 25) [149, 150]. This
strategy was used with p-methylcinnamaldehyde (100) as carbonyl component in the total
synthesis of (+)-ar-turmerone (105), a bisabolane-type natural product found in Zingiber and
Curcuma species (Scheme 26) [151].
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Scheme 26. Synthetic route to utilizing a one-pot Michael addition—HWE reaction.

7. One-pot Wittig-olefination/functional group interconversion

Wittig reactions can be performed with alkoxycarbonylmethylidenetriphenylphosphorane
(21) in aq. NaOH, where the cinnamates formed are hydrolysed in situ to cinnamic acids 106
(Scheme 27) [152]. After completion of the reaction, triphenylphosphine oxide can be filtered
off from the strongly basic, aqueous solution, and the cinnamic acids are isolated by simple
filtration after acidification of the filtrate. Pinacol-acetal tripropylphosphonium salt 107 has
been reacted in ag, 1 M NaOH with different benzaldehydes 37; the cinnamaldehyde O,O-
pinacol acetal can be hydrolyzed directly to the cinnamaldehydes 108 with 25w % aq. H,PO,
(Scheme 28) [153].

This procedure provides anice alternative to the reaction of benzaldehydes with triphenylphospho-
ranylideneacetaldehyde, which often produces dienals and trienals as side-products. A tandem
Wittig-cyanosilylation was developed by Zhou et al., where again Ph,PO as side product of the
Wittig olefination acts as Lewis base to catalyze TMSCN in the cyanosilylation step. Chiral salen
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Scheme 28. One-pot Wittig reaction—acetal hydrolysis.

aluminum catalyst 109 was used as Lewis acid to activate the keto function in the cyanosilylation.
Products were obtained with high enantioselectivity [68-93%ee]. TMSCN and chiral catalyst 109
were added after completion of the Wittig reaction, albeit in one pot (Scheme 29) [143].

As Wittig reactions can be carried out in aqueous medium, enzymatic reactions can be inte-
grated into the process (vide supra). In this regard, M. Kraufer et al. showed that 4-phen-
ylbut-3-en-2-ones (93), obtained by Wittig olefination, are reduced to the corresponding
4-phenylbut-3-en-2-ols (94) in >99 ee(%) using (S)-alcohol dehydrogenase [(S)-ADH] from
Rhodococcus sp. or (R)-ADH from Lactobacillus kefir [148].
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Scheme 29. Wittig reaction—cyanosilylation.

8. One-pot Wittig- and HWE olefination/cyclization

Michael type cyclization —cyclic hemiacetals can be used efficiently as substrates in Wittig olefi-
nation reactions with stabilized Wittig reagents. After the Wittig reaction, the tethered alcohol
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function induces a cyclization through a Michael reaction. This reaction sequence has been
used especially in the construction of functionalized C-glycosides such as in the stereospecific
synthesis of w-amino-B-p-furanoribosylacetic acid derivative 115 (Scheme 30) [154].

In their synthesis to C-glycoside amphiphiles, Ranoux et al. followed a similar strategy, react-
ing non-protected sugars with HWE reagents in aqueous or solventless conditions, leading to
C-glucosides 117 and 121 (Scheme 31) [155].

A different mechanism to C-glucosides operates when 5,6-dideoxy-5,6-anhydro-6-nitro-b-glu-
cofuranose 122 is reacted with an excess of phosphorane 21. Here, 21 acts as a base and 122
experiences an anion driven ring opening to 123, which undergoes an oxy-Michael addition
to 124 with concomitant Wittig reaction, resulting in C-vinyl glycoside 125 (Scheme 32) [156].

A highly stereoselective tandem Wittig-reaction-Michael addition has been developed by
Liu et al. [157] when reacting 3-carboxy2-oxopropylidene)triphenylphosphorane 126 with
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Scheme 30. Synthesis of w-amino-p-p-furanoribosylacetic acid derivative 115 utilizing a Wittig olefination-ring closure
reaction en route.
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Scheme 31. Synthesis of C-glucosides with a HWE —ring closure reaction.
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Scheme 32. Tandem oxy-Michael addition —Wittig reaction.

enaldehydes (e.g., 15), using a chiral pyrrolidine-based catalyst such as 128 (Scheme 33).
Most likely, the asymmetric Michael addition proceeds by the reaction of 15 with the imin-
ium compound 129 (Scheme 33), formed from 15 with catalyst 128.

Beltran-Rodil et al. have elaborated a retro-aldol initiated Wittig-olefination-Michael addi-
tion sequence leading to an exchange of the hydroxyl function in 130 for a carbalkoxymethyl
group in 134. The retro-aldol reaction is effected by the commercially available trimethyl-
amine N-oxide (TMAO, 131) [158] (Scheme 34).

Electrocyclizations, incl. photocyclizations, and pericyclic reactions: Electrocyclization can be
run in concert with Wittig reactions. One such example is shown in Scheme 35, where
allylic bromide 135, the product of a Morita-Baylis-Hillman transformation, is converted
with triphenylphosphine to the corresponding phosphonium salt, which is reacted
with benzaldehyde (11) to give triene 136. 136, heated under aeration, undergoes a
6m-electrocyclization—base catalyzed aerobic oxidation to o-terphenyl derivative 137
(Scheme 35) [159].
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Scheme 33. Asymmetric Michael-addition-Wittig-olefination.
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Scheme 35. One-pot phosphorane synthesis —Wittig-reaction —6m-electrocyclization —oxidative dehydrogenation.

Similarly, Hamza and Blum [71], who developed a Wittig olefination with a sol-gel entrapped
tertiary phosphine derived phosphorane (vide supra, Schemes 18 and 19) showed that the
Wittig reaction can be run in concert with a photochemical cyclization under aerobic condi-
tions to produce phenanthrene (138) (Scheme 36) [71].

A number of tandem Wittig/HWE reaction—Claisen/Cope rearrangements have been
reported [160-173]. A typical example is shown in Scheme 37, where neat (4-fluorophenoxy-
acetyl)cyanomethylene)triphenylphosphorane 139 is subjected to microwave irradiation at
450 W in a sealed tube to undergo an intramolecular Wittig reaction— Claisen rearrangement
to furnish benzofuran 134 (Scheme 37) [173].

Mali et al. achieved the synthesis of seselin and angelicin derivatives (e.g., 148 and 150)
by a tandem Wittig-olefination—Claisen rearrangement from propargyl and chloroalkyl
ethers of 2,4-dihydroxybenzaldehyde and 2,4-dihydroxyacetophenone (e.g., 146 and 149)
(Scheme 38) [164].

Nevertheless, sometimes, these reactions are not easy to control. Thus, a cascade of Wittig reac-
tion and double Claisen and Cope rearrangements starting from 2,4-prenyloxybenzaldehyde
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Scheme 36. Wittig olefination—photocyclization—oxidative dehydrogenation.
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Scheme 38. One-pot syntheses of seselin and angelicin derivatives.

151 leads to a plethora of products through the range of reactions that are possible with the
intermediate 153, itself produced through the Wittig reaction and a first Claisen rearrange-
ment. The final products found include gravelliferone (154, 10%), balsamiferone (155, 5%), and
6,8-diprenylumbelliferone (156, 15%) (Scheme 39) [169].

Less common is the tandem Wittig and ene reaction. Tilve et al. have published such a com-
bination of Wittig and ene reaction in their total synthesis of (+)-kainic acid (160), an amino
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Scheme 39. Wittig reaction—double Claisen and cope rearrangements.

acid found in different species of red algae [174]. Here, the product was formed in 65%
yield as a mixture of diastereoisomers 1598a/159b in a ratio of 1:5. Previously, the authors
had synthesized (+)-kainic acid (160) utilizing a Wittig—Michael reaction as the key step
(Scheme 40) [175].

Finally, the possibility of a tandem Wittig-olefination —aza-Wittig rearrangement should be
mentioned —this combination was carried out on 2-benzoylaziridine 161 to give stereoiso-
meric dehydropiperidines 163/164 (Scheme 41) [176].
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Scheme 40. Wittig-ene cascade as a key step towards the synthesis of kainic acid (160).
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9. Other transformations

A wealth of further transformations have been found to be possible in combination with
Wittig/HWE reactions. Thus, cyclopropanation of alkenes using sulfur-ylide reagent 166 can
be run in tandem with a Wittig reaction with a conjugated phosphorane such as 21. This com-
bination of reactions can be performed with the preparation of the aldehyde as the Wittig sub-
strate by oxidation of the corresponding alcohol 165 with MnO, in one pot (Scheme 42) [177].
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Scheme 42. One-pot oxidation—Wittig-olefination —cyclopropanation.

Generally, non-stabilized phosphoranes are basic. This basicity has been used by Kniippel et al.
in the transformation of a,a-dibromoenone 168 with excess methylenetriphenylphosphorane,
where the phosphorane induces a Corey-Fuchs-reaction-type dehydrobromination/debromina-
tion to generate a terminal alkyne, which together with the concomitantly run Wittig-olefination
delivers 169, an intermediate to the trisnorsesquiterpene (-)-clavukerin A (171) (Scheme 43)
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Scheme 43. Wittig-olefination —Corey-Fuchs-reaction-type dehydrobromination/debromination.
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[178]. A metathesis reaction completes the sequence to 171. In this case, the metathesis reaction
is not run in one pot with the previous transformations.

Nevertheless, one-pot Wittig—metathesis reactions are well known from the literature [179-181].
A typical example is shown in Scheme 44, where catalyst 174 serves both as a catalyst for the
metathesis as well as for the Wittig olefination, when the in situ produced aldehyde 175 is treated
with triphenylphosphine and ethyl diazoacetate (176) in one pot (Scheme 44).
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Scheme 44. One-pot Wittig—Metathesis reaction.

10. Conclusion

Due to the fact that phosphoranes and phosphonates are stable under more diverse conditions
than was initially realized, it has become possible to perform reaction cascades and one-pot reac-
tions with Wittig- and HWE reactions as an integral part of the reaction sequence. Frequently,
Wittig olefination reactions are carried out with in situ prepared phosphonium salts and phos-
phoranes [17, 22-27]. One-pot oxidation — Wittig olefination reactions are also quite common [40,
43-110], especially when the carbonyl component is labile [89, 97]. Often, the oxidant of choice is
MnO, [40, 4346, 79-97], although a number of reactions are known where transformations were
carried with air oxygen using metals and metal oxides as catalysts [72-78]. As many Wittig- and
HWE reactions tolerate metal catalysts, this allows the running of Wittig/HWE reactions in com-
bination with metal catalyzed cross coupling reactions and olefinations such as Heck [114-123],
Suzuki [111-113], Sonogashira [119-121], and metathesis reactions [179-181]. The alkenes gained
in the olefination reactions can be submitted to cycloaddition reactions, including Diels Alder
reactions [69]. Furthermore, the alkenes lend themselves to 1,2-addition reactions [71, 140] in
one-pot procedures. In cases where enones or enaldehydes are produced in the olefination reac-
tion, a 1,4-addition becomes a possibility; this includes the Michael addition [149-151]. Also, the
combination of ring opening of cyclic hemiacetals or acetals, olefination reaction and a 1,4-addi-
tion leading to ring closure is quite common [154-156]. The outcome of one-pot sequences of
olefination reaction—electrocyclic rearrangement can be predicted less easily. Nevertheless,
one-pot Wittig olefination—Claisen- [173], Wittig olefination —Cope- [169], and Wittig olefina-
tion—aza Wittig [176] rearrangement reactions have been published. Lastly, Wittig olefination
and HWE reactions have been combined with functional group transformations, including the
hydrolysis of an ester function [152] and the reduction of a carbonyl group [148].
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The prospects of multi-step, one-pot reactions and reaction cascades incorporating Wittig
reagents can be seen in the rich chemistry of ketenylidenetriphenylphosphorane (178)
(Scheme 45) [182-185], which has been reviewed earlier [182, 186, 187]. Lastly, catalytic
Wittig reactions can be seen as a subset of tandem reactions involving phosphoranes. Further
research in specifically this area will help make the Wittig olefination more atom-economical
and environmentally sustainable, so that this reliable alkene forming reaction will remain a
competitive olefination strategy of choice.
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Scheme 45. Cascade reactions with ketenylidenetriphenylphosphorane (178).
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Abstract

Alkene and olefin functionalization via addition of electro- or nucleophilic reagents is
one of the convenient synthetic methods for the insertion of heteroatoms into organic
molecules. The use of organometallic reagents in these reactions in combination with the
specific catalysts provides high substrate conversion and process selectivity. The intro-
duction of this approach into the chemistry of organoaluminum compounds leads to the
development of chemo-, regio- and stereoselective catalytic methods of alkene and ole-
fin functionalization. The chapter focuses on the modern concepts of the alkene hydro-,
carbo- and cycloalumination mechanisms, that is, the experimental and theoretical data
on the intermediate structures involved in the product formation, the effects of the cata-
lyst and organoaluminum compound structure, reaction conditions on the activity and
selectivity of the bimetallic systems. The prospects of the development of enantioselec-
tive methods using these catalytic systems for the alkene and olefin transformations are
considered.

Keywords: hydrometalation, carbometalation, cyclometalation, zirconocenes,
organoaluminum compounds, reaction mechanism, asymmetric catalysis

1. Introduction

Insertion of various functional groups into the molecules is one of the central problems of
organic chemistry. In this regard, alkene and olefin double bonds are often considered as possible

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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44 Alkenes

reactive centers for the construction of C-heteroatom fragments. The classic functionalization
methods are based on the addition reaction of electro- or nucleophilic reagents toward the unsat-
urated substrates, for example, halogenation, oxidation, hydrohalogenation, hydroboration,
hydroamination, hydrosilylation, hydro- and carbometalation, etc. (Table 1).

Each type of functionalization goes under specific conditions and involves various reagents
and catalysts, which obviously affects the mechanisms of the processes and product structure.
Thus, this chapter is focused on the reactions of alkenes with organometallic compounds as
the effective routes for the synthesis of numerous classes of organic compounds.

Reactions of alkenes with organometallic reagents run with high substrate conversion and
selectivity due to the generation of active intermediates with C-metal bonds (Table 1), further
modification of which provides a wide range of products. The organoaluminum compounds
(OACs) occupied a strong position in the chemistry of alkenes and olefins [1-11]. The acyclic
and cyclic products bearing organoaluminum moiety obtained as a result of hydro-, carbo-
and cycloalumination require no further separation and could be readily modified to alcohols,

Substrate Reagent Product
Hal Hal
o OH OH
H-X
X=Hal, OH, SO, NR, BR,,
SiR,, PO(OR), etc. H X
M-H Section 2.1.
>=< M =Li, Mg, Al, Zn, Zr, etc. M = Al (OAC)
Catalysts: [Ti], [Zr], [Co], [Ni] H M Catalysts:
hydrometalation
(n°-1),ZrClL,
M-R Sections 2.2, 3
M=Li, Mg, Al, Zn, Zr, etc. M = Al (OAC)
R M
R = Alk, Ar, Allyl Catalysts: carbometalation Catalysts:

[Cu], [Ti], [Zr], [Ni], [Fe], [Co] (-0, ZeC,

M-R Sections 2.2, 3

M =Mg, Al, Zr etc. >W< M =Al (OAC)

R =Alk, Alkenyl M M Catalysts:
cyclometalation

Catalysts: [Ti], [Zr], [Hf] (n>-1),ZrCl,

Table 1. Alkene and olefin functionalization via addition reactions.



Alkene and Olefin Functionalization by Organoaluminum Compounds, Catalyzed...
http://dx.doi.org/10.5772/intechopen.69319

halides, heterocycles, carbocycles and others [9, 12-18]. For example, the well-known Ziegler-
Alfol process for the synthesis of higher and linear primary alcohols from ethylene [12] has
been realized in the industrial scale.

The application of transition metal complexes as catalysts enables the reactions of OAC and
alkenes to proceed under mild conditions with chemo- and stereoselectivity control. Among
the complexes Group IV transition metals played a significant role in the development of
alkene functionalization methods using OAC. Structural types of catalysts can be varied from
metal salts to metallocenes and postmetallocenes (Scheme 1). The special milestone in this
research is the discovery of metallocene catalysis, which serves as an effective tool for the
stereochemistry regulation via 1°-ligand structure variation and provides an opportunity to a
comprehensive study of the reaction mechanisms.

The future development of these methods needs understanding the reaction mechanisms: how
the OAC nature, reaction conditions, catalyst and alkene structure regulate the substrate con-
version, chemo- and enantioselectivity; what kinds of intermediates define the process path-
ways. Among the mechanistic studies much attention has been paid to the catalytic systems

#°- Complexes (metallocenes):

[ ) S
\""'s o x A x e x
M. M. Y M.,
SRS S
R R
MeTiZOHE (ool ansa- complexes

Postmelallocenes:

M
xS
X X

Half-sandwich complexes
M=Ti,Zr,Cr

Scheme 1. Structural types of transition metal complexes applied as catalysts in alkene hydro-, carbo- and
cycloalumination.
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based on zirconocenes due to several reasons. First, a broad range of catalytic reactions can
be implemented in these systems, from hydro-, carbo- and cyclometalation to polymerization
of unsaturated compounds. Second, these systems are convenient for fundamental investi-
gations, since 1°-ligands bound to zirconium atoms act like magnetic probes indicating the
electronic state of the transition metal atom and reflecting the molecule symmetry. Third,
the reaction times and intermediate lifetimes appear to be convenient for nuclear magnetic
resonance (NMR) monitoring, which is the most informative method for the studies of homo-
geneous catalytic reactions. Moreover, the systems are substantially free of paramagnetic
species, which, for example, in the case of titanium complexes, preclude observation of the
genesis of intermediates due to pronounced NMR signal broadening.

Thus, the chapter presents the results on the experimental and theoretical studies of the
mechanisms of alkene hydro-, carbo- and cyclometalation by organoaluminum compounds
(AIR, and XAIBu'), catalyzed with zirconium n>-complexes. The factors that determine the
intermediate reactivity and, consequently, the activity of the catalytic systems, reaction
pathway and enantioselectivity are considered. The prospects of the development of stere-
oselective methods using these catalytic systems for the alkene and olefin transformations
are discussed.

2. Mechanisms of alkene functionalization, catalyzed by zirconium
1°-complexes

2.1. Mechanism of zirconocene catalysis in alkene hydroalumination

The catalytic alkene hydroalumination has found wide application as an efficient regio- and
stereoselective method for the double and triple bond reduction providing important syn-
thons for organic and organometallic chemistry [4, 13-15]. Various transition metal complexes
can be used as the catalysts of the reaction, however, the compounds based on the metals
with no vacant d orbital show much less activity in the reaction (e.g., Cu, Zn vs. Ti, Zr, Co,
Ni) [16-21]. Moreover, the significant effect of the OAC nature and ligand structure on the
hydrometalation product yield has been shown [22, 23].

Studies on the catalyticactivity of the systems LZZrCIZ—XAIBui2 (L=C,H,, C.H Me, Ind, CMe,;
L, = rac-Me,C(2-Me-4-Bu*-C.H,),, meso-Me,C(2-Me-4-Bu'-C,H,),, rac-Me,C(3-Bu'-C,H,),,
rac-Me,C(Ind),, rac-Me,Si(Ind), and rac-C,H,(Ind),); X = H, Cl, Bu') in the alkene hydroalu-
mination [22, 23] showed that the most active catalytic systems are those based on the
Zr complexes with sterically hindered ligands in combination with HAIBu', (Figure 1).
Catalysts with less bulky ligands are most active in the reaction of alkenes with AlBu', or

CIAIBu,

The reaction mechanism (e.g., see [16-21]) implies the generation of transition metal hydride
L MH formed upon o-ligand exchange; then this species coordinates alkene to give an alkyl
derivative. In the last step, as a result of the transmetalation of alkyl fragment from M to Al, the
organoaluminum product is formed and the transition metal hydride is recovered (Scheme 2).
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Figure 1. The effect of n’-ligand and OAC structure on octane yield in the reaction of 1-octene hydroalumination
(molar ratio L,ZrCl,:AOC:alkene 1:60:50, C.H,, t = 20°C). (a) L = Cp; (b) L = Ind; (c) L = CpMe,; (d) rac-Me,C(2-
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Scheme 2. Generalized scheme of catalytic alkene hydrometalation.

Furthermore, a large number of various bimetallic hydride complexes were identified in reac-
tions of metal chlorides, hydrides and alkyl derivatives with OAC (see, e.g., reviews [24, 25])
that gave an idea on the involvement of such a type of complexes as key intermediates in the
hydrometalation reaction. The structural types of the hydride Zr, Al-complexes, which could
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be observed in the reactions of zirconocenes with aluminum hydrides or alkylaluminums, are
presented in Scheme 3.

Our studies on the olefin hydroalumination by XAlBu', (X = H, Cl, Bu'), catalyzed with
Zr n’-complexes, using the quantum chemical methods [31, 32], chemical kinetics [33] and
NMR [22, 23], showed that the reaction is a complex multi-step process (Scheme 4). The use of
zirconocenes with less electron-donating and sterically hindered ligands provides the stable Zr,
Al-hydride clusters L, Zr(u-H),(AlBu',),(u-Cl) (6) (L = Cp, CpMe, Ind; L,= rac-Me,C(Ind),, rac-
Me,Si(Ind),, rac-C,H (Ind),), L,Zr(u-H),(AlBu',),(u-Cl)(u-H) (7), L,Zr(u-H) (AlBu', ) ,(u-Cl), (8) (L
=Cp, CpMe), which tend to form bridging Zr—H—Al bonds, and, hence, these complexes have
low activity in the reaction with alkene. Moreover, intra- and intermolecular exchange between
the hydride atoms in these clusters and [HAIBu',] oligomers were found. Thus, the complexes
exist in equilibrium with each other and HAIBu', self-associates, while the intermolecular
exchange involves the OAC monomer and occurs via dissociation of bimetallic complexes

H
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Scheme 3. Structural types of some hydride Zr, Al-complexes [22, 23, 26-30].
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Scheme 4. Mechanism of alkene hydroalumination by XAIBu', (X =H, Cl, Bu'), catalyzed with Zr n>-complexes.

(Figure 2). Increasing of the [HAIBu' ] concentration, that is, realization the catalytic condi-
tions, shifts the equilibrium toward low active large clusters into which the alkene insertion is
hampered due to their competing intermolecular exchange with OAC oligomers.

Reaction of Cp,ZrCl,with AlBu', goes via alkyl chloride exchange and isobutylene elimination,
which give the intermediates Cp,Zr(u-H),(AIBu’)(AIBu',) and Cp,Zr(u-H),(AlBu'),(u-Cl).
The absence of fast exchange between these hydride clusters increases the lifetime of the active
sites with free Zr—H bond, and this is responsible for the high activity of the Cp,ZrCl,-AlBu’,
catalytic system toward alkene [23].

High yields of hydroalumination products in the reactions of alkenes with HAIBu',, catalyzed by Zr
complexes with bulky ligands (L =CpMe,, rac-Me,C(2-Me-4-Bu'-C,H,),, rac-Me,C(3-Bu'-C,H,),)
are caused by the formation of Zr, Al-bimetallic active sites (4) containing a [L,ZrH,] moiety
with a free Zr-H bond, in which the steric hindrance in the ligand prevents the formation of
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=8

Figure 2. EXSY spectra of (a) HAIBu, in CD, (3.3 mol/L, 300 K, 7 = 0.3 s); (b) system Ind,ZrCl,—HAIBu',(1:12) in
d,-toluene at 275 K (7 = 0.3 s); (c) system (CpMe,),ZrCl,—HAIBu',(1:26) in d -toluene at 265 K (7 = 0.3 s). Diagonal and
cross-peaks of the same phase demonstrate the existence of chemical exchange.
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low-active intermediates. The meso-isomer of the sterically hindered cyclopentadienyl com-
plex Me, C(2-Me-4-Bu*-C,H,),ZrCl, gives the intermediate with the shielded free Zr—H bond,
which makes the catalytic system inactive [23].

Thus, the L ZrCl-XAIBu'systems provide Zr, Al-hydride complexes with Zr—H—Zr and
Zr—H—Al-bridged bonds in which intra- and intermolecular hydride exchange between Zr
and Al, controlled by the steric factor of the n’-ligand, OAC nature and by the reaction condi-
tions (reactant ratio), plays the key role in the catalytic process. The energy of cleavage of these
bridging bonds and the ability of the complex to have initially a free Zr—H bond are the fac-
tors determining the activity of Zr, Al-hydride intermediates in the alkene hydroalumination.

2.2. Mechanisms of zirconocene catalysis in alkene carbo- and cycloalumination

Catalytic alkene and acetylene carbo- and cycloalumination are convenient one-pot synthetic
routes to the acyclic and cyclic OACs that could be converted into alcohols, halides, hetero-
cycles, carbocycles and others [2-11]. The using of enantiomerically pure complexes as the
catalysts affords the asymmetric induction in the reactions. Thus, the method of Zr-catalyzed
asymmetric carboalumination of alkenes-ZACA-reaction has been developed [7-11, 34], which
was applied to the synthesis of a number of biologically active compounds. The involvement of
methylaluminoxane (MAO) [35-38] or other Lewis acidic cocatalysts [39] substantially increases
the activity of the catalytic systems providing alkene dimers, oligomers and polymers.

Summarizing the information on the study of the reaction of alkenes with alkylaluminums
(R = Me, Et) in the presence of metalcomplexes [40-46], it should be noted that the process
can give various products depending on the reagent nature, catalyst structure and reaction
conditions (Scheme 5): saturated and unsaturated alkylated products (15 and 16), hydrometa-
lation products (17), dimers (18) and cyclic OACs (19). As shown in Tables 2 and 3 [46], the
use of chlorinated solvent altogether with Zr catalysts, which contain bulky ligand (CpMe,),
increases the yield of carbometalation products 15. The dimers 18 predominate in the reaction
of alkenes with AlMe,, catalyzed by zirconocenes with Cp and CpMe ligands. The maximal
yields of cyclic OAC 19 were observed in the reaction that runs in hydrocarbon solvent and in
the presence of Zr complexes substituted with Cp, CpMe, CpMe, and Ind ligands.

Obviously, the reaction pathways are determined by the catalytically active sites of a definite
type. Thus, bimetallic Zr, Al-alkyl complexes L,ZrR(u-CI)AIR CI,  in the reaction of zircono-
cenes with alkylaluminums were found [47-52] and the complexes were suggested as key
intermediates of olefin (3-alkylation (Scheme 6). Using of strong Lewis acids, for example,
MADO or perfluoroaryl boranes enhances the catalytic system productivity by several orders

M], AIR'3 (XeAIR's.n)
g AR CAR) \)\ /f\ + RAl +
7 R enzE M= Ti, Zr, Hf 2 \/\ EtAl

R'= Me, Et; X=ClI

observed in the
reaction with AlEts

Scheme 5. Reaction of alkenes with AIR, (R = Me, Et) in the presence of metal complexes.
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L,ZxCl, Solvent Hexene-1 Product yield, %
conversion, % 15 16 17 18
Cp,ZrCl, CHCY, 92 3 14 7 68
CH,CH, 69 3 21 7 38
(CpMe),ZrCl, CH,CI, 84 1 14 7 52
CH.CH, 39 9 9 9 12
(CpMe,),ZrCl, CH,CL, 68 53 8 7 -
C,H,CH, 44 15 14 14 1
Ind,ZrCl, CH,C], 87 28 18 8 33
CH,CH, 70 38 14 10 8

Table 2. Effect of catalyst structure and solvent on the product yields in the reaction of hexene-1 with AlMe,, catalyzed
by L,ZrCl, (mole ratio AlMe,:alkene:L,ZrCl, = 60:50:1, reaction time 24 h, 22°C).

due to the generation of highly active cationic species, which are formed as a result of the ionic
pair dissociation [39, 54, 55].

Further transformations of the neutral alkyl bimetallic complexes via a-C-H (Ti) or p-C-H
(Zr) activation gives the stable structures with M-CH,-Al, M-CH,CHR-Al or M-CH,CH -M
bridges. Five-membered bimetallic complex L,ZrCH,CH,(u-Cl)AlEt,was found to be the
intermediate that is responsible for the cycloalumination pathway [50, 56, 57].

The Me-group exchange between Zr and Al atoms in the complexes L,ZrMe(u-Cl)AlMe,
has been observed by the means of dynamic 2D NMR spectroscopy [58, 59] (Figure 3a).
Moreover, the exchange between the magnetically nonequivalent hydrogens, which belong
to the opposite parts of ansa-ligand in the complex Me,Silnd,ZrMe(u-Cl)AlMe,, was found
(Figure 3b). This dynamic picture could be explained by the intermolecular exchange

L,ZxCl, Solvent Hexene-1 Product yield, %
conversion, % 15 16 17 18 19
Cp,ZrClL CH,CI, 9 16 16 13 <1 51
CH, 91 24 2 2 - 63
(CpMe),ZrCl, CH/C], 98 16 9 10 - 62
CH, 97 6 10 12 - 69
(CpMe,),ZrCl, CH,CI, 99 48 13 10 7 21
CH, 96 15 2 5 - 74
Ind,ZrCl, CH,CL, 93 36 3 7 2 45
CH, 99 25 - <1 <1 74

Table 3. Effect of catalyst structure and solvent on the product yields in the reaction of hexene-1 with AlEt,, catalyzed by
L,ZrCl, (mole ratio AlEt,:alkene:L,ZrCl, = 60:50:1, reaction time 24 h, 22°C).
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Scheme 6. Bimetallic Zr, Al-intermediates in the reaction of zirconocenes with alkylaluminums [39, 47-56].

between the diastereomers of the complex, containing a stereogenic center on the transition
metal atom, via Me, Silnd,ZrCl,.

On the basis of these investigations, we proposed the mechanism, where the alkyl chloride
bimetallic complex associated with the AIR, molecule is the starting point of the several cata-
lytic cycles, carbo-, cyclometalation, hydrometalation and dimerization (Scheme 7). The zir-
conocenes with more electron-deficient n>-ligands in combination with chlorinated solvents
provide a greater concentration of a key intermediate, which speeds up all the pathways,
ensuring the high conversion of a substrate. The sterical hindrances in 1°-ligand and solva-
tion by chlorine containing solvents delay the processes of C—H activation in the methylalkyl
substituted intermediate increasing the cabometalation product yield.

As shown in Figure 4, dynamic processes are also characteristic to the five-membered
bimetallic complex L,ZrCH,CH,(u-Cl)AlEt,. Thus, we found intermolecular exchange by
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Figure 3. EXSY spectra of (a) system Cp,ZrCl,—(AlMe,), in CD,Cl,at 300 K (7 = 0.3 s); (b) system Me,SiInd,ZrCl,—(AlMe,),
in CD,Cl, at 300 K (t=0.3 5).
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hydrogens in the pairs H'-H* and H2-H®of ansa-ligand, as well as between the H-atoms of
Zr-CH, and Al-CH, groups. The exchange may exist due to the equilibrium between the
five-membered complex diastereomers, which apparently goes via the zirconacyclopro-
pane structure.

Another evidence of the zirconacyclopropane generation in the systems L, ZrCl,-AlEt, could be
the observation of diastereomeric five-membered bimetallic complexes CpCp"ZrCH,CH_(u-H)
AlEt (Cp'=n’-(1-neomenthyl-4,5,6,7-tetrahydroindenyl)) [60], the formation is possible due to
realization of two parallel stages—two types of 3-C-H activation in L, ZrEt, (Scheme 7): (i)
elimination of ethane to give zirconacyclopropane and (ii) formation of Et,AIH from Et,Al
and L,ZrHEt with loss of ethylene.

Moreover, our density functional theory (DFT) calculations showed that equilibrium between
zirconacyclopropane (23) and bimetallic five-membered Zr, Al-complex (22) is thermodynam-
ically probable; however, it is shifted toward the bimetallic intermediate [61]. Analysis of the
reactions between the complexes and olefins demonstrated that zirconacyclopropane is more
reactive toward the substrate than the intermediate 22 (Scheme 7). The insertion of olefin
into 22 is accompanied by removal of the CIAIEt, molecule from the zirconium coordination
sphere. The interaction of olefins with zirconacyclopropane and bimetallic five-membered Zr,
Al-complex provides zirconacyclopentane structures, which is involvement in the cyclometa-
lation process, has been proposed earlier [62, 63]. Transmetalation of zirconacyclopentane
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Figure 4. EXSY spectra of system Me,Silnd,ZrCl,—(AlEt,), in d.-toluene at 305 K (7 =0.3 s).
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Scheme 7. Mechanisms of reactions of alkenes with AlR3 (R =Me, Et), catalyzed with Zr n>-complexes.

by OACs goes via several stages and gives alumolanes. The probability of this process was
shown experimentally using low temperature NMR spectroscopy [56].

3. Asymmetric alkene carbo- and cycloalumination, catalyzed by
enantiomerically pure Group IV metallocenes

The development of stereoselective catalytic methods for the synthesis of cyclic and acyclic
OAC using chiral transition metal n°-complexes is an actual field of chemistry. Among these,
chiral Ti and Zr complexes found application in the enantioselective functionalization of
alkenes with organomagnesium and -aluminum compounds [7-11, 34, 64, 65].

Thus, in the reaction of alkenes with organoaluminum compounds C,- and C,-symmetric
conformationally labile (32-37) and rigid (38-49) enantiomerically pure complexes were
used as catalysts (Scheme 8). Thus, the high enantioselectivity (up to 95%ee) of alkene car-
bometalation by AIR, (R = Me, Et) was achieved in the reactions, catalyzed by conforma-
tionally labile complex 32a in chlorinated solvents [43, 44]. Later, it was demonstrated that
the replacement of AlMe by AlEt, in the reaction catalyzed by complex 32a results in the R
to S change of the absolute configuration of the (3-stereogenic center in the carboalumina-
tion products [66-68]. Furthermore, the cycloalumination of terminal alkenes gives alumi-
nacyclopentanes with 24-57%ee [44, 66, 67, 69]; the maximum enantioselectivity (~57%ee) in
cycloalumination was found in the reaction of vinyl-substituted hydrocarbons with AlEt,
conducted in CH,Cl, [67].
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Scheme 8. Enantiomerically pure Zr and Ti complexes as catalysts in the reactions of alkenes with AIR; (R = Me, Et)
[43, 44, 66-78].

Study on the olefin carboalumination with AlMe, in the presence of conformationally rigid
ansa-zirconocenes 45-49 showed that the highest enantioselectivity (about 80%ee) was
achieved in the styrene methylalumination, catalyzed by the [Ph.C][B(C,F,),]-activated com-
plex 45 [71]. The reaction of alkenes with AlMe, catalyzed by 44 in the presence of MAO gave
methylalumination products in 66% yield and with enantiomeric purity of 65%ee [68]. Using
of complexes 42, 44 in the alkene carboalumination with AIEt, afforded 2-ethyl-substituted
derivatives with enantiomeric excess of 50-51%ee. The reaction provided optically active dia-
steromerically pure functionally substituted alkylated alkene dimers as well [68]. The strategy
of all-syn deoxypropionate motif construction, found in a number of natural products, by the
asymmetric oligomerization of propylene in the presence of 42 with both stereoselectivity and
chain-end functionalizability has been presented in Ref. [72].

Thus, the chemo- and enantioselectivity of these reactions are substantially affected by the cata-
lyst and alkene structures, OAC nature and reaction conditions (temperature, reactant ratio
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and solvent). Presumably, the key factor determining the dependence of enantioselectivity
on the solvent nature and OAC structure is the conformational behavior of the n’-ligands in
bimetallic Zr, Al-intermediates, which control the reaction pathways. The effect of a solvent
nature on the rate of intramolecular exchange between conformers of neomenthyl-substituted
zirconocenes 32a, 35 and 36, which are formed as a result of the rotation of the indenyl frag-
ments relative to [ZrCl ], has been shown by the means of dynamic nuclear magnetic resonance
(DNMR) spectroscopy [68]. Comparison of the conformer composition and dynamics of the
complexes with their activity and stereoselectivity in the reactions of OACs with alkenes led
to the conclusion that the enantioselectivity of the reactions is determined by the kinetic factor,
namely, by the rate of interaction in a pair: conformer of catalytically active center-substrate.
Thus, in order to achieve high enantioselectivity in the studied reactions, the catalyst molecule
should have a specific conformational mobility for the formation of a suitable rotamer, which
lifetime will be sufficient for the alkene insertion.

In this connection, further optimization of the ligand environment, namely the search for appro-
priate conformers that could be formed via either introduction of suitable substituents into the
indenyl ligand or upon binding of ligands could advance these studies toward the design of more
efficient catalysts for alkene functionalization by organomagnesium and -aluminum reagents.

4. Conclusions

Thus, the catalytic alkene hydro-, carbo- and cycloalumination are complex multi-step pro-
cesses, in which a large number of intermediate bimetallic Zr, Al-complexes are involved.
Studies of the reaction mechanisms allow to understand the chemistry of the processes on a
deeper level and to narrow the search for new catalytic systems.

Finally, the next remarks should be sound. First, the initial OACs exist as self-associated struc-
tures in the solutions, where the exchange between hydride atoms or alkyl groups could run
via dissociation on monomers, which represents the Lewis acids and which effective concen-
tration influences on the stages of key intermediates formation. Second, since the catalyst (IV
group transition metals) is a Lewis acid too due to a free nonbonding orbital, then it disturbs
the above balance, making the system more dynamic. Thus, one of the important roles of the
catalyst besides the formation of active species is to accelerate the exchange through the disso-
ciation with the release of the active OAC monomer. Third, the interaction of alkyl or hydride
complex with the monomer gives active species—bimetallic intermediates, which reactivity
depends on the availability of the free nonbonding orbital (Scheme 9). The active species
should be coordinatively unsaturated, where at least one of the bridge bond is broken. In the
case of bimetallic hydride complexes, there is the tendency to form inactive bridge bonds,
whereas bimetallic alkyl substituted intermediates are inclined to the dissociation. Therefore,
the activity of intermediates depends on the living time of active species, in which the electro-
philicity of the metal center could be increased via n’-ligand, thereby accelerating the process
of alkene introduction. However, there is a danger of another process—C—H activation in
the products, which could be prevented by using more bulky ligands or more polar solvents.
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Scheme 9. Exchange processes in bimetallic intermediates as factors that determine the properties of catalytic systems.

Fourth, the activity of catalytic systems and the degree of asymmetric induction in catalytic
alkene functionalization by OACs is substantially affected by the intramolecular ligand mobil-
ity and conformational composition of the bimetallic intermediates.

Thus, the regulation of activity, chemo- and stereoselectivity of the studied systems is the
problem of fine tuning of the catalytically active center, in which should be a balance between
electronic and steric factors of the catalyst, OAC and the substrate.
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Abstract

Olefin metathesis is an important reaction not only in petroleum chemistry but also in
fine chemistry. Professors Grubbs, Schrock, and Chauvin obtained the Nobel Prize in
2005 for the development of this reaction (determination of the mechanism and synthesis
of homogeneous catalysts). This reaction can be described as the redistribution of carbon
chains of olefins via a breaking of their C=C double bonds. It is catalyzed by metal car-
benes and the catalytic cycle passes through a metallacyclobutane. The purpose of this
chapter is to give an overview of catalysts based on tungsten or molybdenum active for
this reaction. Numerous tungsten and molybdenum organometallic complexes display-
ing a carbene functionality were synthesized. Some of them are highly active in olefin
metathesis. Industrially, tungsten oxide on silica is used as a precursor of the propene
production by olefin metathesis of but-2-ene and ethylene. However, the active sites are
not well known but they can be modeled by grafting, via surface organometallic chem-
istry, perhydrocarbyl complexes of molybdenum or tungsten on oxide surfaces. After a
review of the complexes used in homogeneous catalysis, a review of the industrial cata-
lysts and their models will be given.

Keywords: olefin metathesis, molybdenum, tungsten, heterogeneous catalysis

1. Introduction

Olefin metathesis can be described as the redistribution of the two fragments obtained by
breaking the double bond of an olefin (Figure 1). This reaction is of great interest not only for
industry (for example, for the production of propene from ethylene and butene) but also for
organic chemistry, mainly for the formation of cycles [1].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. The three olefin metathesis reactions.

Historically, the reaction was not recognized as a metathesis reaction. At the end of the 1950s,
there were many studies in industrial laboratories on the catalytic effects of systems contain-
ing transition metal ions on unsaturated hydrocarbons. These works had been initiated partly
by the results of Ziegler and Natta in the field of ethylene and propene polymerization and
partly by those obtained by Phillips and Standard Oil in ethylene polymerization by heteroge-
neous systems. Many observations were made which could not be explained by the reactions
known at this period. Finally, it was really Calderon and Ofstead, at Goodyear, who obtained
the first conclusive results, which led to the formulation of metathesis as a general principle
of reversible scission and recombination of carbon-carbon double bonds.

The olefin metathesis reaction can be divided into three different reactions (Figure 1): (i) the
homo-metathesis and the cross-metathesis which involve the exchange of fragments of acyclic
olefins; (ii) the ring opening metathesis polymerization (ROMP), which involves the opening
of a cyclic olefin, and (iii) the ring closing metathesis (RCM), which corresponds to the forma-
tion of a cyclic olefin by reaction of a diene. Three other classes of olefin metathesis are (iv)
ring-opening metathesis polymerization, (v) acyclic diene metathesis, and (vi) ethenolysis.

The mechanism of the olefin metathesis reaction remained unknown for several years and var-
ious intermediates were postulated. In 1968, Calderon proposed a cyclobutane coordinated to
the metal as an intermediate species (Figure 2) [2]. Pettit proposed the formation of a tetra-
methylene complex [3], while Grubbs postulated the formation of a metallacyclopentane [4].

Finally, Chauvin proposed the now admitted and experimentally proved mechanism of the olefin
metathesis reaction and obtained the Nobel Prize in 2005 with Grubbs and Schrock for this
discovery [5]. This mechanism necessitates the presence of a metallocarbenic species which can
coordinate an olefin, leading to the formation of a metallacyclobutane. Upon rearrangement this
cycle will lead to the formation of a new olefin and restore the metal carbene species (Figure 3).

This mechanism implies that the reactions are equilibrated and the metallacyclobutane can lead
to new products (productive metathesis) or to the starting olefins (degenerative metathesis).
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Figure 3. Mechanism of the olefin metathesis reaction.

This mechanism has been confirmed by the synthesis of homogeneous complexes containing a
nucleophilic carbenic function and the formation of a metallacyclobutane by their reaction with
an olefin [6, 7]. These species display a good activity in the olefin metathesis reaction, in agree-
ment with a mechanism involving them. In addition, numerous complexes with metallacy-
clobutane intermediates were isolated and gave additional proofs to the Chauvin’s mechanism
[8, 9]. During last years, the development of highly active homogeneous and heterogeneous
catalysts made the olefin metathesis reaction a powerful tool in numerous domains such as
petrochemistry, polymers synthesis, fine chemistry, and synthesis of natural products.

Usually, olefin metathesis catalysts contain elements from groups 6 to 8, typically molybde-
num, tungsten, rhenium, and ruthenium. While catalysts based on ruthenium are widely used
in organic synthesis at the laboratory scale, molybdenum and tungsten are used industrially
at a larger scale. Systems based on rhenium were developed but their use remains marginal.

Due to the importance of catalysts based on group (VI) elements, this review will be limited
to them, with the aim to have a better understanding of the nature of the active sites in the
industrial systems.

2. Group VI complexes used in homogeneous catalysis

The first homogeneous catalytic systems using group VI metals (W or Mo) were ill-defined
Ziegler-Natta type compounds, formed in situ by contacting a precatalyst and a cocatalyst
[10]. The first example of olefin metathesis was described in 1955 by Anderson and Merckling
who observed the formation of polynorbornene during the reaction of norbornene and TiCl,/
LiAl(heptyl), [11]. Two other catalytic systems based on quite the same elements (WCI /AlEt,
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and MoCl,/AlEt,) were described by Natta et al. in 1964 [12]. Depending on the catalytic system
used, trans- or cis-polymers were obtained by polymerization of cyclopentene and tungsten
leading to the trans compound. Later, various catalysts based on tungsten combined to an alkyl-
ating agent were described such as WCI /EtOH/EtAICI,, WCI /SnBu,, or (ArO),WCl,/SnMe,
and are active for the metathesis of internal olefins such as cis-pent-2-ene [13-15]. Systems
based on the combination of nitrosyl complexes of molybdenum or tungsten with alkylalu-
minum species were developed for the metathesis of terminal olefins (pent-1-ene, oct-1-ene)
[16-19]. In parallel, many academic researchers tried to synthesize metal alkylidene species
which should be active for olefin metathesis as proposed by Chauvin. Casey et al. isolated in
1973 the first electrophilic metal alkylidene, [(CO),W=C(C H,),], which is of the Fisher type
and is active in olefin metathesis at room temperature without any cocatalyst [20]. After 1980,
Schrock has prepared all a family of molybdenum and tungsten complexes with nucleophilic
carbene functions. The general formula of these complexes, which are highly active in olefin
metathesis, is [M(=CHCMe,Ph)(=N—Ar)(OR'),] where R' and Ar are sterically encumbered
groups. The structure of some of these complexes is depicted in Figure 4.

As these complexes are not very sensitive to functional groups, their use was then extended
to fine chemistry [21, 22], oleochemistry [23], and to the synthesis of functional polymers [24]
while during many years olefin metathesis was confined to nonfunctional olefins. In these
complexes, the metal is surrounded by the carbene moiety and by various electro-attractor
and/or sterically encumbered ligands allowing a good stability in solution and good activity,
selectivity, and stability. For example, complex 6, which contains an imido group and a binaphthyl

iPr ; “iPr iPr ; “iPr FPr/@\rPr

i tBu i tBu W 2Ph
ReO VS RrgO" MO~ Pyrt+ 11O
ResO ResO ResO
1 2

o
N
tBu e W~ 1BU
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5

Figure 4. Some W(VI) and Mo(VI) complexes bearing imido, aryloxy, and carbenic functions highly active in olefin
metathesis.
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ligand, is able to perform the cross-metathesis of methyl oleate with ethylene (Figure 5) with
a good yield (Turnover number (TON) = 4750) [23]. The reaction products, dec-1-ene and
methyl decen-9-oate, are important intermediates in the chemical industry and are used for
the preparation of polyolefins, surfactants, and lubricating compounds. The TON can be con-
siderably increased (up to 50,000) upon addition of Al(octyl), [25].

Osborn et al. have developed another family of complexes where the imido group is
replaced by an oxo ligand. For that purpose, they prepared oxo alkyl complexes of molyb-
denum and tungsten. The idea was that these species were not stable, due to the small
energy of the metal-carbon bond, and should lead to the formation of the carbenic com-
plex upon a-H abstraction. Oxo complexes of molybdenum and tungsten with neopentyl
and/or neosilyl ligands were prepared (Figure 6) [26] and are active in the metathesis of
linear, cyclic, and functional olefins, but in presence of Lewis acids such as AICL,, SnCl,,
or GaCl, [27, 28].

Later, Schrock et al. have synthesized pentacoordinated complexes of tungsten(VI) with oxo and
alkylidene groups stabilized by phosphine ligands (Figure 7) [29, 30]. These systems are active in
metathesis of terminal and internal olefins in presence of a Lewis acid such as AICI, [31].

Complex 9, which contains two chloro ligands, has been used as a precursor for the prepara-
tion of numerous oxo carbenic complexes where chlorine was replaced by other ligands such
as phenoxide, pyrolidyl, thiophenoxide, or siloxide. By this way, Schrock et al. have studied
the effect of the modification of the coordination sphere of this complex on its activity and
selectivity in metathesis of terminal olefins and ROMP of norbornene derivatives. For exam-
ple, W(=0)(CHCMe,Ph)—(Me,Pyr)(OAr) (Me,Pyr = 2,5-dimethylpyrrolide, OAr = aryloxide)
13 is active in ROMP of 2,3-dicarbomethoxynorbornadiene (DCMNBD) and leads selectively
to the cis syndiotactic polymer while complex W(=0)(CHCMe,Ph)(OR), 10 leads selectively
to the cis isotactic polymer [32]. Addition of a Lewis acid such as B(C,F,), leads to a consider-
able increase of both the activity and the selectivity.

Complexes with thiophenoxide ligands were also prepared and their activity in metathesis
of oct-1-ene and polymerization of DCMNBD was compared to that of the corresponding

Figure 5. Cross-metathesis of ethylene and methyl oleate.

{Bu fBu
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Figure 6. Oxo alkyl complexes synthesized by Osborn et al.
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Figure 8. Synthesis of the cationic tungsten(VI) complex.

phenoxide complexes. They are less active and less selective. This was attributed to a higher
electronic density around the metal, due to a stronger o-donor effect of thiophenoxides
compared to phenoxides [33]. The bis-siloxy oxo alkylidene tungsten complex 14 has been
described recently. However, it displays a low initial activity (Turnover frequency (TOF) =12
min™) in metathesis of cis oct-4-ene at 80°C. This low activity has been explained by the low
thermal stability of this complex in absence of phosphine ligands [34].

Buchmeiser et al. have increased the catalytic activity of these oxo complexes by increasing the
electrophilicity of the metal by transforming them into cationic species. They have reported
recently the synthesis and X-ray structure of the first stable cationic complex of tungsten by
removing chlorine of the W—Cl bond by reaction with Ag(MeCN),B(ArF), (Figure 8). This
complex is highly active (the TONs can reach 10,000) in metathesis of olefins functionalized
by nitrile, sec-amine, or thioether groups [35].
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3. Solids containing group VI (Mo, W) metal ions used in heterogeneous
catalysis

Oxides of group VI (molybdenum and tungsten) and group VII (rhenium) are often used
in industrial processes when they are supported on silica or alumina. The triolefin process,
developed by Phillips (Figure 9), was the first commercial application using WO, supported
on silica for olefin metathesis [36]. Initially, this process was developed in order to convert
propene into ethylene and but-2-ene. Later, due to the increasing request of propene for the
synthesis of numerous chemicals (polypropylene, acrylonitrile, propene oxide, cumene, and
acetone), new processes were developed for the production of propene.

Actually, the propene production by metathesis is mainly made by use of the OCT (Olefins
Conversion Technology) process, developed by ABB Lumus Technology at Houston. This
reaction is the reverse of the triolefin process, with quite the same catalyst [37, 38]. It produces
ca. 6% of the world production (6.5 Mtons/year in 2014). The SHOP (Shell Higher Olefins
Process) is one of the main industrial processes using olefin metathesis for the production of
a-olefins, which are precursors for plasticizers and detergents [37, 39]. The catalyst is based
on MoO,/AlLO, or WO,/SiO,, the production ability being ca. 1.2 Mtons/year [37]. Another
industrial process using olefin metathesis is the synthesis of neohexene from di-isobutene and
ethylene (Figure 10). Neohexene is mainly used for perfumes where it is a starting material for
the obtention of synthetic musks [40].

The main application of these heterogeneous systems is in petrochemistry and their use in other
domains such as organic synthesis, oleochemistry, or polymerization remains very limited,
mainly due to the drastic conditions which are required and to their intolerance of functional
groups. The most often used catalyst is WO,/SiO,, due to the following reasons: (i) it is resistant to
poisoning by oxygenated and sulfided compounds due to the high reaction temperature (more
than 350°C) [41, 42]; (ii) even if the coke formation is important at high temperature, the catalyst
can be regenerated easily by calcination in air [42], without decomposition of the active sites, in

WOy/SIO
S WOy/SiO,, 5 —/

Figure 9. The Triolefin process developed by Phillips.

o - WO4/Si0,/MgO :< . :>L

Figure 10. Synthesis of neohexene by olefin metathesis.
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contrast to other systems such as MoO,/ALQ, or Re,O,/ALO,; and (iii) its preparation is easy, by
impregnation of a high surface area silica by an aqueous solution of ammonium metatungstate
[(NH)HW O, * xH,Ol.

Alot of studies were made on the WO,/SiO, system, before and after activation by propene, by
using various spectroscopic methods such as Raman, UV-visible, EPR, XANES, and EXAFS.
The first studies were made by Raman and led to the conclusion that the active site was an
isolated surface complex of tungsten but of unknown structure [43]. The first postulated sur-
face species was a pentacoordinated tungsten complex but no experimental justification was
given [44].

In 1991, Basrur et al. have proposed that the active species of the WO,/SiO, catalyst was a bis-
oxo bis-siloxy tungsten complex [(=5i0),W(=0),] and that the activation by propene led to
a reduction of tungsten and formation of acetone or to a transformation of the W=0O double
bond into a metal-carbene bond with liberation of acetaldehyde [45]. A characterization by
EXAFS at room temperature of WO,/SiO, has shown that polytungstic species are present
on the surface of silica [46]. By using a combination of Raman and UV-visible spectroscopies
in situ, Wachs et al. have shown that, at room temperature, the tungsten oxide phase is com-
posed of nanoparticles of WO, and of polyoxotungstate clusters (W,,0,)*, 17 (Figure 11).
After dehydration at 450°C under air, these polyoxotungstate clusters evolve into bis-oxo bis-
siloxy tungsten species 15 and mono-oxo tetra-siloxy tungsten species 16 while the nanopar-
ticles remain unchanged [47, 48].

Some authors have studied propene metathesis on WO,/SiO, and have shown that the reac-
tion rate is linearly dependent on the propene partial pressure [49]. It has also been reported
that the amount of surface tungsten and the treatment of the catalyst by an inert gas (nitrogen,
argon, helium) [45] or by hydrogen [50] have a significant effect on the catalytic activity.

Recently, Wachs et al. have studied the effect of the WO, amount on silica on the catalytic
activity in propene metathesis at 300°C. The results are depicted in Figure 12. The catalytic
activity increases with the amount of WO, until a value of ca. 8 wt.% and then remains quite
constant. These results were explained as follows: At low coverage (WO, < 8 wt.%) the cata-
lytic activity is proportional to the amount of isolated mono-oxo and di-oxo species (which
are all assumed to be active in olefin metathesis). At high coverage, the reaction rate is not
dependent on the tungsten loading, due to the formation of WO, crystallites which are inac-
tive [51]. There is also an effect of the WO, loading on the amount to ethylene and butenes.

10
o\\w L0 :ﬁr o= :: JUJL 41[,40
F" \? ) ,ﬂ;’/ f“"oh” ] ° |8
“‘E"dst'o:v G-S‘""'Q dlffb.sli.\_ salofav\ﬂg:‘nv ;I}IH g'iH S?‘H
LM Py BN 24980888,
edoe - e o
15 16 17

Figure 11. Proposed molecular structures for WO,/SiO,.
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Figure 12. Conversion and ethylene/butene ratio as a function of the WO, loading during propene metathesis at 300°C.

At low coverage, the ethylene/butene ratio is equal to ca. 1 as expected while at high coverage
it decreases strongly, due to the formation of C,—C, alkanes. This was interpreted as due to
the presence of Bronsted acid sites on the WO, crystallites (or nanoparticles), which led to
oligomerization and cracking [51].

Recently operando methods (UV-Vis, Raman, XANES/EXAFS) were used in order to char-
acterize the catalyst during its pretreatment and in presence of propene, the aim being to
establish a structure-activity relationship. Wachs et al. studied by Raman the effect of the
pretreatment in air on a WO,/SiO, catalyst as a function of the oxide loading [51]. For low
coverages, the Raman spectrum shows new bands at 1016 and 958 cm™, which were attributed
to the symmetric vibrations of di-oxo and mono-oxo species, respectively. The di-oxo species
displays also an asymmetric vibration band at 968 cm™. The absence of the W—O—W band at
200-300 cm™ confirms the absence, at low coverage, of WO, aggregates. These results are in
agreement with the UV-visible results. When the tungsten amount is higher than 0.6%, the
Raman peak at 990 cm™ increases with the amount of tungsten. At high loadings, three new
bands appear at 270, 720, and 805 cm™, characteristic of tungsten oxide nanoparticles. The
main conclusion of this study is that tungsten is well dispersed on the silica surface for WO,
loadings below 8 wt.%.

The catalyst containing 4 wt.% was also studied by operando Raman spectroscopy during
the metathesis reaction of propene (1% in argon) at 300°C. The bands characteristics of the
mono-oxo and di-oxo species (which are the sole species on the solid) decrease simultane-
ously with time and disappear after 100 minutes [51]. This proves that the two species were
activated by propene and led to the formation of carbene species with elimination of oxygen
from the coordination sphere of tungsten (Figure 13). After reoxidation by an O,/Ar mixture,
the initial bands of the tungsten oxide species are restored with their intensity and no forma-
tion of nanoparticle is detected by Raman. For catalysts with high loadings (8 wt.% WO,),
the activation under propene leads to a strong decrease of the bands characteristic of the
nanoparticles with formation of oxygenates such as formaldehyde or acetaldehyde but no
acetone is formed. In addition, a study by ESR and UV-visible spectroscopy has shown that
tungsten is mainly in the +VI oxidation state.
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Figure 13. Possible mechanisms for the activation of the di-oxo tungsten species by propene.

However, Bell et al. [52] have recently shown by an in situ XANES study that there is a reduc-
tion of W(VI) to W(IV) during the activation of WO,/SiO, at 500°C. This result is in agreement
EXAFS data and with the formation of acetone during the activation (Figure 13). The amount
of evolved acetone shows that for a catalyst containing 5.4 wt. only 5% of tungsten atoms are
active in olefin metathesis. This value is similar to what had been reported for MoO, sup-
ported on silica [53] and that proposed by Wachs et al. for WO, on silica [51]. Unfortunately,
no mechanism was proposed to explain the transformation of the mono-oxo tungsten (IV)
species into the bisiloxy-oxo-carbene (=5i0),(O)W=CHR (R =H, CH,). Very recently Stair et al.
have observed, during a Temperature Programmed Reduction (TPR) study of WO,/SiO, in
presence of propene, the formation of a mixture of methane, carbon monoxide, and hydrogen
[54]. They proposed that the activation at 700°C is made via a pseudo-Witting reaction with
evolution of aldehydes, not stable at high temperature and which decompose into small mol-
ecules (Figure 13).

EXAFS spectra of a pretreated 5.4 wt.% WO,/SiO, catalyst show the presence of mono-oxo
and di-oxo tungsten species with contributions in the Fourier transform at 0.12 nm (W=0)
and 0.16 nm (W—O0) (the true distances take into account a phase correction and are slightly
larger by 0.04 nm than those deduced from the Fourier transform). After treatment at 600°C
under inert gas (helium), Bell et al. observed a decrease of the peak at 0.16 nm [52]. This
decrease was attributed to the transformation of the mono-oxo species into the di-oxo one
(Figure 14). This increase of the di-oxo concentration could explain the higher activity of this
system compared to that obtained after activation under air.

Stair et al. reported recently that a pretreatment at high temperature of the WO,/SiO, catalyst
by a gas containing propene increased by two to three orders of magnitude its activity at low
temperature [54]. Surprisingly, these catalysts can be regenerated by a treatment under nitro-
gen at high temperature.

Even if some tentative structure-activity relationships were made for the MO,/SiO, (M = Mo, W)
catalysts, the structure of the true active species is not really known up to now. The main prob-
lem is due to the low amount of active sites. Spectroscopic methods such as in-operando Raman,
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Figure 14. Conversion of the mono-oxo tungsten(VI) species into the di-oxo one.

UV-Vis, XANES, or EXAFS show all surface species, not only those which are active in olefin
metathesis. As a consequence, it is very difficult to understand the activation mechanism of the
catalyst (and also its deactivation).

The preparation of systems containing a higher amount of active sites could lead to more active
(and easily regenerated) systems and could allow a better characterization and mechanistic
study of the initiation and deactivation steps and their rationalization in terms of classical
organometallic chemistry. Surface organometallic chemistry (SOMC) is a choice method for
the preparation of silica supported complexes. Numerous tungsten complexes with a variety
of ligands (alkyl, carbene, carbyne, oxo, imido, aryloxy, etc.) were immobilized on oxide sup-
ports in order to obtain single site species which can be applied for the valorization of hydro-
carbons via various reactions (alkane or alkene metathesis, methane coupling, etc.) [55, 56].
These materials can be characterized by the same spectroscopic methods than the conven-
tional catalysts (solid-state NMR, EXAFS, DRIFT, ESR, UV-Vis, etc.).

4. Supported tungsten catalysts prepared by SOMC

SOMC can be considered as a bridge between homogeneous and heterogeneous catalysis
[565-57]. Its aim is to graft organometallic complexes on oxide surfaces (silica, alumina, tita-
nia, zirconia, etc.) or on metal surfaces. In the case of oxides, the complex can be linked to
the support by one or more bonds with surface oxygen atoms. When the support has been
previously functionalized, the bonding can be made via other atoms such as P, N, Si, etc. As
it is the case in homogeneous catalysis, these surface organometallic species can be defined
by their ligands around the metal. Two types of ligands can be considered, those which will
be involved in the catalytic cycle and those which are only spectators (such as oxo, alkoxo,
amido, or imido groups). The modification of both types of ligands can have a drastic effect on
the activity and selectivity of a given catalytic reaction, allowing to establish structure-activity
relationships. For example, pretreatment of the support at different temperatures will lead to
the synthesis of surface complexes with one, two, or three bonds with the surface. This new
approach has many advantages:

¢ The catalyst can be easily separated from the reaction products and recycled.

¢ The catalysts are single sites, as in homogeneous catalysis.
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¢ The metal complexes have a limited mobility on the surface, avoiding the bimolecular de-
composition reactions which are often observed in homogeneous catalysis [58].

* The catalysts can be characterized easily by use of spectroscopic methods, as all species are
identical.

* The good knowledge of the structure of the active site allows to propose a reasonable cata-
lytic cycle and to determine how deactivation and regeneration will proceed.

A lot of organometallic complexes of groups 4-8 were grafted on a variety of surfaces such
as amorphous inorganic oxides [55], zeolites [59], or metals [60, 61]. This methodology led to
numerous applications in fine chemistry and/or petrochemistry including reactions which
were not known up to now. This is mainly due to a combination of organometallic synthesis
and surface science. The catalytic efficiency of the materials prepared by this way depends on
the coordination sphere around the metal, on the number, and the character (ionic or cova-
lent) of the bonds with the support and on the nature of the oxide support (silica, alumina,
silica-alumina, etc.).

In the case of tungsten SOMC, the choices of the organometallic precursor and of the support
are mainly dependent on the expected catalytic reaction and on the intermediates involved
in the postulated catalytic cycle. The high oxidation state of tungsten (VI) allows the possibil-
ity of a number of ligands in the coordination sphere leading to both spectators and reactive
species in the catalytic cycle. The reactive species will be hydrides, alkyl, carbenes, and car-
bynes. During the last few years, many studies were made with such surface complexes in
olefin metathesis. We will review here only those containing the oxo ligand as they could be
considered as models of the industrial heterogeneous catalysts. There are two principal meth-
odologies which have been developed to achieve well-defined tungsten oxo species on oxide:
(i) grafting of a reactive tungsten carbyne complex followed by transfer of oxygen from the
support and (ii) grafting of an organometallic complex bearing oxo ligand.

4.1. Supported tungsten complexes with oxo and hydride ligands

The first carbynic complex of tungsten(VI), [W(=CtBu)(CH,tBu),], was synthesized in 1978 by
Clark and Schrock [62]. Later, various complexes of the same type were synthesized, for exam-
ple, [W(E=CtBu)X,] (X =Cl, OtBu, N'Pr)) [63, 64]. Some of these complexes (mainly those with a
pronounced electrophilic character such as [W(=CtBu)(OtBu),]) displayed a moderate activity in
alkynes metathesis. Unfortunately, these systems deactivated rapidly by a bimolecular reaction
leading to a dinuclear tungsten complex with a W=W triple bond [65, 66]. In order to avoid this
deactivation, these complexes were heterogeneized. [W(=CtBu)X] (X = Cl, OtBu, CH,tBu) was
grafted on silica partially dehydroxylated at 500°C. Weiss et al. proposed that there was formation
of the carbenic species [(=5iI0)W(=CtBu)X,] (X = Cl, tBu) by addition of the Si—OH bond of silica
on the carbyne bond [67]. The carbenic ligand was evidenced by its reactivity with acetone via
a pseudo-Wittig reaction and indirectly by the catalytic activity in olefin metathesis. [W(=CtBu)
(CH,tBu),] was then grafted on silica, dehydroxylated at 200°C (SiO, ,,) and at 700°C (SiO, ).
When silica was treated at 700°C the main reaction product was [(=5iO)W(=CtBu)(CH,tBu),] 18,
while [(=5i0),W(=CtBu)(CH,tBu)] 19 was formed on silica treated at 200°C (Figure 15) [68].
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Figure 15. Species formed during the reaction of [W(=CtBu)(CH,tBu),] with SiO, ,,, and SiO,

The structures of species 18 and 19 were confirmed by solid-state NMR ('H, “C, HETCOR,
J-resolved). The interaction with the silica surface was studied by O MAS NMR by using
enriched silica [69]. This study showed the existence of interactions between protons of resid-
ual hydroxyl groups and the alkyl ligands of the supported species.

Species 18 shows a good activity in propene metathesis (initial TOF 5.5 min™, TON = 11,000
after 40 h) [68]. Two mechanisms were proposed explaining the formation of the carbenic
ligand. The first one is a @-H transfer from the alkyl ligand to the carbyne during the coor-
dination of the olefin and formation of a bis-alkylidene complex [70]. The other possibility is
to form directly the carbene by metathesis between the olefin and the carbyne: a metallacy-
clobutene is formed which decomposes into a carbene-alkenyl tungsten complex (Figure 16).
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Figure 16. Possible mechanisms of formation of a carbene from the surface carbyne.
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Figure 17. Mechanism proposed for the formation of the oxo hydride tungsten species on alumina.

The grafting reaction of [W(=CtBu)(CH,tBu),] was also studied on alumina dehydroxylated at
500°C. Alumina is a complex support as aluminum can be tetra-, penta-, or hexacoordinated
and its surface hydroxyl groups can be bound to one, two, or three aluminum atoms. As a
result, there is a great variety of hydroxyl groups with variable acidity. The determination
of the surface complexes obtained after grafting needed the use of a variety of experimen-
tal (DRIFT, solid-state NMR, EXAFS) and theoretical (DFT calculations) methods [71]. The
evolved gas (one neopentane per grafted tungsten) and microanalysis were in agreement
with the formation of a complex having only one covalent bond with the surface, [(Al O)
W(=CtBu)(CH,tBu),] 20. The infrared study showed that there is a partial consumption of the
hydroxyl groups and that only those linked to one tetrahedral aluminum have reacted [72].
The “C CP-MAS NMR spectrum of [(Al O)W(=CtBu)(CH,tBu),] shows only a broad signal
between 50 and 110 ppm for the W—CH,—carbon atoms. DFT calculations show that this
broadening is due to an interaction between these methylene groups and the residual surface
aluminum groups.

In contrast to complexes 18 and 19 formed on silica, complex 20 has a good activity in propane
metathesis at 150°C with an initial TOF equal to 1.8 h™ [73]. The mechanism of this reaction
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involves three steps: dehydrogenation of the alkane, olefin metathesis, and hydrogenation of the
resulting olefin. This example shows that the support can have a nonnegligible effect on the catal-
ysis. Treatment under hydrogen at 150°C of the complexes obtained on silica and alumina leads
also to completely different species. On silica sintering is observed and TEM shows that tungsten
particles (size 0.1-0.2 nm) are formed [71]. On alumina no sintering is observed and a hydride
species is obtained [71, 73]. This hydride species is characterized by a small peak at 10.0 ppm in
'H MAS NMR and by two infrared bands at 1903 and 1804 cm™. The attribution of the two infra-
red bands was confirmed by isotopic exchange W—H/W—D upon addition of deuterium [71]. In
addition, EXAFS showed the presence of a W=0 double bond [74]. All these data combined to
DFT calculations allowed to propose that the surface hydride is a tris-hydride oxo tungsten(VI)
complex stabilized by coordination of the oxo ligand to one surface aluminum (Figure 17) [75].

The mechanism of formation of this surface species was elucidated by use of DFT calculations.
These calculations suggested that the oxo species is formed by reaction of an unstable tungsten
hydride species with one oxygen atom of the alumina surface. Such a phenomenon is prohib-
ited on silica surfaces due to the stability of the Si—O bond. This oxo-hydride tungsten is more
active than the industrial WO,/SiO, catalyst for the cross-metathesis of ethylene and but-2-ene
to propene. For example, at 120°C the TON can reach 9000 and at 150°C 16,000 after 48 h. At
200°C the TON increases to 22,000 but a rapid deactivation of the catalyst is observed [76].

While an excess of ethylene is needed in the case of the industrial WO,/SiO, catalyst to achieve
a good selectivity to propene [77], the tungsten hydride on alumina is very selective (more
than 98%) even for ethylene/butene ratios lower than 1. From a mechanistic point of view, the
initiation step occurs via the insertion of three ethylene molecules in the W—H bonds, leading
to a tris-ethyl tungsten surface complex (the insertion of ethylene is more favorable from both
thermodynamic and kinetic points of view than that of but-2-ene [78, 79]). The next step is the
elimination of ethane (which can be detected by gas chromatography) by a a-H abstraction,
leading to the active ethyl-ethylidene oxo tungsten complex (Figure 18) [76].

More interestingly, this system is also active for the direct conversion of ethylene to propene
with a very good selectivity (more than 95%). The TON can reach 1120 after 120 h [80]. The
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Figure 18. Formation of the active species from tungsten hydride and catalytic cycle for ethylene/but-2-ene cross-
metathesis.
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Figure 19. Proposed mechanism for the direct conversion of ethylene to propene.

mechanism of this reaction passes probably via the same ethyl ethylidene oxo tungsten com-
plex than above as ethane is also detected at the first stages of the reaction. This complex can
then convert ethylene to propene via three successive reactions: (i) dimerization of ethylene
to but-1-ene; (ii) isomerization of but-1-ene to but-2-ene; and (iii) cross-metathesis between
ethylene and but-2-ene (Figure 19).

This hydride species displays also a good activity in the metathesis of isobutene into
2,3-dimethylbutenes with a relative selectivity reaching 92% [81, 82]. It is the first example
of use of a supported tungsten complex for this reaction, which is very difficult, due to the
high steric hindrance in the gem-tetra-substituted metallocyclobutane intermediate. All these
works show the beneficial effect of the oxo ligand (even if it is only spectator) in the coordina-
tion sphere of tungsten for metathesis of olefins. In this case, the oxo ligand was formed by
extraction from the surface of alumina toward the xophilic tungsten center after its reduction
under hydrogen.

4.2. Supported oxo-alkyl and oxo-carbene tungsten complexes

As shown above, the industrial WO,/SiO, catalyst contains only a very small amount of
really active sites, rendering their characterization by spectroscopic methods very difficult.
However, it has been proposed by several authors that the active site is a tungsten(VI) complex
with the formula [(=5i—O),W(=0)(=CHR] and containing two siloxy ligands, one oxo ligand
and a carbene. However, oxo alkylidene tungsten complexes are very unstable and there
are only few reports on them. The first supported tungsten oxo alkyl species active in olefin
metathesis was achieved by grafting reaction of the complexes synthesized by Osborn et al.
(Figure 6) [26]. Upon a-H abstraction, these complexes can lead to supported oxo-alkylidene
species. The first oxo-alkyl complex of tungsten supported on silica was prepared by reaction
of W(=0)(CH,tBu), with silica dehydroxylated at 700°C [83]. The reaction occurs via breaking
of a W—Cbond and leads selectively to [(=5i0)(W=0)(CH,tBu),] 22 (Figure 20). This complex
has been fully characterized by DRIFT, Raman spectroscopy, solid-state NMR, and EXAFS.
The Raman spectrum displays a band at 935 cm™ which is characteristic of the W=0 bond.
EXAFS indicates that the supported complex has a bipyramid trigonal structure with the oxo
(d(W=0) = 0.171 nm) and siloxy ligands (d(W—O) = 0.197 nm) in axial position while the
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three neopentyl groups are located in equatorial position (Figure 20). These results were also
comforted by DFT calculations.

Complex 22 was used in propene metathesis at 80°C. The evolution of one neopentane
molecule per grafted complex and the detection of the olefin metathesis products (eth-
ylene and but-2-ene) are in agreement with the formation of the [(=5i0)(W=0)(CH,tBu)
(=CH1Bu)] surface complex (Figure 21). This species is formed in situ by coordination of
propene to tungsten (which is electro-deficient), leading to a hexacoordinated complex
with a great steric hindrance which will favor the a-H abstraction. DFT calculations show
that the formation of the carbene species is thermodynamically favored, the energy barrier
being AE =-29 k].mol™* [83].

The catalytic performances of 22 were compared to those of the supported imido-carbene
complex [(=5i0)(W=N(2,6-iPrC H,)(CH,tBu)(=CHtBu)] 23 in propene metathesis. The ini-
tial activities are quite similar for the two surface species: 4.5 mol.,,,.mol,~".min™ for 23 and
4.9 mol_,,.mol, ".min™" for 22. The main difference is the evolution with time of stream:
Complex 23 deactivates rapidly (Figure 22a) while complex 22 remains stable. As a result,
after 95 h the TON is 22,000 for 22 and ca. 2,500 for 23 [83]. In terms of selectivity, complex 22
is stable with equimolar amounts of ethylene and but-2-ene while in the case of compound 23
isobutene and higher olefins (pentenes and hexenes) are also formed (Figure 22b).

In the case of the imido complex, the deactivation mechanism has been determined: It is
due to the decomposition of the 2-methyltungstocyclobutane by f-H transfer, leading to a
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Figure 20. Grafting reaction of complex 21 on dehydroxylated silica.
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Figure 21. Mechanism of formation of the surface oxo-carbene species.
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Figure 22. Metathesis of propene catalyzed by complexes 22 and 23: (a) Conversion as a function of time; (b) isobutene
selectivity as a function of time for complex 23.

meta-allyl-tungsten hydride. This hydride is then converted into an inactive tungsten(IV)
species with the evolution of isobutene by reductive elimination (Figure 23) [83].

The variation of the isobutene selectivity is quite the same than that of the conversion
(Figure 22a and b) in agreement with a deactivation mechanism implying isobutene. This
result shows also that the oxo ligand has a nonnegligible effect on the activity and stability of
the tungsten catalysts. Recently, Eisenstein et al. performed DFT calculations on these com-
pounds and found that replacement of the imido ligand by an oxo one increases the energy
barrier of the p-H transfer in the mechanism of Figure 23 and so stabilizes the catalyst [84].
[(ESIO)W(=0)(CH?Bu),] was the first reported model of the WO,/SiO, industrial catalyst. The
latter surface compound is monopodally anchored to the surface, which is different from the
proposed active site in the industrial WO,/SiO, catalyst precursor. However, the real model
for the industrial catalyst (being a bipodal tungsten oxo carbene species) was not achieved
with the former organometallic complex grafted on SiO, ,, (support that frequently yields
bipodal species). The expected W—C silanolysis step does not occur (Figure 24), even after
thermal treatment. Such reactivity is reminiscent of tungsten aqueous organometallic chem-
istry described by Schrock and Lippard [85, 86]. Indeed, the coordination environment of 22
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Figure 23. Mechanism of deactivation of the tungsten catalyst.
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Figure 24. Reaction of W(=0)(CH,tBu), and W(=O)CI(CH,SiMe,), with SiO,

2-200°

is very similar to that of the trisoxo alkyl dinuclear complex [O(WONp,),] which is stable
toward excess water. In order to push forward the second protonolysis step, the neopen-
tyl ligand needs to be replaced by a more reactive fragment. Interestingly, Xue et al. have
recently studied the reactivity of [W(=CSiMe,)(CH,SiMe,),] with H,O and found a differ-
ent behavior compared to [W(=CtBu)Np,] [87]. When [W(=CSiMe,)(CH,SiMe,),] reacts with
water, the authors observed mainly two products: tungsten bis-oxo bis-neosilyl trimer and
[WO(OSiMe,)(CH,SiMe,).].

Then, the new complex [WOCI(CH,SiMe,),] was obtained in 70% yield from [W(=CSiMe,)
(CH,SiMe,),] by hydrolysis at -78°C with 2 eq. of H,0 in THF (resulting in the formation of
the unstable intermediate [WO(OSiMe,)(CH,SiMe,),] as reported by Xue) followed by reaction
with 1 eq. of Me SiCI/HCI. Thus, grafting of [WO(CH,SiMe,),Cl] onto silica dehydroxylated
at 200°C yields the well-defined bipodal species [(=5i0),WO(CH,SiMe,),] 24 via consecutive
HCI and SiMe, release. This was demonstrated by mass balance analysis, elemental analysis,
IR, advanced solid-state NMR ('D and 2D 'H, ®C, ¥Si and "O), and EXAFS. Furthermore,
DFT calculations allowed understanding and rationalizing the experimental results regarding
grafting selectivity of [WO(CH,SiMe,),Cl] compared to its neopentyl counterpart [88].

More recently, Schrock et al. synthesized new oxo tungsten complexes bearing various ligands
and studied their grafting on silica dehydroxylated at 700°C. Ligands such as 2,6-mesitylphe-
noxy, 2,6-diadamantyl-methylphenoxy, thio-2,6-masitylphenoxy, or tris(tert-butoxy)siloxy
were used and the corresponding carbenes were synthesized (Figure 25) [34, 89-91].
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Figure 25. Grafting reaction of oxo-carbene tungsten complexes on silica.

The characterization of the grafted materials by infrared spectroscopy, chemical analysis, and
solid-state NMR shows that the presence of these sterically encumbered ligands leads to a
nonselective grafting reaction. For example, [W(=0)(=CH?Bu)(O-2,6-mesitylphenoxide),]
leads mainly (ca. 80%) to [(=S5i0)W(=0)(=CH1Bu)(O-2,6-mesitylphenoxide)], formed by
o metathesis between the silanol group and the W—Ar ligand. The minor product, [(=5iO)
W(=0)(CH,tBu)(O-2,6-mesitylphenoxide),], is formed by protonation of the carbene moiety
by the silanol group [90].

In order to reveal the stability and robustness of the real model of industrial catalyst 24 (being
a supported bipodal tungsten oxo species active in olefin metathesis) with respect to the iso-
electronic monopodal tungsten oxo aryloxide species, 25, both materials were exposed to a
continuousflow of propylenewithamolarflowrateof60mol ., ,,.mol  'min™(20mL_,, min™;
80°C, 1 bar). Both materials gave only metathesis products (equimolar amounts of ethyl-
ene and 2-butenes). 25 presents a very fast deactivation, affording a TON = 3,000 after 25 h
on stream. Conversely, 24 efficiently performs propene metathesis with sustained activity
over 24 h operating time (TON = 24,000). Although 24 (after activation with the olefinic
substrate) and 25 have the same coordination environment and both catalysts are active
in propylene metathesis, there is a remarkable difference in stability. The local structure
of 24 closely resembles the proposed industrial WO,/SiO, catalyst and showed a fairly
stable catalytic activity with time on stream of propylene. On the other hand, 25 belongs
to “model of model” rather than a true and robust catalyst, deactivated rapidly with time
on stream. The huge different in the catalytic performance may be due to the importance
of the bipodal nature of 24, or the presence of a bulky organic ligand in 25, which can
gradually undergo intramolecular C—H activation with time and loss of the active tung-
sten alkylidene sites.

5. Conclusion

As shown above, there is a great interest to the study of olefin metathesis, not only by aca-
demics but also by industry. Indeed, this reaction can be considered as a key step in many



Olefin Metathesis by Group VI (Mo, W) Metal Compounds
http://dx.doi.org/10.5772/intechopen.69320

processes of fine chemistry, polymerization, or petrochemistry. This reaction can be catalyzed
by homogeneous or heterogeneous systems.

Table 1 lists all well-defined systems reviewed in this chapter.

The homogeneous systems are well-described and structure-activity relationships were made
allowing defining the best ligands and oxidation state of the metal for example. The heteroge-
neous systems, in contrast, are ill-defined even if they are preferred by industrials, due to their
easy separation and recycling. Actually, WO,/SiO, is often used by industry but the exact struc-
ture of the active species, which is in a small proportion, remains unknown even if it is generally
accepted that it should be a species like [(=5i—0),W(=0O)(=CHR)]. This model was then mod-
eled by grafting organometallic complexes of tungsten containing an oxo ligand and able to
give carbene species on the surface. These systems can be considered as models of the active site
of WO,/SiO, but their synthesis remains very complicated and up to now only few examples
of such catalysts were reported, preventing the attainability of structure-activity relationships.

Catalyst Reference

Homogeneous catalysts

[(CO),W=C(CH,),] Casey et al. [20], 31

[M(=CHCMe,Ph)(=N—Ar)(OR'),] M = Mo, W Malcolmson et al. [21], 30; Schrock and Czekelius [22],

107; Marinescu et al. [23], 108; Schrock [24], 109

M(=O)(CH2C(CH3)3)X M =Mo, W; X =Cl, Br, ONp, Np Kress et al. [26], 111

87

W(=0)CLL(=CH—fBu) L = PMe,, PEt, PMe,Ph

W(=0)(=CHCMe,Ph)-(Me,Pyr)(OAr) (Me,Pyr =
2,5-dimethylpyrrolide, OAr = aryloxide)

W(=0)(=CHCMe,Ph)(OR),

W(=0)(=CHCMe,)(OSi(OtBuy),),
[W(=0)(=CHCMe,Ph)(Mes)(OAr)(NCMe), ]
Heterogeneous catalysts

[(=SIO)W(=CtBu)X,] (X = Cl, tBu)
[(=Si0)W(=CtBu)(CH, Buy),]
[(=5i0),W(=C#Bu)(CH, Bu)]
[(ALO)W(=CtBu)(CH,Buy),]
[(=Si0)(W=0)(CH,Bu),]
[(=Si0)(W=N(2,6-iPrC,H,)(CH, {Bu)(=CHBu)]
[(=5i0),WO(CH,SiMe,),]
[(=Si0)W(=0)(=CH?Bu)(O-2,6-mesitylphenoxide)]

Wengrovius and Schrock [29], 118; Wengrovius et al.
[30], 117

Wengrovius and Schrock [29], 118; Wengrovius et al. [30]
117

Wengrovius and Schrock [29], 118; Wengrovius et al. [30]
117

Mougel and Coperet [34], 122

Schowner et al. [35], 123

Weiss and Lossel [67], 61
Le Roux, 2005 [68], 62
Le Roux, 2005 [68], 62
Le Roux, 2005 [71], 68
Mazoyer, 2010 [74], 94
Mazoyer, 2010 [74], 94
Grekov et al. [88], 162

Conley et al. [90], 156

Table 1. Some representative metathesis catalysts listed in this review.
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Abstract

Ethylene is the simplest member of olefin series, but butadiene-1,3 (BD) is the simplest
conjugated diolefin. In this chapter, we describe liquid-phase oxidations of BD with an
emphasis on comparison of the diolefin with monoolefins. BD interacts with oxygen to
form polyperoxide, whose thermal decomposition or hydrogenation leads to the for-
mation of 2-butene-1,4-diol, 3-butene-1,2-diol, or butanediols together with furan and
acrolein. BD can be oxidized in polar solvents by radical chain route to form directly
the dioxygenates. Metal catalysts are able to control the oxidation by promoting forma-
tion of 2-butene-1,4-diol, 4-hydroxybut-2-enal, and furan. PdTe/C catalyst is applied in
industry to produce 2-butene-1,4-diol diacetates with selectivity of 98%. The outstanding
selectivity of the catalyst is caused by combined action of components in nonradical route
and esterification of final product in acetic acid. Similar reaction in methyl alcohol yields
1,4-dimethoxy-2-butene, but with lower efficiency. The nonradical mechanism is firmly
established for epoxidation of BD with hydrogen peroxide catalyzed by phosphotung-
states. The selectivity of BD and hydrogen peroxide conversion to 3,4-epoxy-1-butene
around 100% is attained. Analysis of published information and our own studies show
many similarities in oxidation of BD and light olefins, which are very useful for under-
standing the mechanisms.

Keywords: butadiene-1,3, olefin, oxygen, hydrogen peroxide, homogeneous catalyst,
heterogeneous catalyst, liquid-phase oxidation, oxidation products, mechanism

1. Introduction

Butadiene-1,3 (BD) is diolefin containing two conjugated double bonds. In oxidation, BD
exhibits properties inherent to all olefins, but higher reactivity was compared to but-1-ene and

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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but-2-ene. Both BD and C,-olefins can be a feedstock for producing valuable chemicals by gas-
phase oxidation [1, 2]. The oxidation on oxide catalysts in gas phase results in the formation
of maleic anhydride together with crotonaldehyde and 2,5-dihydrofuran. Centy and Trifiro
suggested a simple consecutive pathway for BD oxidation over V-P-oxide catalysts [3, 4],
whereas Honicke et al. proposed multiple pathways from BD to crotonaldehyde, 2,5-dihydro-
furan, 2-butene-1,4-dial, 2(5H)-furanone and furan, and finally to maleic anhydride over V,0O,
catalysts [5]. Schroeder specified the oxidation pathway on V-Mo-oxide catalysts, including
3,4-epoxy-1-butene as a primary oxidation product [6]. Epoxidation of BD occurs over Ag
catalysts [7-10] used in industry for the production of ethylene oxide and intensively investi-
gated in the oxidation of other olefins (e.g., [11, 12]). 3,4-Epoxy-1-butene is further converted
into 2,3-dihydrofuran followed by hydrolysis to form 4-hydroxybutyraldehyde. The second-
ary transformations occur directly under epoxidation conditions on Ag catalysts promoted
with B-P [13], Mo [14], and Mo-P-Sb [15] or by subsequent treatments of 3,4-epoxy-1-butene.

In the early 1980s, oxidation of n-butane has become the preferred method for manufacturing
maleic anhydride [16, 17]. The invented synthesis of maleic anhydride from butane creates
a competition for the gas-phase oxidation of BD since hydrogenation of maleic anhydride
opens a possibility of producing various oxygenates, which produced from BD earlier. At
the same time, the gas-phase oxidation of BD still suffers from formation of polymer resins,
which leads to excessive consumption of raw materials and catalyst deactivation. This prob-
lem and large power consumption inherent to all gas-phase reactions are absent in the liquid-
phase oxidation since the low temperature and application of appropriate solvents prevent
the formation of the resins. The liquid-phase low-temperature oxidative reactions, in particu-
lar the oxidation of olefins, were intensively studied at the end of the last century [18-23]. A
renewed interest in this area is growing now [24-27] and can be expected to be strengthened
in the nearest future as a response to modern requirements of green chemistry to minimize
power and materials consumption. In addition, the liquid-phase reactions are well applicable
for the oxidation of various olefins and BD because of high reactivity of these hydrocarbons
that allows the oxidation at low temperature. At the same time, BD becomes more affordable
owing to permanent improvements in its manufacturing.

The title of this chapter concerns the application of green oxygen (air and hydrogen perox-
ide) in liquid-phase conditions. The liquid-phase oxidative reactions are an important part in
chemistry of all olefins and, in particular, of the simplest representative of conjugated diole-
fins as they open many routes for the conversion of the hydrocarbons. We represent here an
analysis of literature information concerning the oxidation of BD in liquids and references to
the related reactions of olefins. In detail, we described the catalytic systems in the study of
which we acquired our own experience.

2. Radical chain reactions of BD with oxygen

Olefins readily interact with radical species. The most susceptible to radical attack is allyl
position to produce allyl oxygenates [28, 29]. In the absence of an allylic carbon atom,
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one of the double bonds of BD is involved in the oxidation. Neat or dissolved in a nonpo-
lar solvent, BD interacts with oxygen at moderate temperature according to radical chain
mechanism to form oligomeric butadiene polyperoxide, C,H O, [30]. The reaction is accel-
erated by increasing the temperature or adding free radical initiators and inhibited by
adding acids. From the NMR analysis, molecular structure of the polyperoxide formed
at 50°C in the presence of 37 Torr of oxygen was composed of equal amounts of 1,4- and
1,2-butadiene units separated by peroxide units [31]. The structure of the polyperoxide
(the ratio of 1,4- to 1,2-butadiene units) does not depend on the reaction temperature,
whereas the content of bound oxygen in the polyperoxide varies with oxygen pressure.
The ratio of peroxide to hydrocarbon units is below 1 at a low oxygen partial pressure.
Thermal decomposition as well as hydrogenation of polyperoxide leads to the formation
of 3-butene-1,2-diol and 2-butene-1,4-diol or corresponding saturated diols, preferably
1,4-derivatives (Scheme 1) [30, 32-35].

Decomposition of the polyperoxide forms not only 3-butene-1,2-diol and 2-butene-1,4-diol but
also side products such as formaldehyde, acrolein (from 1,2-units), and resinous insoluble mate-
rial (presumably resulting from the reaction of the 1,4-units with aldehydes) [31]. Therefore,
the preferred formation of 1,4-oxygenates from the thermal decomposition of polyperoxide is
not a strong support of predominance of 1,4-units in the polyperoxide structure.

The rate of decomposition of the polyperoxide increases with increasing temperature, addi-
tion of bases (amines) [36], or metal ions as radical initiators. Butadienyl polyperoxide is
readily decomposed in the presence of metal ions of variable oxidation state. Therefore, the
transition metal compounds participate as catalysts in the radical chain oxidation of BD with
oxygen. The oxidation products are similar to those obtained under the decomposition of
the polyperoxide. 3-Butene-1,2-diol and 2-butene-1,4-diol can be obtained with the selectivity
sufficiently high for the chain radical process, especially if one considers the low stability of
these products with respect to secondary oxidation. Thus, a mixture of 3-butene-1,2-diol and
2-butene-1,4-diol has been prepared by oxidative dihydroxylation of BD with oxygen in acetic
acid solution of Pd(OAc),. From a practical point of view, the most valuable 2-butene-1,4-diol
has been formed with selectivity of 25% [37].

We tested Pd and Au catalysts in the radical chain oxidation of BD in polar media. Both solu-
ble palladium acetate and insoluble supported metals caused the formation of the products,

CH=CH,
CH,=CHCH=CH, + 0, —= [-CHCH,00-1, [-CH,CH=CHCH,00-],

I
LiAIH, H,(Pd)

Y
CH,=CHCHOHCH,OH CH,CH,CHOHCH,OH
+ +
HOCH,CH=CHGH,OH HOCH,CH,CH,CH,0H

Scheme 1. Formation and reductive decomposition of the polyperoxide [30].
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the most part of which appeared from decomposition of the intermediate butadienyl polyper-
oxide [32] (Scheme 2). The main products are 3-butene-1,2-diol and 2-butene-1,4-diol.
4-Hydroxybut-2-enal can be formed in the decomposition of polyperoxide and in oxidation
of 2-butene-1,4-diol. Oxidative dehydration of 2-butene-1,4-diol produces furan. Both butane-
diols can be esterified to form corresponding diacetates, but only 2-butene-1,4-diol diace-
tate has been found in the reaction solution. Acrolein occurs from breaking C—C bond under
decomposition of polyperoxide or, possibly, from secondary conversion of 3-butene-1,2-diol.
C8 oxygenates originate from polyperoxide fragments containing less than 1:1 ratio of butadi-
ene to oxygen units. In addition, there are impurities of C6 cyclic oxygenates occurring from
cyclodimerization of BD (Diels-Alder reaction) followed by oxidation of 4-vinylcyclohexene.
The amount of the products is given in Table 1.

In addition to the stable compounds, a large amount of peroxide compounds have been iodo-
metrically detected in acetic acid and acetic acid/dioxane solutions (Table 1). Peroxide oxygen
refers to butadienyl polyperoxide since the addition of Ph,P reducer to the solution results
in disappearance of the peroxide and formation of 2-butene-1,4-diol together with minor
amounts of furan and 3-butene-1,2-diol. The polyperoxide exhibited sufficient stability in sev-
eral oxidation tests but almost completely decomposed with a large amount of Pd/C catalysts.
As a result, enhanced formation of 2-butene-1,4-diol and 4-hydroxybut-2-enal is achieved in
this case (fifth row in Table 1).

The addition of Te to Pd/C catalyst lowers the production of all oxidation products. Bottom
row in Table 1 shows the inhibitory effect of Te on the chain radical oxidation reaction.
At the same time, more noticeable becomes formation of the oxidation products non typi-
cal for the chain radical mechanism. These are crotonaldehyde and methyl vinyl ketone,
which show the possibility of a nonradical heterolytic mechanism of oxidation on the
PdTe/C catalyst.

/ HWOQ‘WOH — Q
3

Polyperoxide —= H.C |-| _» Butendiols diacetates
\ . H
C8-diols and diacetates

—= (6 cyclic oxigenates

Scheme 2. GC-detected products of the radical chain oxidation of BD.
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3. Oxidation of BD by a heterolytic mechanism involving palladium
catalysts

Palladium catalysts are widely used in the liquid-phase heterolytic oxidation of olefins [38].
The most significant mechanisms for practice are acetoxylation of ethylene to vinyl acetate
and Wacker oxidation of olefins converting ethylene to acetaldehyde and but-1-ene to methyl
ethyl ketone. A mechanism of olefin oxygenation under the action of Pd(Il) complexes estab-
lished by Moiseev et al. and Henry et al. [39, 40] is now described in numerous publications
(e.g., chapter by Reinhard Jira in book [24]). The mechanism includes the formation of Pd(II)
complex with olefin and inner sphere transformations resulting in the reduction of Pd* to
form carbonyl compound and Pd° black. Assisted by Cu(II) chloride or other intermediate
oxidant, reoxidation of Pd® with oxygen closes the catalytic cycle, allowing the use of oxygen
as a stoichiometric oxidant.

Analogous to light olefins, BD reacts under homogeneous conditions in an aqueous solution
of PdCl, catalyst and CuCl, oxidant. The oxygenation is directed to one of the double bonds
with the retention of the second double bond to produce crotonaldehyde [41, 42]. The oxida-
tion conditions are identical to those applied for oxidation of ethylene to acetaldehyde and
1-butene to methyl ethyl ketone (Wacker-type oxidation), but the kinetics is different [43],
in particular the order of reaction with respect to CI- and H* ions. Unlike the oxidation of
ethylene and other olefins, the oxidation of BD is zero-order with respect to the hydrocarbon.
The kinetic parameters of BD oxidation are determined by high reactivity of the conjugated
n-bonds, in particular by a strong BD to Pd** bonding in the intermediate complex. Unlike
propylene, the oxygenation of the BD double bond is directed at the terminal rather than
inner carbon atom to form crotonaldehyde. This is probably due to the stabilizing effect of
the second double bond. In the presence of Pd* ions and another strong oxidizing agents of
P-Mo-V heteropolyacids, BD is converted to furan in the similar conditions [44]. It seems like
crotonaldehyde was initially formed and then converted under oxidizing conditions to furan,
as in a similar homogeneous system [45]. Oxygen is a final stoichiometric oxidant, but the
strong intermediate oxidant (Cu*" or heteropolyacid) is necessary for easy regeneration of the
ionic palladium in the oxidation of BD and olefins, as well.

We have observed catalysis by PdCl, when the radical chain oxidation of BD to diols, furan, and
acrolein proceeds along with nonradical oxidation to form mainly crotonaldehyde together with
small amounts of methyl vinyl ketone and furan (Scheme 3) (first row in Table 2). It is interesting
that the system does not contain an oxidizing agent, except oxygen. There is no need of any inter-
mediate oxidant since reoxidation of Pd’ to Pd* is provided by peroxide intermediates generated

Q. ’->\/\ |
M P
PdTe/C, polar solvent, \lf
90-100 °C

Scheme 3. Nonradical reaction of BD on PdTe/C catalyst in polar solvents.
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Catalyst BD Time Products (mmol)
D (h
(mg) (mmol) h) Furan  Acrolein Methyl vinyl = Croton-  3-Butene- 2-Butene- Others
ketone aldehyde 1,2-diol 1,4-diol,

4-hydroxybut-
2-enal

PdCl,120 43 3 0.4 1.1 0.3 1.6 32 3.9 0.2

PdCl, 120, 43 3 0.2 0.5 <0.1 0.4 <0.1 0.5 0.1

H,TeO, 800

5%Pd2% 22 6 0.1 <0.1 0.8 0.6 - 0.2 0.3

Te/C 2000

Table 2. GC detected products from oxidation of BD by oxygen (O,/N, =10/90, 60 atm) in DMA (30 mL, 3% H,0), T 90°C.

in a radical process. Telluric acid inhibits the radical process but does not operate as an oxidant
for Pd’ to maintain the nonradical oxidation by Pd*. As a result, the PACl, with H,TeO, solution is
inactive in oxidation of BD (second row in Table 2). By contrast, the heterogeneous 5%Pd2%Te/C
catalyst is able to provide nonradical oxidation, with the radical chain oxidation being inhibited
by Te. As a result of inhibiting action of Te, the large amount of the catalyst and low concentra-
tion of BD appear unfavorable for the development of the chain process. The oxidation on the
5%Pd2%Te/C catalyst in aqueous dimethylacetamide (DMA) has been observed to give crotonal-
dehyde and methyl vinyl ketone as main products (third row in Table 2). Interestingly, crotonal-
dehyde is a predominant product of heterolytic oxidation with PdCl,, but nearly equal amounts
of crotonaldehyde and methyl vinyl ketone are produced on the 5%Pd2%Te/C catalyst in the
same conditions.

Besides DMA, other polar solvents can be used in this oxidation. The presence of proton
additive is required in the solvent (Table 3). No reaction has been observed in anhydrous
acetonitrile.

Solvent (g) Catalyst (g) H,O (%) H,SO, (mmol/L) Time (h) Products (mmol)
Furan Methyl vinyl Croton aldehyde!
ketone

DMA 1 17 — 4 0.2 14 12

Dioxane 0.5 - 5 6 0.5 1.0 0.7

Acetonitrile 1 17 — 5 <0.1 1.0 0.8

Acetonitrile 1 17 8 5 0.3 17 0.9

Acetonitrile 0.5 — 2 4 0.8 2.0 1.2

Acetonitrile 0.5 — — 3 0 0 0

!Crotonaldehyde can be partly subjected to further oxidation to crotonic acid.

Table 3. GC detected products from oxidation of BD (4.5 mmol) by oxygen (O,/N, = 10/90, 40 atm) on 5% Pd 2%Te/C
catalyst in a solvent (35 mL), T 100°C.
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C.H; Pd2+ Te?
+0, Route 1
Products Pd® Te#*
0,, 2H*

Pd° OTeOOH CqHe
HEOZ’
‘) Route 2
Pd2 TeO, - > Products

Scheme 4. Tentative routes for nonradical oxidation of BD on PdTe/C catalyst.

According to XPS analysis, the 5%Pd2%Te/C catalyst contains both reduced Pd° and ionic Pd*,
and two oxidation states of tellurium Te” and Te* [46]. The Pd* to Pd’ ratio on the catalyst sur-
face becomes larger with an increase in tellurium content that indicates an oxidizing influence
of TeO,. It can be expected that the oxidation state of the surface is enhanced under the reaction
conditions. Nevertheless, dissolution of Pd and Te during reaction does not exceed 1% of the
content of both components in the solid catalyst, the solution exhibiting no catalytic activity.
Therefore, activity of the catalyst refers to the active components on the surface of carrier and
is associated with their reversible redox transformations. Based on the known mechanisms
of homogeneous oxidation of olefin, one can propose two possibilities for oxidation of BD by
oxygen on the PdTe species, both assuming a nonradical heterolytic interaction. Perhaps the
mechanism is in general similar to that postulated for the oxidation of BD and olefins in the
presence of Pd* complexes, oxygen, and intermediate oxidant (Scheme 4, Route 1). It involves
surface Pd* ions and TeO, oxidant providing regeneration of Pd*.

However, there is a difference in products composition. Crotonaldehyde and furan are
produced in above-mentioned oxidations of BD with homogeneous Pd* catalysts [41, 42],
whereas methyl vinyl ketone is the second product formed in our oxidation on the PdTe
catalyst. To explain this difference, one can consider an oxidation of BD by hydrogen per-
oxide as an alternative or parallel reaction (Route 2 in Scheme 4). Hydrogen peroxide is
generated from oxygen on Pd° species. The high reactivity of olefins with respect to peroxide
compounds is known [47]. It is known that hydrogen peroxide does not accumulate during
reaction. But it is found in trace amounts in the reaction solution and can form a reactive
peroxide compound of Te* on the surface of the catalyst. In both mechanisms proposed,
Te serves as a carrier of molecular or peroxide oxygen, and the surface of Pd*/Pd’ activates
reagents due to the adsorption of O, and BD. Thus, the PdTe/C catalyst opens the possibility
of oxidation of BD by a nonradical heterolytic mechanism due to the combined effect of the
two active components.
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4. Heterolytic mechanism of 1,4-oxidative addition to BD

Wacker-type oxidation of olefins and analogous Pd-catalyzed nonradical oxidation of BD pro-
duce usually carbonyl compounds, but special additives are required for obtaining dioxygen-
ates. Nevertheless, the oxidative 1,2-addition to olefins is known to occur under the action of
Pd* complex and oxoanion strong oxidants, such as periodate [48] or nitrate anions, in acetic
acid solution to form glycol derivatives [49-51]. Mechanism of the oxidation is based on a
nonradical inner sphere interaction of olefin with oxidant in Pd* complex. Similar interaction
is probably realized in oxidation of BD in the presence of palladium as the catalyst of non-
radical heterolytic olefin oxidation and Sb, Bi, Te, or Se promoters. Heterogeneous catalysts
containing these active components have shown unique catalytic properties in oxidation of
BD selectively to 2-butene-1,4-diol diacetate (Scheme 5) [52, 53].

XPS analysis of the Pd and PdTe catalysts indicates that Te-oxide is able to increase positive
charge on Pd surface [46], thus being an oxidation promoter for palladium. The ionic state of
surface palladium is responsible for heterolytic oxidation. Acetic acid is used as a solvent for this
reaction. The mechanism of formation of 2-butene-1,4-diol diacetate is proposed by Takehira
et al. for PdTe catalyst (Scheme 6) [54], and fundamentally identical one is proposed for the
RhTe catalyst [55]. The details in intermediate structures explain the preferential formation of
trans-2-butene-1,4-diol in the case of Pd-containing catalyst and cis-isomer in the case of Rh.

Exceptionally high selectivity of BD to 2-butene-1,4-diol diacetate conversion is explained by a
concert interaction of BD with surface Pd and with acetate anions. Adsorbed on Pd, BD forms
nt-allyl-type intermediate that undergoes acetoxylation on the terminal carbon atom. Resulting
monoacetoxyl reacts with the second acetate to give 2-butene-1,4-diol diacetates and 3-butene-
1,2-diol diacetate in amounts proportional to the reactivity of carbon atoms 1 and 2 (Scheme 6).
In fact, only 2-butene-1,4-diol diacetates are produced. Analogous mechanisms are realized in
homogeneous oxidation of various dienes in the presence of Pd complexes and p-benzoquinone
oxidizing agent, instead of Te. Oxidation of diene alcohols [56] and substituted conjugated diole-
fins [57] proceed effectively, but BD reacts with low yield and selectivity.

As noted earlier, Te-oxide is able to inhibit radical chain oxidation of BD, the selectivity of
which is lower than the selectivity of the heterolytic process. Besides, Te operates as an inhibi-
tor of radical polymerization of BD and oxidation products, thus preventing the formation of
side high-boiling products. Acetic acid (possibly, other carboxylic acids) also contributes to
the achievement of high selectivity in BD oxidation. Being not only solvent but also reagent
(OAc anions), it is involved in an intermediate interaction with olefin to form the surface Pd

0,, HOAC OAC
= . NN
N Pd-Te (or Sb, Bi, Seyc A0
800C

Scheme 5. Oxidative 1,4-addition to BD.
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4 CHSCHY 1, GH\g - 1,4-diol diacetates (trans>cis)
— - | ™ CH- CH,OAc
CRs oy “oH, 'it Ly ZT T 1,2.diol diacetate

OAc

Scheme 6. Mechanism of 1,4-oxidative addition to BD [54].

intermediate, and finally stabilizes the product as ester, preventing its secondary transforma-
tions. Based on the unique properties of the PdTe/C-HOAc catalytic systems, the industrial
process for the production of 2-butene-1,4-diol diacetate has been developed by Mitsubishi
Chemical. BD is oxidized to 2-butene-1,4-diol diacetate with selectivity of 98%. Possible fur-
ther improvements of the process can be connected with the application of other platinum
metals (Pt, Rh, and Ir) combined with various promotors.

If acetic acid is replaced by alcohol, 1,4-dialkoxylation of conjugated dienes was developed
in Pd(OAc), solution. p-Benzoquinone was used as the oxidant and methanesulfonic acid as
a promoter [58]. The oxidation is suggested to follow mechanism including the formation of
the (mt-allyl)palladium(benzoquinone) intermediate (Scheme 7).

In other case, dialkoxybutenes are prepared by reacting BD in the presence of carbon-sup-
ported Group VIII noble metals with Te or Se additives. Similar to diacetates, the formation of
ethers in alcohol solvent increased the stability of dioxygenated products against secondary
oxidation. However, the formation of 3,4-dimethoxy-1-butene and 1,4-dimethoxy-2-butene in
comparable amounts is in contrast with Scheme 6 and indicates a radical mechanism of BD
oxidation, when 2-butene-1,4-diol and 3-butene-1,2-diol are formed as primary products and
then converted to ethers in the alcohol medium [59].

We have prepared PdTe/C catalysts by hydrolytic deposition of palladium under the reduc-
tive conditions, followed by treatment with H,TeO,. The procedure is similar to one often
described for the synthesis of PdTe catalysts. No evidences for the occurrence of binary Pd-Te
phases have been provided by XRD, and XPS analysis evidences Pd’, PdO, Te’, and TeO,
[60]. The absence of the Pd-Te phase and the partially oxidized state of the active metals have
also been reported by Takehira [54] for Pd-Te-C catalysts. As assumed, Te is located in the

N

benzoquinone

Scheme 7. 1,4-Dialkoxylation of conjugated dienes [38].
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outer layer of supported particles. The characteristics of the PdTe/C catalysts were detailed by
HAADE-STEM analysis of the surface and line EDX analysis of composition of the supported
particles [60]. The results represent an unusual distribution of components on the surface,
where Te does not form an individual crystalline phase but is located on the surface of Pd
particles in a highly dispersed state. These data explain properties of the PdTe catalysts. In
particular, the ability of Te to inhibit the radical reactions is in part due to the coverage of the
palladium surface, which normally tends to initiate radical chains.

The primary products in BD oxidation on PdTe/C catalyst in methanol and further conversion
of them under the oxidation conditions are shown in Scheme 8, and the amounts are given
in Table 4.

As well as in DMA, nonradical heterolytic oxidation of BD in alcohol medium leads to the for-
mation of crotonaldehyde (1) and methyl vinyl ketone (4). Besides, 1,4-dimethoxy-2-butene
(6) is produced analogously to 2-butene-1,4-diol diacetate in acetic acid. The primary prod-
ucts undergo further transformations depending on the reaction conditions. Sulfuric acid
promotes oxidation, especially toward 1,4-oxidative addition (comparison of first and second
rows in Table 4). An increase in Te content lowers the reaction rate but increases proportion
of products formed through 1,4-addition (third row in Table 4). Composition of oxidation
products obtained in the presence of the Pd0.5Te/C catalyst and H,SO, is differed from the one
in the radical chain oxidation (compare data given in Tables 1 and 4). 3,4-Dimethoxy-1-butene
and acrolein that indicate nonradical oxidation do not appear. Peroxide compounds were also
not detected in the solution after the reaction. The chain process does not develop due to the
presence of Te and low concentration of BD used to eliminate the formation of the radical
chains. Moreover, the radical products do not appear even at increased concentration of BD
(fourth row in Table 4). Similarly to acetic acid, methyl alcohol in a mixture with sulfuric acid
converts the oxidation products to methyl esters. However, oxidation in the alcohol medium
is slower than in acetic acid, and further improvement of the selectivity of the formation of
1,4-addition products is required.

H,C

o Q\I/V’K
OCH

OCH, ™ H,CO

0
MG /%)J\H
1

/ n] [n] n]
|
H,C K OCH;
\ 4 5
OCH, H,CO. _= H,
HCO. S )
OCH, ——= —

cHoH C=C=C o} 0
6 7 8

Scheme 8. Products of BD oxidation on PdTe/C catalyst in methyl alcohol.
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Catalyst, conditions Products (mmol)

1 2 3 4 5 6 7 8
5%Pd0.5%Te/C, 10 mmol BD, 100°C, 3 h 054 116 035 158 017 148 0 0.73
5%Pd0.5%Te/C, H,SO,, 10 mmol BD, 100°C, 3 h 0.45 2.02 0.08 0.12 142 230 0 1.81
5%Pd2.7Te/C, H,SO,, 10 mmol BD, 120°C, 2 h 0.24 0.06 0 0.06 0.66  2.80 2.0 0
5%Pd2.7Te/C, H,SO,, 40 mmol BD, 120°C, 2 h 023 006 O 007 078 670 390 0

Table 4. Products of BD oxidation in solvent CH,OH (10% H,0) (30 mL), H,SO, (0.1 mmol where indicated).

5. Synthesis of 3,4-epoxy-1-butene in liquid phase

Two competitive methods for direct epoxidation of olefins are gas-phase oxidation with oxygen
over silver catalyst and liquid-phase reactions with organic hydroperoxides or hydrogen perox-
ide in the presence of soluble or supported W, Mo, Ti complexes. The gas-phase epoxidation is
typical for obtaining light epoxides, whereas epoxidation with peroxide compounds in liquid is
applicable for a wide range of substrates containing double bonds. Both type reactions are based
on interaction of olefin with electrophilic oxygen species. Under liquid-phase epoxidation, cata-
lytically active metal complexes react with peroxides to attach the reactive oxygen as ligand which
attack the double bond of olefin. Hydrogen peroxide is effective oxygen donor and has an advan-
tage of low-temperature reaction giving environmentally benign water as a by-product [61, 62].

The liquid-phase epoxidation of BD with H,O, is known to occur over titanium silicates in
CH,OH [63] and in CH,CN solution of heteropoly compounds [64, 65]. The data for these
reactions are given in Table 5.

Both catalysts are activators of hydrogen peroxide, capable of forming peroxide complexes.
Thoroughly investigated for various olefins, the mechanism of epoxidation is realized for the
conversion of BD to 3,4-epoxy-1-butene. Coordinated on metal ion, the electrophilic oxygen
interacts with one of the equivalent double bonds of BD leaving intact the second C=C bond.
Oxygen transfer from peroxide ligand to double bond of olefin has been proved using isoto-
pic reagents [64]. The addition of oxygen to the second bond of BD is more difficult; therefore,
the formation of a diepoxide is not detected in reactions with hydrogen peroxide.

N H202 - %

Ti-silicate or Polyoxometalate o
polar solvent

Lacunary polyoxotungstates are effective catalysts for epoxidation of olefins with H,O, [66].
Besides olefins, [HPW O, ]"and [y-SiW, O,,(H,0),]* anions catalyze epoxidation of BD with
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Catalyst' H,0,! BD Time (h) Epoxide Sel.BD (%) H,O, efficiency Reference
(mmol) (bar) (mmol) (%)

TS-1(6 mg)? 0.5 1.5 1 0.25 n.d. 52 [63]
TBA4[y-SiW, O,,(H,0),] 0.3 25 9 0.30 99 99 [64]

(3 pmol)®

TBA-PW (10 umol)* 0.9 1 5.5 0.51 88 88 [65]
EMIm-PW, (10 umol)* 0.9 1 5 0.65 91 90 [65]
EMIm-PW, (2.3 umol)® 1.0 1 5 0.20 97 100 [65]

!Catalyst, H,0, and epoxide produced were normalized to 2 mL of the reaction mixture.
2CH30H solvent, room temperature.

*CH,CN solvent, room temperature.

*CH,CN solvent, 60 °C.

*CH,CN solvent, 50 °C.

Table 5. Epoxidation of BD with H,O, in solvents.

diluted aqueous H,O, in acetonitrile solution. Epoxidation of BD has been shown to pro-
ceed with high selectivity for 3,4-epoxy-1-butene. Appearance of small admixtures of furan,
3-butene-1,2-diol, and 2-butene-1,4-oxygenates is associated with isomerization and hydro-
lysis of 3,4-epoxy-1-butene. The unproductive radical decomposition of H,0, is minimal or
absent when the reaction is carried out at a low temperature and at a low concentration of
hydrogen peroxide. This is favorable for maintaining high selectivity for 3,4-epoxy-1-butene,
because the secondary oxidation of 3,4-epoxy-1-butene by radical intermediates is prevented.
As aresult, only negligible amount of acrolein appears in the product. Moreover, small addi-
tives of EMImBr have been found to inhibit radical decomposition of H,O,, thus increasing
the selectivity of BD to 3,4-epoxy-1-butene conversion and efficiency of H,O, consumption.
As aresult, the efficiency of H O, consumption for producing 3,4-epoxy-1-butene is extremely
high, it approaches to 100% under favorable conditions. Both Si- and P-centered heteropoly-
tungstates exhibit equally effective catalysis.

Under reaction conditions, the catalytically active anions are generated from starting lacu-
nary polyoxotungstate anion. It has been shown by NMR that [HPW ,O,]* anion is a pre-
cursor of tungsten-depleted anions [PW,] and [PW,], which operate as the most effective
activators of hydrogen peroxide and are responsible for epoxidation (Scheme 9) [65]. This is
confirmed by the high reactivity of a specially synthesized anion {PO,[WO(O,),],}* in epoxi-
dation of olefins [67].

Despite the limited use of 3,4-epoxy-1-butene itself, it is nevertheless a raw material for
the synthesis of various C4-oxygenates such as 1,4-butanediol [68], 3-butene-1,2-diol and
2-butene-1,4-diol [69-71], and 2,5-dihydrofuran [72]. Therefore, low-temperature and selec-
tive epoxidation of BD can be considered as a principal stage of alternative synthesis of
demanded and valuable chemicals.
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BD EpB EpB BD
/‘}-«’; t\\"‘__‘::-—if
“-\\ — ~
[HPW,, 04, {PO,WO(0,).].}* [FW,] =—= [PW,] {HPO,WO(O, )11
H,0, H.0,

Scheme 9. Transformations of heteropolytungstates in oxidation of BD to 3,4-epoxy-1-butene (EpB) [65].

6. Conclusion

Close nature of BD and light olefins is manifested in similar reaction properties, so that
liquid-phase oxidation reactions of BD and olefins have similar mechanisms in many fea-
tures. The oxidation of olefins and BD in liquid medium enables realization of several routes
and obtaining a wide range of products, which are more diverse if compared with gas-phase
oxidation. We have considered here the radical chain oxidative conversion of BD realized
through the stable polyperoxide intermediate, the formation of which is, to a certain extent,
inherent to many olefins. Palladium is able to catalyze homolytic (radical) and heterolytic
(Wacker-type) oxidation of olefins. Very close to olefins, the properties of BD are manifested
in reactions assisted by homogeneous and more often heterogeneous Pd-containing cata-
lysts. (Note that the tendency to heterogenization of soluble catalysts is observed in liquid-
phase reactions.) We observe an interesting phenomenon when the mechanism and products
of the Pd-catalyzed oxidation are controlled by promoters. In dependence on other compo-
nents, the catalytic action of Pd is switched from radical oxidation to nonradical oxygen-
ation directed to one carbon atom or 1,4-position of BD when Pd is promoted with Te or
related metals. The effect of Te as an oxidation promoter of palladium and a radical inhibitor
allows PdTe catalysts to show substantial efficiency in the well-known industrial synthesis
of 1,4-diacetoxybutene in acetic acid and also in other oxidations of BD such as formation of
crotonaldehyde and methyl ethyl ketone in aqueous media. The reaction medium and con-
centration of reagents are also important factors to vary the mechanism of oxidation. Low
concentration of BD in the reaction mixture reduces the development of the chain process
and makes it possible to realize the oxidation by the heterolytic mechanism. Polar organics
are conventional solvents for various oxidations, but acetic acid and methanol exhibit spe-
cial properties creating conditions for preferable formation of esters of 1,4-butanediol. The
identity in mechanisms is also observed in epoxidation of olefins and BD with hydrogen
peroxide, where the same catalytically active Ti silicates and polyoxometalates are success-
fully used to attain highly selective conversion of hydrocarbon and H,O,. All this shows that
liquid-phase oxidation have a great potential in converting the BD into valuable oxygenates.
To develop this area, extremely productive can be appeal to analogy in chemistry of BD and
olefins. A large body of information relating to the oxidation of olefins can be productively
applied to understand the mechanisms in oxidation of BD and to develop a strategy for syn-
thesis of purposed oxidation products.
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Abstract

In this chapter, we introduce poly(olefin sulfone)s and review the recent progress on
the photoinduced depolymerization of poly(olefin sulfone)s as well as their applications.
Poly(olefin sulfone)s combined with photobase generators (PBGs) are depolymerized
upon irradiation with light. A poly(olefin sulfone) is a 1:1 alternating copolymer of olefin
monomer and sulfur dioxide in which the protons on the carbons adjacent to the sulfonyl
groups can be readily abstracted by a base. This removal leads to a depolymerization
chain reaction, resulting in incorporation of a photobase generating chromophore that
can undergo a photoinduced unzipping reaction. During this reaction, the original olefin
monomer and sulfur dioxide are regenerated from the primary chain of the poly(olefin
sulfone). The photoinduced depolymerization of poly(olefin sulfone)s has been investi-
gated for a wide variety of applications, including stereolithography, printable microcir-
cuit fabrication, and removable adhesives.

Keywords: poly(olefin sulfone)s, depolymerization, photopolymers, dismantlable
adhesives

1. Introduction

Photopolymers can change their physical and/or chemical properties through the absorption
of light [1]. Although many studies on photopolymers have been reported, a few studies show
photoinduced conversion to monomers under mild conditions. If a portion of the polymer is
converted completely into monomers under light irradiation, the average molecular weight
decreases, and this process has potential application to sophisticated device processing,
including stereolithography without solvents. Such depolymerization under mild conditions
is expected to yield recyclable (and, thus, environmentally friendly or “green”) polymers.
However, most of the depolymerizable polymers reported require X-ray or electron-beam
irradiation to trigger the depolymerization process [2, 3]. Only a few reports describe use

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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of low-energy irradiation for the depolymerization [4-10]. The unzipping degradation of a
polymer main chain containing heteroatoms by X-ray or electron-beam irradiation has been
achieved. For a poly(1-butene sulfone), only partial depolymerization occurs, and olefins are
present in the gas produced by the irradiation [11, 12].

Degradation of a poly(olefin sulfone) doped with a photosensitizer has been investigated
[13]. The degradation of poly(1-butene sulfone) doped with pyridine N-oxide was induced
by irradiation with 300-nm light. In this system, however, a crosslinking reaction occurs in
addition to degradation of the main chain. The number of photoinduced breaks in the main
chain was 10-12. High-efficiency depolymerization to constituent monomers was achieved
for poly(olefin sulfone)s containing photobase generators using low-energy light irradiation.

2. Poly(olefin sulfone)s

Poly(olefin sulfone)s are copolymers of olefin monomers and sulfur dioxide (Figure 1). They
possess sulfonyl groups (-SO,-) in the main chain and are easily synthesized by radical polym-
erization of an olefin monomer in a liquefied sulfur dioxide [14]. Peroxides, such as tert-butyl
hydroperoxide, benzoyl peroxide, and diethyl ether peroxides, are used as polymerization
initiators. The peroxide and sulfur dioxide act as a redox initiator and generate a radical spe-
cies that reacts with an olefin monomer (Figure 2). While the sulfonyl radical is fairly stable,
the olefin radical is unstable. The olefin radical generated in liquefied sulfur dioxide immedi-
ately reacts with a sulfur dioxide molecule to form an alkylated sulfonyl radical. The sulfonyl
radicals then react with the olefin monomers to generate a polymer chain. Note that the sulfur
atom of the sulfonyl radical is positively charged; therefore, it cannot react with the sulfur
atom of sulfur dioxide, which is also positively charged. In addition, the olefin monomer and
sulfur dioxide form a 1:1 charge-transfer complex in the liquefied SO, solution. The olefin-SO,
complex reacts like a monomer unit in the radical polymerization process. Thus, the resulting
poly(olefin sulfone) is a 1:1 alternating copolymer of olefin monomers and SO, [15].

2.1. Synthesis of poly(olefin sulfone)s

At ambient pressure, sulfur dioxide gas liquefies when cooled to temperatures below -10.2°C.
The polarity of liquefied sulfur dioxide is comparable to that of dichloromethane, so liquefied
sulfur dioxide dissolves a wide range of olefins. A high-pressure polymerization tube contain-
ing 1.0 g of an olefin monomer and 3.2 x 10™* mol of t-butyl hydroperoxide (a redox initiator)
was connected to a vacuum line and cooled in liquefied nitrogen. The tube was evacuated,
and 6.0 g of sulfur dioxide was added by transfer through a vacuum line. The mixture was
stirred for 24 h at —13°C. The resulting polymer was reprecipitated in methanol. Examples of
chemical structures of simple poly(olefin sulfone)s are shown in Figure 3.

o
—ECH—GHZ—L:-':—]T
! 0

Figure 1. Structure of poly(olefin sulfone)s.
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Figure 2. Polymerization of olefin monomers in liquefied sulfur dioxide.
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Figure 3. Examples of poly(olefin sulfone)s.
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3. Depolymerization of poly(olefin sulfone)s

A sulfonyl group is a strong electron-withdrawing moiety. The electrons on the car-
bon atoms adjacent to the SO, groups are attracted by SO, and thus, the protons on
those carbons are easily removed by base [16]. When a proton on one of these carbons is
removed, a chain reaction in which the main chain is depolymerized to the olefin mono-
mer and sulfur dioxide occurs (Figure 4). Based on this process, the main chain of the
poly(olefin sulfone) decomposes when mixed with bases such as piperidine, methyl-
amine, or triethylamine. One example of base-induced depolymerization of poly(olefin
sulfone)s is reaction of poly(N, N-diethyl 3-butenoic amide sulfone) (DEBA) with 4,4’-tri-
methylenedipiperidine (base). The 'H NMR spectrum of DEBA before addition of the
base is shown in Figure 5(a). The change in the "H NMR spectrum after addition of the base

acidic

o |
i

hv( Photo-base generator

Base ¢ ~ H o
——  wewn 5—CHL CHOS—CHi— CH— S5—CHe— CHwwwane
heating Il I g}
o R R O R
Il ﬁ
- S—CH=CH + I@?Hﬂs—cur-cum
o R =0 R O R
o}
— 50 H.-C=(|2H + ”_fé:;lghwhﬁ
|
RS0k
—_— e s s s e S50k + H:S=CH

Paly(olefin sulfone) Olefin monomers and S02

Figure 4. Photoinduced depolymerization of 1:1 alternating poly(olefin sulfone)s containing photo-base generating
groups in the side chain.
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is shown in Figure 5(b). Signals of the olefin protons are easily recognized. In contrast, no
change was observed in the DEBA solution without the addition of base, indicating that
the decomposition of DEBA was caused by the added base. The 'H NMR spectrum of the
olefin monomer (N, N-diethyl 3-butenoic amide) is shown in Figure 5(c). A comparison of
Figure 5(b) and (c) showed that the major product in the resulting solution can be attributed

(@) 0=8-0
e @
b CH—CHy-C-NEt, a
b
n  DEBA ! A
A\
(Polymer) I JA
ettt o] =
6 5.5 5 45 4
(b)

6 55 5 45 4
(c) “ch o
o b' CH—CH;-C—NEt;
.
;I.iUJ M (Monomer)
6 55 5 45 4 opm)

Figure 5. "HNMR spectra of DMSO-d, solutions of (a) DEBA, (b) DEBA mixed with 6.15 mmol/L 4, 4 -trimethylenedipiperidine
followed by heating at 100°C for 30 min, and (c) a monomer of DEBA.

Figure 6. Photographs of the conc. solution of poly(olefin sulfone)s. The viscosity of the solution decreased rapidly when
a trace of triethylamine was added to the solution.
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to the DEBA monomer. Figure 6 shows a picture of a concentrated solution of a poly(olefin
sulfone). Although the viscosity of the solution was very high, when a trace of triethylamine
vapor was added to the solution, the viscosity decreased immediately.

4. Photoinduced depolymerization of poly(olefin sulfone)s

A poly(olefin sulfone) possessing a photobase generating group depolymerizes upon photo-
irradiation and heating (Figure 7). Poly(olefin sulfone)s that possess photobase-generating
groups were synthesized (Figures 8 and 9) [17]. The photobase-generating groups produce
amine groups when irradiated with light. Photoinduced decomposition of the poly(olefin
sulfone) was investigated using '"H NMR. A poly(olefin sulfone) film was subjected to irra-
diation with 254-nm light, after which 'H NMR spectra were recorded. Figure 10(a) and (b)
show the '"H NMR spectra of polymer 10 before and after irradiation, respectively, followed
by heating. The progress of depolymerization was readily confirmed by the disappearance of
the methylene and methine protons in the main chain (4.3-3.8 ppm), along with the appear-
ance of signals near 5.1 and 5.8 ppm, which were assigned to protons on a vinyl group. The
decomposition ratio of polymer 10 irradiated and heated under the conditions described
above was estimated to be 95%. The decomposition ratio increased with the irradiation
energy density (Figure 11). Conversion of the polymer to the olefin monomer (depolymer-
ization ratio) was also estimated to be 50%. The irradiated film (polymer 10) after heating
was dissolved in THF and the molecular weight measured by gel permeation chromatog-
raphy (GPC) (Figure 12). The polymer completely disappeared and low-molecular-weight
species appeared. The retention time of the lowest molecular weight species was coincident
with that of the olefin monomer. The number average molecular weight decreased from
130,000 to 300.

As shown in Figure 13, a lithographic image with clear positive tone of alternating 40-um
wide lines and gaps on a film of polymer 10 could be developed with 0.012 M aq. HCL

Q__-. fzo hv CI\ .-D
( S—CHz"CH ) - ( S—CHz CH )
n n
'Photobase generating' ’ Ph-::-t-::-g.eneratedx
| group | L amino group
0O
heat - %0 +
S R

Figure 7. Proposed mechanism of base-catalyzed thermal depolymerization of 1:1 alternating poly(olefin sulfone)s.
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Irradiation with 254-nm light triggered the generation of a base along with creation of a

latent image. The visible image could be developed after heating the exposed polymer
film.
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Figure 13. SEM image of polymer 10 film after UV irradiation at 100 mJ/cm? followed by heating at 130°C for 60 sec and
washed with 0.012 M HClaq.

5. Effect of main chain structure on depolymerization of poly(olefin
sulfone)s

Photoinduced depolymerization of the polymers shown in Figure 3 mixed with a low-
molecular-weight photo-base generator (ANC2) was investigated [18]. Figure 14(a) shows
the change in the IR spectrum of PMPS film coated on a KBr plate without light irradia-
tion, and Figure 14(b) shows the corresponding spectrum after light irradiation during heat-
ing (post-exposure heat treatment). The absorption spectrum of the nonirradiated film was
independent of the heating time, whereas the sulfonyl stretching bands (1311 and 1130 cm™)
decreased with the heating time after film irradiation, which indicates decomposition of
the polymer main chain. The extent of decomposition increased with the irradiation energy
density (Figure 14(c)), and the extent of PMPS decomposition was estimated to be 95%.
Conversion of the polymer to the olefin monomer (extent of depolymerization) was estimated
by '"H NMR as 92%. Therefore, the polymer was converted to monomers with very high effi-
ciency. Figure 15(a) shows the residual ratio of the PBS sulfonyl group as a function of heating
time after photoirradiation. The change in residual ratio (decomposition of the main-chain)
was slow compared to that for PMPS. In contrast, the change in the residual ratio of PMBS
was as fast as that for PMPS (Figure 15(b)). The only structural difference between PBS and
PMBS is the number of substituents on the main chain. Thus, the decomposition characteris-
tics must be dependent on the structure of the main chain. Figure 16 shows the residual ratios
for all polymers as a function of heating time after photoirradiation. The results show that the
decomposition characteristics of the polymers can be divided into two groups: poly(olefin
sulfone)s that possess only one type of proton on the main chain (branched 1-olefins such as
PMBS, PMPS, PMHS, and PMNS), and poly(olefin sulfone)s that possess two types of protons

131



132 Alkenes

Photo-base generator

@%*O\AQ %)
Hwn + 200: + 2 Cg’%"’

Secondary amine
(a) 100 (b)1
%
g 3 M. |
E = | I| 5 min |||
.E ] % N I|I
g g
E E au‘n;smT |T«sm:
?'ﬂ' | 1 pun I
l.n"DI aunl i
1400 1200 P 1000 1400 1200 1000
Wavenumber (cm™) Wavenumber (cm™)
(c)
100 N [] n
= Nor-iradiated film
S 80f
= @
Eeor e,
2 40 + .ln
= e
$ 20 + ™ Iradiated film
o o ?
G i i i i [

o=

5 10 15 20 25 30
Heating time (min)

Figure 14. Changes in the IR absorption spectra of the sulfonyl group in PMPS coated on a KBr plate (a) without
irradiation and (b) after light irradiation at 254-nm and 180 m]J/cm?. The thickness of the film was 2 um. The post-
exposure heat treatment time was varied from 0-15 min at 150°C. (c) Residual ratio of the PMPS main-chain as a function
of heating time after irradiation, as estimated by IR absorption. The concentration of the L-ANC2 (photo-base generator)
was 30 wt%. The heating temperature was 120°C and the irradiation energy was 3.15 J/cm?.

on the main chain (straight chain 1-olefins and cycloolefins such as PBS, PPS, PHS, PcycloPS,
and PcycloHS). The poly(olefin sulfone)s possessing only one type of proton on the main
chain can undergo extensive decomposition, whereas the poly(olefin sulfone)s possessing
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two types of protons on the main chain undergo only a low extent of decomposition. The
number of protons that can be abstracted appears to affect the extent of depolymerization.
When many protons existing on a single main chain are abstracted, the yield of monomers
was reduced, as shown in the reaction mechanism in Figure 4.

6. Poly(olefin sulfone)s possessing a photobase generator and base
amplifier

Photoinduced depolymerization of poly(olefin sulfone)s possessing a base-amplifying moiety
in the side chain has been investigated using a film doped with a photobase-generating com-
pound [19]. Poly(olefin sulfone)s that possess the 9-fluorenylmethoxycarbonyl (Fmoc) group
as a base-labile N-protecting group have been synthesized (Figure 17). The Fmoc group can
undergo amine-catalyzed thermolysis to an amino group with the evolution of carbon dioxide
and dibenzofulvene [20, 21]. Therefore, the number of amino groups increased in the irradi-
ated poly(olefin sulfone) films containing the Fmoc group and doped with PBGs during the
subsequent heating step. Even though the irradiation produced few amino groups, their con-
centration could be amplified by the amine-catalyzed thermal degradation of the Fmoc group.
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Figure 18 shows the decomposition ratio of P4 and P5 plotted as a function of irradiation energy
density. The decomposition ratio of copolymer P4 was greater than that of 5. For P4, a decom-
position ratio of 98% was obtained at an energy density of 900 mJ/cm? Thus, the presence of a
base-amplifying group in the side-chain enhanced the amount of base generated in the P4 film.
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Figure 18. Decomposition ratio of BA1 (O) and polymer 10 (®) as a function of the irradiation energy.

7. Poly(olefin sulfone)s composed of volatile monomers

The photoinduced depolymerization of poly(olefin sulfone)s composed of volatile olefins was
investigated [18]. The polymers were converted into volatile compounds by photoinduced
depolymerization. A poly(olefin sulfone) film containing a photobase generator (ANC2) was
irradiated with 254-nm light at ambient temperature through a photomask. While very little
change occurred in the film just after irradiation, the irradiated area of the film vaporized
upon heating to 110°C, forming a mask pattern on the film (Figure 19). The surface of the
film was also observed by AFM after heat treatment. The results confirmed that the irradiated
area was removed, leaving a bare surface. This enables a wide variety of applications, such
as stereolithography without the use of solvents, photo-detachable adhesives, and printable
nanocircuit fabrication.
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Figure 19. (a) Changes in a photomask pattern irradiated film during heating at 110°C. (b) AFM image of the photomask
pattern irradiated area of the PMPS film after heating at 110°C for 15 min.

8. Application of photo-depolymerizable poly (olefin sulfone)s to
photo-detachable adhesives

Detachable adhesives have attracted great interest due to their potential applications in reus-
able products and reworkable systems [22-26]. Adhesives used in many applications, and a
variety of strong adhesives that can be employed in extreme environments have been devel-
oped [27]. However, most high-performance adhesives are strongly adhesive, making them dif-
ficult to remove and therefore cannot be used in recyclable materials or in reworking processes.
Therefore, a need exists for glues that provide firm bonding but also can be easily detached. The
strength of an adhesive bond essentially depends on surface interactions between the adhesive
material and the substrate. Therefore, if the chemical structure of the adhesive material can be
changed after adhesion, the adhesion strength may also change. Studies have been reported on
the adhesive strength of substrates fastened using degradable polymers [23, 24, 26]. The results
showed that depolymerizable polymers can act as detachable adhesives.
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The adhesive strength of a poly(olefin sulfone) composed of a volatile olefin monomer and a
second olefin monomer possessing a crosslinkable moiety has been evaluated [28]. This poly-
mer was expected to act as a detachable adhesive, as illustrated in Figure 20. When a mixture
of this poly(olefin sulfone) and a crosslinking reagent was embedded between two glass
plates and cured, the plates remained glued together. Subsequently, the glued plates could
be separated upon irradiation with UV light and heating. For further investigation, a mixture
of the poly(olefin sulfone), a cross-linking agent, and a photobase generator were prepared,
and the adhesive strengths before and after photoirradiation were examined. Figure 21
shows the chemical structures of the samples. The bond strength of the test samples was
measured using a cross-tensile test apparatus, shown in Figure 22. Figure 23(a) shows the
tensile strengths obtained from plates bonded with various adhesives: cross-linked TPAS-11,
PMPS, a commercially available epoxy adhesive (Araldite Rapid), and polypropylene. The
polypropylene did not result in adhesion between the quartz plates, while the cross-linked
TPAS-11 clearly possessed a tensile strength greater than those obtained either with the
Araldite Rapid or PMPS. The superior bonding strength of the cross-linked TPAS-11 was
thought to be due to the highly polar poly(olefin sulfone) main chain and hydrogen bond-
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Figure 20. Photoinduced depolymerization of poly(olefin sulfone)s containing photobase generators and a sequence
showing a photodetachable thermosetting adhesive.



Poly(olefin sulfone)s 139
http://dx.doi.org/10.5772/intechopen.69317

[
n

PMPS
L+]
%® ;(_'r
LX)
TPAS-11
No; o 0 NO;
sageWeage
L-ANC2
N=C=N
n
PCD
R-=COOH ?
—N=C=N— ————# —N-C-N—
H  ¢-r
H
N-Acylurea bond

Figure 21. Structures of the poly(olefin sulfone)s (PMPS and TPAS-11), photobase generator (L-ANC2) and crosslinker
(PCD) employed in the present study and crosslinking reaction of the carbodiimide PCD and a carboxylic acid.

PN

3 mmg
\. #ﬁm Taflon sheat
 I— 50 um
e 1 mm
25 mm

i
Tenslls tast

Figure 22. Preparation of samples for adhesion strength measurements: (a) a mixture of TPAS-11, PCD (5 wt%) and L-
ANC2 (20 wt%) is placed on quartz plates, (b) the plates are sandwiched on either side of a 50 m Teflon sheet with a 3
mm diameter hole and the assembly heated to 100°C for 10 min, and (c) a finished sample ready for adhesive strength

measurements (cross tensile test).
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Figure 23. (a) Adhesive strengths of quartz plates bonded with polypropylene (PP), Araldite rapid, PMPS and cross-
linked TPAS-11 (with 5 wt% of PCD). Both the PMPS and cross-linked TPAS contained 20 wt% L-ANC2. The maximum
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times in each measurement. (b) Adhesive strengths of quartz plates bonded with a mixture of TPAS-11, PCD (5 wt%) and
L-ANC2 (20 wt%): (1) immediately after sample preparation, (2) after heating at 100°C for 60 min, (3) after irradiation
with 254-nm UV light (3.0 J/cm?), (4) after irradiation with UV and heating at 100°C for 5 min, (5) after irradiation with
UV and heating at 100°C for 15 min, (6) after irradiation with UV and heating at 100°C for 30 min, and (7) after irradiation
with UV and heating at 100°C for 60 min. The tensile test was conducted for 5 times in each measurement.

ing between the carboxylic acid groups and the N-acylurea groups at the cross-linking sites
(Figure 21). Note that PMPS-glued plates detached upon heating to temperatures above the
glass transition temperature of PMPS because it is a thermoplastic resin. In contrast, cross-
linked TPAS acted as a thermoset resin and resulted in stable adhesion. The change in the
adhesive strength of the cross-linked TPAS-11 upon light irradiation and/or heating was also
investigated. Figure 23(b) shows the tensile strength of the cross-linked TPAS-11 sample
as prepared and after heating at 100°C for 60 min, and upon irradiation with 254-nm UV
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Figure 24. Photographs of a mixture of TPAS-11, PCD (5 wt%) and L-ANC2 (20 wt%): (a) after heating at 100°C for 30
min without UV irradiation, (b) after irradiation with 254-nm UV light (3.0 J/cm?), (c) after UV irradiation and heating at
100°C for 5 min, (d) after UV irradiation and heating at 100°C for 15 min, (e) after UV irradiation and heating at 100°C
for 30 min, and (f) after UV irradiation and heating at 100°C for 60 min.

light at 3.0 J/cm?, with or without heating for different durations. The results demonstrate
that heating before UV irradiation did not weaken the bond strength, while heating after
UV irradiation caused the adhesive strength to decrease to nearly zero. Figure 24 shows
photographs of the adhered samples, indicating that the cross-linked TPAS-11 was both
colorless and transparent. Following irradiation with UV light, the resin became slightly yel-
low because of the production of nitrosobenzaldehyde via photodecomposition of L-ANC2.
Heating the sample to 100°C also generated gaseous products because of depolymerization
of the poly(olefin sulfone), allowing the quartz plates to detach.

9. Conclusions

Photoinduced depolymerization of poly(olefin sulfone)s containing photobase generators
was summarized. Since poly(olefin sulfone)s are copolymers of olefins and sulfur dioxide, the
sulfur dioxide produced through the depolymerization evaporates from the system. Thus,
the depolymerization reaction proceeds only in one direction, and the polymer is converted
into consistent olefins. The photoinduced depolymerization of poly(olefin sulfone)s has been
investigated for a wide variety of applications, including stereolithography, printable micro-
circuit fabrication, and detachable adhesives.
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Abstract

Given that concrete has limited tensile strength, it has been necessary to combine its
properties with the use of steel bars. This resulted in the arrival of reinforced concrete
which was the main solution used in structures in the last century. Partial or even full
substitution of steel bars for fibres would not only allow the cost of a structure to be
reduced but also provide certain improved properties. Modern fibre-reinforced concrete
(FRC) now permits reduction or substitution of steel bars that has given rise to the com-
monly named structural FRC. Advances in the plastic industry during the last three
decades have allowed the production of macro-polymer fibres as an alternative to steel
fibres due to their chemical stability and lower weights for analogous residual strengths.
After 30 years of research and practice, polyolefin-based macro-fibres have offered addi-
tional advantages such as safe handling, low pump wear and reduction in weight when
transported and stored. This chapter provides an overview of the properties and struc-
tural capacities of polyolefin fibre-reinforced concrete (PFRC). Furthermore, the respec-
tive codes and test methods are examined. Moreover, the results obtained for structural
design and the mechanical properties, found both in the literature and in practice, are
supplied and discussed.

Keywords: self-compacting concrete, fibre-reinforced concrete, polyolefin fibres,
steel fibres, fracture behaviour

1. Why polyolefin fibres?

The recent advances made in polymer science, chemical composition and engineering have
increased the importance of polyolefins in day-to-day applications. Polyethylene and poly-
propylene are widespread polyolefins and the fastest growing polymer family due to the
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lower cost of production compared with the plastics and materials they replace [1]. Polyolefin
fibres encompass a spectrum of uses in modern societies. The associated low costs, good resis-
tance to chemicals, and high strength and toughness have encouraged the use. Their commer-
cial advantages and disadvantages are listed in Table 1, although it should be noted that not
all are applicable to the case of reinforcing concrete. In general, polyolefin fibres have good
tensile properties, good abrasion resistance and excellent resistance to chemicals.

Regarding their use in concrete, the development of polyolefin-based synthetic macro-fibres
with improved mechanical properties has extended the use of such plastic fibres beyond a
conventional use in shrinkage-cracking control. Such synthetic macro-fibres have become an
alternative to the traditional use of steel fibres in fibre-reinforced concrete (FRC) [3], forming
what has been termed steel fibre-reinforced concrete (SFRC). The addition of randomly dis-
tributed steel fibres to concrete improves its low tensile strength and its brittleness enabling
its use in industrial pavements or tunnels [4-6] among others. Based on the existing codes
and standards [7-9], the contribution of the steel fibres has been considered in the structural
design in recent years [10-12]. However, the recent concern of society regarding the environ-
mental cost of materials, building processes and infrastructure refurbishment and rehabilita-
tion has given rise to certain structures having a lifespan of up to 100 years. Therefore, the
durability of materials has emerged as a key factor in the choice of materials. In such a sense,
the potentially corrodible nature of steel fibres has aroused an interest in fibres that are not
only chemically stable but also increase the mechanical performance of concrete. In addition,
steel fibres are expensive for both purchase and in terms of storing and handling. Plastic
industry in recent years has solved the aforementioned disadvantages allowing the produc-
tion of a new generation of polyolefin-based synthetic macro-fibres that are inert in an alkaline
environment and provide concrete with structural capacities to substitute steel reinforcement.
Therefore, polyolefin fibres, which have good tensile properties, abrasion resistance, excellent

Advantages Disadvantages

Low density (0.90-0.96 g/cm?) Low melting point (120-125°C for PE;
Good tensile properties 160-165°C for PP)

Good abrasion resistance Prone to photolytic degradation
Excellent resistance to chemicals Inferior shrink resistance above
Excellent resistance to mildew, 100°C

Micro-organisms and insects Poor dyeability

Almost negligible moisture regain High flammability

Good wicking action Inferior resilience

High insulation Significant degree of creep

Avoidance of dermatological problems

Table 1. Commercial advantages and disadvantages associated with the use of polyolefin fibres [2].
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resistance to chemical attack, and a reduced moisture regain, have emerged as an alternative
to corrosive steel solutions that use steel-reinforcing mesh or steel fibres.

In order to consider these newly developed applications, in 2006 the European Committee
for Standardization (CEN) approved the European Standard 14889 [13] which classifies the
types of fibres that can be added to concrete. Such a recommendation divides the fibres into
two groups: the first one deals with steel fibres and the second one polymer fibres. However,
not all the characteristics that may be relevant in examining the performance of FRC were
addressed. The recommendation defines the possible geometrical shapes and physical param-
eters of the fibres and establishes the procedures for the measurement of the fibre mechanical
properties such as tensile strength or modulus of elasticity. In the case of polymer fibres, they
are divided into two groups: non-structural micro-fibres and structural macro-fibres. The cri-
terion used is their equivalent diameter, with it being classified into two types depending on
whether its diameter is greater or smaller than 0.30 mm. Figure 1 shows the classification of the
fibres made by such a reference [13]. Polyolefin fibres with surface bulges and grooves along
the fibre surface are produced from homo-polymeric resin into a mono-filament form [14] and,
according to EN-14889, are classified as Class I macro-fibres.

Among the synthetic macro-fibres that can be employed in concrete, those made of high-density
polyethylene (HDPE) boast a density of 0.95 g/cm® and a reduced tensile strength between

EN 14889:2008
Fibre tvpes

Fart [ : Steel fibres
Mamby focussed on
carbon although mcludes
galvaniced and stainless
steel

Part I: Swathetic fibres
Mamly composed by polvolefin
(polypropilenes and others)

|

Figure 1. Fibre classification following EN-14889 [13].
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25 and 40 MPa. These reduced mechanical properties hamper their use as a way to improve
concrete mechanical properties. Nevertheless, other types that have been recently employed,
which are manufactured with polyethylene terephthalate (PET), boast remarkable mechani-
cal properties. Their tensile strength above 400 MPa might enable a successful use in concrete
reinforcement but there are several issues reported [15]. Some that have been thoroughly
studied are the difficulties found in their manufacturing process as well as their reduced resis-
tance to alkaline environments [16, 17]. These two difficulties prevent their widespread use as
a concrete reinforcement. Other types of macro-fibres that deserve being cited are those
obtained from virgin and recycled polypropylene (PP). PP fibres have been widely used in the
concrete industry, due to its ease of production, high alkaline resistance [18], and high tensile
strength and Young’s modulus [19].

Polyolefin fibres, which are among those considered PP fibres, enjoy an outstanding mechani-
cal behaviour, their modulus of elasticity being of great relevance. The common value of such
modulus is 9 GPa or even up to 15-20 GPa, which is much higher than certain other plas-
tics that offer around 2-3 GPa. In addition, polyolefin fibres boast a tensile strength above
400 MPa. These remarkable properties have been obtained by using a bi-component fabrica-
tion strategy that combines two polymers: a core of high modulus and a sheath of low modulus
[20, 21].

Another reason behind the remarkable performance of polyolefin fibres is the notable bond
generated between the fibres and the concrete matrix due to their rough surface. This is pro-
vided for both the shape of the fibres and the mechanical interaction that takes place when
the fibres are loaded. In such a sense, the interface fibre-matrix becomes rougher due to the
damage of the fibre surface produced during the mixing process. Such roughening forms a
mechanical interlock opposite to the relative movement of fibres after the cracks are initiated
[22-24]. Concerning the fibre shape, the optimum macro-synthetic fibre geometry has also
been sought. This involved exploiting the matrix anchorage fully without fracturing the
fibres, and reaching the maximum pull-out resistance. In terms of bond, the crimped ones
were the best among several deformed synthetic structural fibres [25, 26].

2. Fibre pull-out response of polyolefin fibres when added to concrete

Regardless of the type of fibre used, reinforcement is effective in concrete when the tensile
strength of the fibre is significantly higher than that of concrete (two or three times), when
the fibre-matrix bond strength is in the same order of magnitude of the tensile strength of the
matrix, and the fibre modulus of elasticity in tension is significantly higher than that of the
concrete [27, 28]. Figure 2 shows the failure mechanisms of the fibres in PFRC.

At the optimum situation, the crack opening is controlled by ‘fibre bridging” which has a por-
tion of fibre on each side of the crack with enough embedded length and allows fibres to work
at 100% without any slipping (number 3 in Figure 2). In such a situation, if the crack-growing
process continues it is possible to make full use of the potential of the fibre up to its failure.
On the contrary, if fibres slip during the opening processes, the debonding process may occur
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and the fibre may be pulled out. If one fibre is mobilized by friction shear stresses, it is pos-
sible that such stresses cause matrix cracking.

In order to determine which of the cases shown in Figure 2 might emerge, the critical length
(1) of the fibres used requires examination. Such a critical length has been defined as the
length that allows the tensile strength of the fibre to be used without pulling it out of the
matrix. In an ideal situation, when the fibre is being pulled out from the concrete matrix,
two types of forces are applied to the fibre, preventing it from being extracted: the chemical
adhesion in the inner part of the fibre and the frictional bond in the part of the fibre closer to
the crack. A sketch of this can be seen in Figure 3.
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Figure 3. Pull-out mechanisms [8, 28].
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Figure 4. Set-up of pull-out test of a polyolefin-based macro-fibre made by [8] (left); pull-out test result (centre), typical
embossed surface of a polyolefin fibre (right) [28, 30].

In the case of a certain type of polyolefin fibre, the test setup and the pull-out response
obtained in the test can be seen in Figure 4. The results obtained depend on two variables:
the embedded length and the angle formed between the fibre and the free surface of the
sample. The amount of energy absorbed while pulling out of the fibre increases as the embed-
ded length does. However, the effect of the angle between the free surface and the fibre has
a minor effect in the total response of the system [8]. Apart from these two factors, the test
results showed that the geometry of the embossed surface of the fibre has a major impact on
the results. Figure 4 shows how the load-displacement curves swing at a certain load level as
a result of the fibre surface geometry.

The results obtained in the pull-out tests show that polyolefin fibres are apt for concrete
reinforcement. How these micro-mechanisms are transferred into the macro-scale material
behaviour will be explained in the next sections. Similarly, both the influence that the fibres
have on the manufacturing process and the fresh state of the material will be shown in too.

3. Manufacturing of polyolefin fibre-reinforced concrete

Macro-fibre volumes currently used in FRC range from 0.3 to 1.5%. With such volume frac-
tions, the procedure for mix proportioning can be essentially the same as that used for plain
concrete [31]. While the addition of fibres does not affect the nature of the components of
the mix, it does affect the mix workability. There are no limitations as regards the types of
cement employed, although the most common one is a Portland cement without additions.
Regarding the type of aggregates chosen, those rounded and crushed have been success-
fully used without encountering any disadvantage caused by interaction of the fibres and the
aggregates [28]. The reduction of the concrete workability can be compensated with slight
variations of the aggregate distribution, increasing the amount of fine fractions or even by
adding or increasing the amount of admixtures. In any case, it is advisable to prepare trial
mixes to achieve the final proportions. FRC can be manufactured, in general, with the same
equipment and similar procedures merely by carefully studying the best mixing sequence to
ensure that a good uniform dispersion of each type of fibres avoids segregations and balling
of the fibres.
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The cement content and the water/cement ratio are as decisive as in plain concrete. However,
and in contrast to the cement content for SFRC, there is no general recommendation to increase
the amount of cement weight used [32]. Such a difference is based on the bendable nature of
polyolefin fibre in contrast to the stiffness of the steel fibres that result in a remarkable reduction
of the concrete workability.

Regarding the fine/total aggregates relation, although there are no general recommendations
it would be advisable to increase such a relation and limit the maximum aggregate size.
For SFRC, it is usually accepted that the maximum aggregate size should not surpass 2/3
of the fibre length (the use of fibres two to five times longer than the maximum aggregate
size is frequent) [33, 34]. Such guidelines should be followed and can be considered a valu-
able rule of thumb given that they enhance workability without affecting the hardened state
properties. Moreover, if PFRC is placed by pumping it is recommended (as in the case of
SFRC) that the amount of coarse aggregates employed be reduced by 10% [34]. While in the
case of a steel fibre addition the possible effects between the proportion of fine aggregates
and the fibre content for a given aspect ratio (I/d) have been clearly reported, in the case of
polyolefin fibre such relations have not yet been clearly established due to the flexible nature
of the fibres [35]. However, the use of between 40 and 60% of fine aggregates seems to be a
fair option in obtaining satisfactory results. Above all, it should be noted that these recom-
mendations are considered for fibre volumetric fractions below 2%. Above such values, in all
probability the number of fibres added would severely change the fresh-state properties and
obtain a heterogeneous distribution of fibres that would lead to a reduction of the properties
of the concrete obtained. These precautions should not give the impression of a great modi-
fication of the fresh-concrete properties or even of a limited applicability of polyolefin fibres
to high-performance concretes, such as high-strength concrete or self-compacting concrete
(SCQ) [36].

In the case of combining an SCC with an addition of polyolefin fibres, certain changes should
be added to the proportions of the concrete constituents. Some design criteria [28, 37] focus
on targeting a slump-flow diameter of 600 mm, with a recommended reference mixture being
about 700 mm of diameter of the patty without fibres. Such rheology characteristics can be
obtained by increasing the amount of cement and/or the proportion of fine aggregates by add-
ing a fine material such as lime powder and using superplasticizer proportions of over 1% of
the cement weight. In any case, due to the difficulty of obtaining an SCC, the aforementioned
changes should be tested in laboratory preliminary mixes before in situ production. As may
be easily understood, such changes in the concrete formulation have a remarkable impact on
the final cost of the material. Similar to what happens in the case of a conventional concrete,
the slump flow of SCC decreases with the addition of fibres depending on the type of fibre
and its geometry. The addition of fibres in all cases alters the results of the fresh-state tests.
If an excessive amount of fibres is added, obstruction of the flow and clustering of the fibres
and/or aggregates may occur.

The mixing sequence employed for a vibrated conventional concrete (VCC) PERC starts by
carrying out a homogenization of the aggregates. The cement and the other fine components,
if used, are then added to the mixer. Later, water and additives are added to the mix. In such
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a sense, some of the most common additives are superplasticizer and viscosity modifiers.
Once the plain concrete is prepared, fibres are added to the mix and a thorough mixing is car-
ried out in order to obtain a homogeneous distribution of fibres within the fresh concrete. This
sequence has been altered on some occasions by adding the fibres directly after the aggregate
homogenization with satisfactory results being obtained.

In the case of SCC with an addition of polyolefin fibres, due to the difficulty of obtaining such
a type of concrete some changes should be made in the aforementioned procedure for obtaining
satisfactory results. It is advised that fibres be added gradually during the mixing process. A
third of the fibres should be added after the aggregate homogenization, another after adding
the cement and lime powder, and the last one after pouring the water with the additives. It
should be noted that the influence that the fibres have on the fresh properties of concrete
might require supporting a final addition of superplasticizer to obtain the desired results in
the fresh-state tests. Lastly, enough time should be left for the chemical additive to act which
would mean that on some occasions the mix should rest for a few minutes in the mixer before
emptying. Figure 5 shows the procedure.

Regarding the placing method, if the mix is properly designed PFRC can be placed by exter-
nal vibration, pumped or projected to pass through obstacles and with a good performance
in hardened state. It is true that compacting FRC might be more difficult to achieve with high
fibre contents if at least a descent of 9 cm in the slump test is recommended [28]. On another
note, the placing conditions and the formwork geometries clearly affect the final properties
of the hardened FRC because they influence the final positioning of the fibres [9]. Therefore,
it is important to highlight that VCC and SCC moulds are not usually filled with FRC in the
same manner. In such a sense, at the placing stage SCC improves the positioning of fibres in
the pouring direction. Conversely, external vibration tends to align the fibres perpendicularly
to the direction of vibration. Several test recommendations [38, 39] have fixed the procedure
for casting the specimens and filling the moulds. Additionally, the standards establish that in
the case of self-compacting concrete the mould should be filled in a single pour and levelled

C = CEMENT
LP = LIMESTONE POWDER

PF=POLYQOLEFIN FIBER
W=WATER
SP= SUPERPLASTICIZER

RESTING

PERIOD

Figure 5. Mixing sequence of a polyolefin fibre-reinforced concrete.
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Figure 6. Filling methods for FRC: (a) flow method for SCC; (b) RILEM and EN-14651 Vibrated Concrete [38].

off without any compaction. The capacity of SCC to level itself enables the mould to be filled
from one end to the other [30, 40]. Figure 6 shows the procedures.

Once demoulded, as in the case of a conventional concrete, elements should be properly
cured. In the case of laboratory specimens, they should be cured at 20°C and with a relative
humidity above 95% until the age of testing.

4. Fresh and hardened concrete properties of polyolefin fibre-reinforced
concrete

In the case of a VCC, the fresh-state properties are usually assessed by means of the slump test.
It is clear that the presence of fibres hampers a normal behaviour of the material. Although
it is true that as the amount of fibres grows, the viscosity of the PFRC increases it cannot be
overlooked that the influence of the fibres is reduced when compared with that of steel fibres.
In such a sense, it has been found that with an increment of around 15% of the superplasti-
cizer added to the mix, it is possible to maintain at similar values the slump even when adding
10 kg/m? of polyolefin fibres [41, 28].

Similar to the case of a vibrated conventional concrete, the presence of fibres harms the self-
compatibility that SCC has. However, the flexible nature of the polyolefin fibres significantly
reduces such a decrease. In the case of an SCC, the fresh-state properties of the concrete are
frequently determined by using tests such as the slump-flow test, the L-box test and the V-
funnel tests. Figure 7 shows the influence of the presence of fibres even if an SCC is limited,
in both the slump test and the V-funnel test. This phenomenon underlines the versatile nature
of polyolefin fibre if compared with rigid steel fibres of any kind. In addition, even in the case
of a 10-kg/m? addition of fibres, no hint of balling was noticed. Moreover, there is evidence
that concrete discharged from using polyolefin fibres in ready-mix trucks maintains a regular
distribution of fibre along the concrete mass [7].

Compressive and tensile strengths of fibre-reinforced concrete have been thoroughly studied
in the last decades with regard to steel and synthetic fibres [42, 43]. Fibres typically enhance
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Figure 7. Slump test in an SCC PFRC [28].

the tensile properties of the plain concrete. However, their influence on other mechanical
properties is varied depending on the type and shapes of the fibres.

Compressive strength, which is the most representative parameter to characterize con-
crete, provides essential information. The test is performed in a similar way to that of plain
concrete [44]. In a conventional concrete, strength is not significantly affected when regular
amounts of fibres are added. Nevertheless, the failure is usually less brittle due to the
enhancement of the ductility and toughness provided by the fibres. Even a reduced amount of
fibres produces remarkable changes in the failure mode, with it losing scarcely any mass (as
Figure 8 shows).

Nonetheless, it should be pointed out that there seems to be a threshold of volume fraction
from which compressive strength is reduced even below values typical of plain concrete. This
might have taken place due to a worsening of workability and compaction that causes hetero-
geneities in the concrete bulk and reduces its mechanical properties.

The mechanical explanation of this change in the failure mode is based on the reduction of lat-
eral deformations above stress values 75% of its compressive strength. Such a change prevents
the typical shear bands of plain concrete failure mode from appearing, avoiding the explosive
failure of the material without fibres.

In order to assess tensile strength (as is accepted for plain concrete assessments), the indirect
tensile-splitting tests—also named Brazilian tests—can be carried out. It should be clarified
that in this subsection, tensile properties refer to initial tensile strength assessed by tensile-
splitting tests. The residual post-cracking tensile strength is the keystone of the use of struc-
tural fibres and deserves a specific subsection focussed on fracture behaviour in tension or
under tensile-flexural tests.
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Figure 8. Mechanical properties and compressive strength sample after testing.

The tests and procedures are easy to perform. In the test, a concrete cylinder similar to the
type used for compression tests is placed with its axis horizontal and between the platens of
a testing machine. When the load is evenly applied along a generatrix, a near-constant tensile
stress occurs in the central part of the vertical diameter [45]. The indirect tensile strength is
related with the load at the first crack corresponding to peak load for plain concrete with
brittle behaviour. However, this type of test is not suitable for assessing the residual strength
of the materials provided by the fibres due to second-order effects that add bending stresses
to the sample. Even though such second-order effects do not enable accurate residual strength
values to be obtained, these indirect tests provide interesting values for the initial tensile
strength. As regards the influence of the fibre content in the indirect tensile strength, as in the
case of the compressive strength it could be considered that the influence of the fibre volume
is negligible if the amount of fibres remains within the regular ranges (as Figure 8 shows).

Regarding the modulus of elasticity (E) of the composite material, although theoretically its
value should be related with the proportions of concrete and fibres, some other parameters
have to be considered such as the fibre orientation and fibre length. Even in that case, the
influence of the fibres in the modulus of elasticity is not clear as can be seen in Figure 8. In
some cases, even when adding fibres with higher elasticity modulus than the matrix, a lower
value of the composite material has been obtained.

All the features that were mentioned for the case of conventional vibrated concrete are also
valid without performing major changes in the case of an SCC.

Another point that is worth considering is the durability of the PFRC when placed in poten-
tially hazardous environments. The capacity of the PFRC to maintain its properties even in
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Figure 9. Permeability under pressure of water of VCC and SCC PFRC.

such environments depends on the action of the chemical compounds that ingress in the con-
crete bulk through the connected network of pores. In that sense, it should be underlined that
the presence of fibres might offer preferential ways for such ingress. As can be seen in Figure 9,
the permeability of the material under pressure of water is uninfluenced by the presence of
fibres as there is no dependency of the penetration depth and the fibre content. Therefore, as
happens with plain concretes, permeability is related to parameters such as the paste aggregate
ratio and the size distribution of the aggregates used. If the type of aggregates and their pro-
portion in the concrete mix are adequate, PFRC may be a material that bears the most hazardous
of environments considered in some recommendations [12] such as those in direct contact with
marine water, erosive materials, freeze-thaw conditions or even chemical industries.

5. Fracture behaviour and residual load-bearing capacity of polyolefin
fibre-reinforced concrete

As previously mentioned, the main reason for adding fibres to a concrete formulation lies
in the improvement of the flexural and tensile behaviour of plain concrete. The description
of the fracture behaviour of plain concrete has significant differences due to the fibre-rein-
forcement nature, first and foremost, as regards the post-peak behaviour of the material. The
response of concrete-reinforced with polyolefin fibres is conventionally characterized by testing
specimens in the mesoscale under direct or flexural tensile stresses.

The uniaxial tension test, as described in several recommendations [30], can be used to deter-
mine the tensile strength and the softening parameters and define the stress-crack-opening
curve in FRC. The test uses a notched cylindrical specimen with both ends fixed with respect
to rotation. It is conducted under controlled tensile displacements. The test setup, as shown in
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Figure 10, is rather complex and demands highly trained and experienced personnel. Therefore,
as it is somewhat expensive and time-consuming, it is not considered an appropriate method for
practical material testing (only being suitable for research purposes in specialized laboratories).

The most economical and practical tests available to determine the post-crack behaviour and
assess the influence of conditions such as fibre types and dosage are bending tests. The three-
point bending (TPB) test uses beams with a cross section of 150 x 150 mm and a span of 500 mm
loaded in the middle of the upper face. A transverse notch of standard dimensions is made
in the middle of the lower specimen face, in the same cross section where the load is applied.
This setup, as shown in Figure 11, ensures that the crack is formed in this predefined position,
making crack control simpler than in un-notched beams [30, 39].
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Figure 10. Uni-axial tension testing for concrete [30].
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Four-point bending tests have also been adopted by some country national recommenda-
tions. The cross section of 150 x 150 mm has two equal loads applied in both sides of the
middle third of the span [41, 45]. A typical setup is shown in Figure 12. The advantage of
the four-point un-notched test is that the first crack will appear at the weakest section, there-
fore providing for the effect of a variation of material strength. The disadvantage is that the
measuring of the crack opening is harder because the crack position cannot be predicted.
Therefore, obtaining a complete characterization of the material is not always possible.

Regardless of the testing method employed, the curves obtained show the enhancement of
the mechanical properties provided by the fibres. Furthermore, the behaviour or the compos-
ite material could be examined by taking into account the main effects regarding the plain
concrete behaviour added to the contribution of the fibre reinforcement. Such a contribution
depends on the crack opening and appears in the form of fibre bridging, fibre debonding and
even fibre tensile failure. A theoretical scheme can be seen in Figure 13.
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Evidently, there are certain characteristics of the curves shown in Figure 13 that depend not
only on the amount of fibres used but also on the geometrical and mechanical properties
of the fibres, the orientation and distribution of the fibres within the concrete element, the
fresh properties of the concrete, the pouring process and, among others, the consolidation
method. It is worth noting that predictive models and tools to consider such differences can
be consulted in detail in references [28] and [47]. In any case, the main factor is the amount
of fibres added. Figure 14 shows how the amount of fibres changes the post-peak mechanical
behaviour of PFRC.

The curves depicted in Figure 14 have several common characteristics that should be men-
tioned. The behaviour of each curve is defined by the presence of three turning points.
The first turning point took place when the loading process reached the maximum value
and only a few inelastic processes were apparent (the behaviour of concrete is mostly lin-
ear if compared with subsequent stages). The turning point where the load reaches the
maximum is commonly known as the load at the limit of proportionality (L,.), with it
being the overall maximum load in plain concrete. A softening behaviour may also be
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Figure 14. Fracture behaviour of PFRC with several amounts of fibres.
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identified that governs the branch after L, , as reported in many FRC types and espe-
cially for PFRC [3]. The softening behaviour is a distinctive characteristic in plain concrete
fracture and, in such a case a steep unloading process leads to the specimen failure and
collapse. Nonetheless, the polyolefin fibres are able to absorb the energy released by the
concrete in the fracture processes by the so-called fibre bridging and change the loading
tendency. At such a point, the curve reaches the minimum post-cracking load (L,
another uploading process starts again. The end of the load-increasing ramp is the third
remarkable point of the curve. The descending slope drawn after L, continues until the
end of the test. It should be noted that even at great deformation states, PFRC does not fail
or collapse and that it shows remarkable improvements in ductility and toughness with
respect to plain concrete.

while

Based on the previous description, it is easier to perceive the influence that the changes have
on the behaviour that can appear when varying the amounts of polyolefin fibres added. The
amount of fibres has a negligible influence on the peak load recorded in the fracture tests,
and therefore L, ,, does not change with fibre dosage. The value of L, is mainly determined
by the tensile strength of the plain concrete. After reaching the peak load, the unloading part
of the curve appears and such a part ends at L, that is related with the amount of fibres

MIN
added. The higher volumetric fraction of fibres the greater is the value of L, obtained. It
should be highlighted that, in contrast with the behaviour of an SFRC, even with volumetric
fractions around 1% the value of L, greatly differs from L, .. The slope of the curve between
Ly, and L. is greater as the amount of fibres added increases. In this case, it is important
to note that the deflection value where L, takes place does not depend remarkably on the
dosage of fibres. Nevertheless, the maximum post-peak value L, is greatly modified by the

amount of fibres added.

The number of fibres present in the fracture surface generated during the tests greatly influ-
ences the values of L, and L, alike. However, not all the fibres that appear in the fracture
surface influence the value of L, .. Due to the limited deformation state that the sample is
bearing when L, occurs, which is commonly used for service limit state (SLS) design, the
contribution of fibres placed in the tensioned part of the section is more important than the
rest of fibres. This corresponds to the lower third of the fracture surface generated. For high
deformations, almost the whole cross section is in tension and, due to the quasi-brittle nature
of the material, would already be almost fully cracked. Therefore, the total number of fibres
would bear the final load obtained in the tests. These advanced deformations would corre-
spond to ultimate limit state design (ULS). The situations that take place in the case of SLS and
ULS are shown in Figure 15.

In order to relate the presence and distribution of fibres to the mechanical behaviour of the
material, the values of L, and L versus the amount of fibres in the lower third of the
fracture surface and the total amount of fibres in the fracture surface are plotted in Figure 16.
This figure shows that there is a linear relation between the presence of fibres both in the
lower third and the complete fracture surface with the values of L, and L., in both con-
ventional and self-compacting PFRC. It is also worth noting that the presence of fibres in the
fracture surfaces does not correspond directly to the amount of fibres added. In such a sense,

it should be noted that in not all cases higher dosages of fibres result in a greater number of
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fibres present in the fracture surfaces. Therefore, there are certain variations in the mechanical
properties of the material that rely on other parameters unrelated with the amount of fibres
added, such as the material rheology, pouring method and, among others, size of the element

manufactured.

6. PFRC properties and their relation with the standards and

recommendations

In previous sections, the improvement of properties provided by the fibres in PFRC has
been shown. In order to take advantage of these benefits in the structural design of concrete
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elements, the mechanical properties of PFRC should fulfil certain requirements established
in several standards and recommendations. Conventionally, as the most widespread struc-
tural fibres have been steel fibres almost all regulations have considered some of the require-
ments and borne in mind the properties of SFRC. However, if the fracture behaviours of SFRC
and PFRC are compared, it can be noted that there are certain differences that should be
underlined. If the fracture behaviours of a certain SFRC and PFRC are sketched as they are in
Figure 17, such differences are perceived. As regards the peak load, there are no remarkable
differences because this value both in SFRC and in PFRC is directly related with the proper-
ties of the bulk concrete due to the low volume fractions of fibres used. Nevertheless, once
the unloading process that takes place after reaching the peak load starts, the first differences
appear. Where SFRC is concerned, the decrement of the load-bearing capacity of the mate-
rial is more reduced than in the case of the PFRC. This phenomenon appears even in the case
of using high dosages of polyolefin fibres, which might be related, with the comparatively
lower modulus of elasticity of these fibres if compared with steel fibres. Another difference
that can be perceived is that the maximum post-peak load in the case of a PFRC takes place
at higher deformation states than in the case of SFRC. Moreover, when L is reached, the
final unloading branch of SFRC will have been progressing for a while. Taking into account
the aforementioned characteristics, it can be stated that for limited deformation states, such
as those that correspond to SLS, SFRC might be more suitable than PFRC. On the contrary, if
ULS is considered, then the most suitable option would be PFRC.

1 S 1 1 I 1 1 1 1 1 I 1 1 1 1 1 1 I 1 1 I 1 1 [ 1 1

16 : LLGP L

14+

124

L i

—
=
1

Load (kN)

G L T T L] L] T T T T T T T T T T T T T T T ]
o 1 2 3 4 5 6 7 88 9 10 11 12
Crack opening or deflection (mm)

Figure 17. Schematic shape of the typical load-deflection curve obtained in a fracture test of PFRC compared with SFRC.
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In any case and in order to supply structural requirements to design engineers, some national
codes have offered several tests and guidelines. In 1992, the German Code [40, 45] proposed
a o-¢ relationship for the structural design of tunnel linings that use steel fibres in concrete.
In the last 15 years, many European countries, as well as Japan and the United States, have
published codes and guidelines that allow the practical design of structures by considering
fracture mechanics concepts aimed at taking into account the post-cracking residual strength
under tension stress. Responding to their own internal demands, Germany [46], Italy [41]
and Spain [12] have produced and even revised their codes and design guidelines. A com-
plete review of the European codes can be seen in [11, 48, 49]. A summary of the types of
tests and requirements can be seen in Table 2. At the time of writing, CEB-FIB Model Code
2010, MC2010 [50] is considered as a reference for newer revisions of Eurocode 2 and the
guidelines of various European nation-states. Model Code 2010 establishes a material clas-
sification based on the results obtained by the earlier mentioned three-point bending tests as
per EN 14651 [38] or [39, 51]. Model Code considers that the contribution of the fibres can be
considered in the structural design if the following conditions are met. The value of the load
at a crack mouth-opening displacement (CMOD) of 0.5 mm should be greater than 40% of the
peak load, and when a CMOD reaches 2.5 mm the value of the load should be at least 20% of
the peak load. Those values in terms of strength are known as f, and f,, at 0.5 and 2.5 mm of
CMOD, as can be better understood by consulting Figure 18. The first requirement is set for
avoiding brittle failures of the structure and the second one seeks to set a minimum contribu-
tion of the fibres to the ultimate failure of the concrete element.

Although in some cases the requirements set by the standards are based on load values, in
some others it is necessary to transform the load obtained from the fracture tests performed
into residual strength values. This task can be accomplished in accordance with EHE-08 [12]
and the Model Code [50] by Eq. (1) that transforms load values into strength, with L being the
distance between the supporting cylinders, £, the force registered by the load cell, b the width
of the sample and 1 the length of the ligament, is as follows:

fL
foj = %b 7 @

Sp

When comparing Figure 18 with Figures 14 and 17, the shapes of the curves are remarkably
different. The fracture curves obtained in the PFRC of material after reaching the minimum
post-peak load value (L,,,) are capable of sustaining higher loads and reaching a maximum
post-peak value (L,.,,). As previously mentioned, structural requirements are related to
the most representative residual strengths f,, and f,, at crack openings of 0.5 and 2.5 mm.
Consequently, the brittleness limitation stated by the strength value at f, might be of relative
significance when these regulations are used to assess the performance of PFRC. However,
the analysis of Table 3 reveals that an SCC and a VCC with 10 kg/m?® of fibres (VCC10 and
SCC10) met the aforementioned requirements. By contrast, when a VCC or an SCC with 6 or
4.5 kg/m® (VCC6, SCC6, VCC4.5 and SCC4.5) was studied, although it is clear that these mixes
did not fulfil the requirements, such mixes were able to avoid brittleness. The latter is shown
by the increment of the load that takes place in all mixes, after reaching L, . Regarding a
PFRC with 3 kg/m? of fibres (VCC4.5 and SCC3), although brittleness is avoided due to the
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Figure 18. Load-CMOD curve of a FRC as stated in [12] with structural requirements.

frop (MPa) fiy(MPa) % fiop frs (MPa) % frop
VCC3 4.81 0.93 19% 0.96 20%
SCC3 5.21 0.93 19% 1.15 22%
VCC4.5 4.74 1.06 22% 1.40 29%
SCC4.5 5.23 0.95 18% 1.25 24%
VCC6 441 1.57 36% 2.38 54%
SCC6 5.09 1.39 27% 2.03 40%
VCC10 4.21 1.98 47% 2.87 68%
SCC10 522 241 46% 3.87 74%

Table 3. Residual strength of concrete.

increment of load that the material can bear at f,, there is only a 10% improvement of the
strength between f, and f... A wider view and detailed results with additional tools to con-
sider fibre positioning as a function of the influencing parameters can be seen in Ref. [28].
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In organic chemistry, Alkenes, also known as olefins, are the unsaturated
hydrocarbons with the general formula of C H, that contains one or more carbon-
carbon double bonds in their chemical structures (RC=CR’). The presence of this
double bond allows alkenes to react in ways that alkanes cannot. Hence, alkenes
find many diverse applications in industry. These compounds are widely used as
initial materials in the synthesis of alcohols, plastics, lacquers, detergents, and fuels.
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