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25.1 Introduction and definitions

Numerous applications of catalysts in small-scale synthesis
and the industrial production of chemicals have been
described in this book. Now we discuss catalysis in detail,
focusing on commercial applications( Catalysts containing
d-block metals are of immense importance to the chemical
_industry: they provide cost-effective syntheses, and control .
the specificity of reactions that might otherwise give
mixed productQThc chemical industry (including fuels) is
“worth hundreds of billions of US dollars per yea:.*;lhg
search for new catalysts is one of the major driving forces
_Echind organometallic research, and the chemistry in

many parts of this chapter can be understood in terms.of _

lgg:rcaclion_lype_;;; introduced in Chapter 24. 'Current
research also includes the development of environmentally
friendly ‘green chemistry’, e.g. the use of supercritical
CO; (scCO;y, sec Section 9.13) as a medium for catalysis.t

\/A/ram!yst is a substance that alters the rate of a reaction
without appearing in any of the products of that reaction; it may
speed up or slow down a reaction. For a reversible reaction, a
catalyst alters the rate at which equilibrium is attained; it does
not alter the position of equilibrium.

* For an overview of the growth of catalysis in industry during the 20th
century, see: G.W. Parshall and R.E., Putscher (1986) J, Chem. Educ.,
vol. 63, p. 189, For insight into the size of 1he chemical markets in the
US and worldwide, see: W 1. Storck (2006) Chem. Eng. News, January 9
issue, p. 12; (2000) Chem. Eng. News, July 5 issue, p. 54.

* For example, see: W, Leitner (2002) Aee, Chem. Res., vol, 35, p. 746 -
*Supercritical carbon dioxide as a green reaction medium for catalysis’;
LP. Beletskaya and LM. Kustov (2010) Russ. Chem. Rev., vol. 79,
p- 441 - ‘Catalysis as an important tool of green chemistry’,

industrial prOC‘f::"‘SS‘eS

The term catalyst is often used 1o encompass both the
catalyst precursor and the catalytically active species. 5
“catalyst precursor is the substance added to the reaction,

“but it may undergo loss of a ligand such as CO or Ppy,

before it is available as the catalytically active species
" Although one tends to associate a catalyst with increasing
the rate of a reaction, a negative catalyst slows down 3

. reaction. Some reactions are intenally catalysed (autocare-

“Iysis) once the reaction is under way, e.g. in the reaction of
[C,04)% with [MnOy] ™, the Mn?>" ions formed catalyse the
forward reaction.

\/ﬁ an autocatalytic reaction, one of the products is able to
catalyse the reaction.

Catalysts fall into two categories, homogeneous and
heterogeneous, depending on their relationship to the
phase of the reaction in which they are involved.

A homogeneous catalyst is in the same phase as the
components of the reaction that it is catalysing.

heterogeneous catalyst is in a different phase from the
components of the reaction for which it is acting.

25.2 Catalysis: introductory concepts

Energy profiles for a reaction: catalysed versus
non-catalysed

A catalyst operates by allowing a reaction to follow 2
_dil‘fgrem pathway from that of the non—cdtal_yseiiir'eaclion-
If the activation barrier is lowered, then the_reactiod
proceeds more rapidly, Figure 25.1 illustrates this for 3
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Fig. 25.1 A schematic representation of the reaction profile of a
reaction without and with a catalyst. The pathway for the catalysed
reaction has two steps, and the first step is rate determining.

reaction that follows a single step when it is non-catalysed,
but a 2-step path when a catalyst is added. Each step in the
catalysed route has a characteristic Gibbs energy of activa-
tion, AG*, but the step that matters with respect to the rate of
reaction is that with the higher barricr. For the catalysed
pathway in Fig. 25.1, the first step is the rate-determining
step. (See Box 25.1 for the relevant equations for and rela-
tionship between E, and AG*.) Values of AG* for the
controlling steps in the catalysed and non-catalysed routes
are marked in Fig. 25.1. A crucial aspect of the catalysed
pathway is that it must not pass through an_energy
miﬁngg_!nnw than the energy of the products. Such a

‘minimum would be an ‘energy sink”, and would lead to

the pathway yielding different products from those desired,

Catalytic cycles
A catalysed reaction pathway is usually represented by a
catalytic cycle.

Catalysis: Introductary concepts 941

(e ] W\ I A i i
i GOX &5 !.[\,\;_“- ant Gilibe energy of sctivation | " {\H{‘ .\'a‘

e energy of activation, A o related to the rate comstant by

the cquabuon

r-AG
L ( 1l )
T :
where &' <= Baltzmann's constant, i Planck's constant,
In Section 26,2 we discuss activation parameters, including
AP und ASY and show how these can be determined from
an Eyrng plot (Fig, 26.2) which derives from the equation

above relating & to AG*.

A caralytic cycle consists of a series of stoichiometric reactions
(often reversible) that form a closed loop. The catalyst must be
regenerated so that it can participate in the cycle of reactions

meore than once.

For a catalytic cycle to be efficient, the intermediates
must be short-lived. The downside of this for under-
standing the mechanism is that short lifetimes make
studying a cycle difficult. Experimental probes are used
to investigate the kinetics of a catalytic process. isolate
or trap the intermediates, attempt to monitor intermediates
in solution, or devise systems that model individual steps
so that the product of the model-step represents an inter-
mediate in the cycle, In the latter, the ‘product’ can be
characterized by conventional techniques (c.g. NMR and
IR spectroscopies, X-ray diffraction, mass spectrometry).
For many cycles, however, the mechanisms are not
firmly established.

. -

These exercises review types of organometallic reactions
and the 18-electron rule.

1. What type of reaction is the following, and by what
mechanism does it occur?
Mn(CO)sMe + CO —= Mn(CO)¢(COMe)
[Ans. See eq. 24.40]

2. Which of the following compounds contain a 16-electron
metal centre: (a) Rh(PPhy),Cl: (b) HCo(CO),; (¢) Ni(n’-
CyHg)s: (d) Fe(CO)4(PPhy); (e) [Rh(CO);15]17?

[Ans. (a), (¢), (&)]

3. Write an equation to show B-hydrogen elimination from
L,,MCH;CH.:R. [Ans. See eq. 24.44]

Scanned with CamScanner



CHAPTER 25 & Catalysis andd some Indlustrial

042
|
(ML
N !
ul I l
1 ‘\\ 1
v ; _— ]
W N !
! d
\ |
|
“.l\‘ |
Wl
»
(‘Hlﬁ'm l FHCL e 2 .
——— o “l.\

Prsduct
Cl=—M—CHl

Fig. 25.2 Catalytic cycle for the Wacker process. For simplicity,
the alkene,

4. What is meant by ‘oxidative addition? Write an equation

for the oxidative addition of Hy o RhCI(PPhy)y.
[Ans, See eq. 24.34 and associated text]

5, What type of reaction is the following, and what, typi-
cally, is the mechanism for such reactions?
Mo(CO)s(THF) + PPhy —= Mo(CQ)4(PPhy) + THE

[Ans. See eq. 24,29 and nssociated text)

We now study one cycle in detail to illustrte the nota-
tions. Figure 25,2 shows a simplified catalytic cycle for
the Wacker process which converts ethene to acetaldehyde
(eq. 25.1). The process was developed in the 1950s and
although it is not of great industrial  significance
nowadays, it provides a well-studied example for close
examination,

.}'\H 1,!: calalyst

- CH,CHO (25.1)

« CHy=CH; + 10,

The feedstocks for the industrial process are highlighted
along with the final product in Fig. 25.2. The catalyst in
the Wacker process contains palladium; through most of

o on

we have ignored the role

PIOCEAES

oI, 1
I
» cl '
‘ CHy
‘.I_ -'f’i| =l ||
| o
(l
\
"\ -
1
ci cHon|*
cl— Pd—CH,
Cl
] =
£y
| ot Cl
o1 —pd =]
CHOH
Cl

Cl
of coordinated Hz0, which replaces Cl™ trans to

the cycle, the metal is present as PA(II) but is reduced to.
Pd(0) as CHyCHO is produced, We now work through the
cycle, considering each step in terms of the organometallic
reaction types discussed in Section 24.7.

. (The first step involves substitution by CH,=CH,_in_
[PACLy)*™ (eq. 25.2). At the top of Fig. 25.2, the arrow nota-
tion shows CH,=CH, entering the cycle and C1™ leaving.
Qllc Cl™ is then replaced by H,0, but we ignore this in
Fig. 25.2,

[PACL)*" + CHy=CH; — [PACly(n?-C,H,)]~ + CI7)
(25.2)

) ' [~ * ) sle ! e <

¢ E:: :t?::'*‘“:qp ‘uwolvt_:s nucleophilic attack by H,O with.
oss of H™. Recall that coordinated alkenes are susceptible
10 u'uc.lculjluhc ultucls'_}(sce eq. 24.86) l‘tn the third step

p-cl|11“||-w'm-' oceurs and_formation of the Pd—H bond

et oss of CLY i s folowed by attack by CT
-3 WO migration to give a - z

8o “l?}i:l"“lllﬂl ion of CH,CHO, H* Tlt’:.? lggdwft:;l f;l?c(t:lfji;

of Pd(I1) to Pd(0) occurs i 1
| S in the
going, Pd(0) is now l-i.‘-(idi‘lhk T i g

ed by Cu’t. (eq. 25.3). The.
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2CuClL] + 10, + 21C uC
CuCl, L “HCl = 2CuCl, + 201 4 H.O (25.4)
It the whole ¢yele in Fig, 35,2 is consid

ered with species “in’
halancad aganst species ‘our’ peeies

e ner reaction is reaction 25,1,
Choosing a catalyst

A madiunlis not usually catalysed by a unique species and a
_mT'ubcr \"'I cntena must be considered when choosing the
mast effective  catalyst, especially for a  commercial
_ process, Moreover, altering a catalyst in an industrial plant
already in operation may be costly (c.g. a new plant design
Jmay h:: required) and the change must be guaranteed 1o Ew:
financially viable. Apant from the changes in reaction condi-
tions that the use of a catalyst may bring about (e.g. pressure
and temperature), other factors that must be considered are:

& the concentration of catalyst required;

"‘;, the catalytic tumover:;

v® the sclectivity of the catalyst to the desired product;
‘# how often the catalyst needs renewing.

ﬂq:e caralytic rurnover number (TON) is the number of moles
of product per mole of catalyst. This number indicates the
number of catalytic cycles for a given process, e.g. after 2 h, the
TON was 2400.

\ The catalytic turnover frequency' (TOF) is the catalytic
turnover per unit time: the number of moles of product per
mole of catalyst per unit time, e.g. the TOF was 20min~'.

Defining the catalytic tumover number and frequency is
not without problems. For example, if there is more than
oone product, one should distinguish between values of the
total TON and TOF for all the catalytic products,) and
specific values for individual products, The term catalytic

tumover number is usually used for batch processes,

whereas catalytic tumover frequency is usually applied to
continuous pmcésscs (Mlow reactors).

~ Now we tum o the question of selectivity, and the con-
version of propene to an aldehyde provides a good
example. Equation 25.5 shows the four possih?e products
that may result from the reaction of propence with CO and

H, (hydroformylation; see also Section 25.5).

I
/\/J\o e N oH

COM, Aoisomet
A —X H
M,
\]Au — Y\OI!
{-isorner (25.5)

%243

Ihe following ratios are iinpartant

the med ratio ol the aldehydes (regioseleerivity of the
reaction).
« e aldehydealcobol ratio for a given chain (chemea-

sefectivity of the reaction).

The choice of catalyst can have a significant effect on these

ratios, For reaction 25.5, a cobalt carbonyl catalyst

(e.g. HCo(CO)y) gives =80% Cy-aldehyde, 10% C,-

alcohol and =10% other products, and an z1:i ratio =23 1.

For the same reaction, various rhodium catalysts with phos-

phane co-catalysts can give an #1:/ ratio of between 8: 1 and .
16:1, whereas ruthenium cluster catalysts show a high

chemoselectivity to aldehydes with the regioselectivity

depending on the choice of cluster, e.g. for Ru;(CO)yp,
n:i=2:1, and for [HRu;(CO),y]", n:i=74:1. Where

the hydroformylation catalyst involves a bisphosphane

ligand (e.g. Ph-PCH,CH,PPha. dppe). the ligand bite angle

(see structure 7.16) can significantly influence the product

distribution. For example. the n:i ratios in the hydroformyla-
tion of hex-1-ene catalysed by a Rh(I)-bisphosphane complex

‘are ~2.1. 12.1 and 66.5 as the bite angle of the bisphosphane

ligand increases along the series:’

Ph;P

Ph;Pj w> Ph,P

PhyP " Ph,P
Ph .

4
"y

P —

Bite angle: 8447 107 .6 1126

Although a diagram such as Fig. 25.2 shuws@ catalyst
being regencrated and_passing once more around the

“cycle, in practice, catalysts eventually become exhausted
or are poisoned, ¢.g. by impurities in the feedstock. )

25.3 Homogeneous catalysis: alkene
(olefin) and alkyne metathesis

In Section 24.12, we introduccd@!kcm- {olefin) metathesis,
i.e. metal-catalysed reactions in which C= C bonds are redis-

. lrihutthThc importance of alkene and alkyne metathesis

was recognized by the award of the 2005 Nobel Prize
in Chemistry to Yves Chauvin, Robert 1, Grubbs and
Richard R. Schrock “for the development of the metathesis
method in organic synthesis®. Examples of alkene metath-
esis are shown in Fig. 25.3. The Chauvin mechanism for
metal-catalysed alkene metathesis involves a metal alkyli-
dene species and a series of [2 4+ 2)-cycloadditions and

. For further discussion of the cffects of ligand bite angles on catalyst
efficiency and selectivity, sce: P. Dierkes and PW N, van Lecuwen
(1999 J. Chem. Soc., Dalton Trans., p. 1519,

el
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Fig. 25.3 Examples of alkene (olefin) metathesis reactions with their usual abbreviations.

cycloreversions (Fig. 25.4). Scheme 25.6 shows the
‘mechanism for alkyne metathesis which involves a high
oxldauon state metal alkylidyne complex, L,M=CR.

LM=—=R e -
+ e Pl e
R—==— R R - -
|
v
o+ |l
R' R'
(25.6)

Fig. 25.4 A catalytic cycle for ring-closure metathesis
(RCM) showing the Chauvin mechanism which involves [2 + 2]-
cycloadditions and cycloreversions,

dominant role in the

that have playcd a
g::qf’at;l:;:sof this area o_f chcmlstry are thosebc:,emgncd
by SchI:ock (e.g. catalysts 4 25.1 and 25.2) and Gml (; (c:;a-
lysts 25.3 and 25.4). Catalyst 2 25.3 is the traditional *Grubbs

catalyst’, and related complexes are also 1 » used. The 5669_1_13_-_

generauon catalyst 25.4 4 exhibits higher catalytic activities
in alkene meﬁathems _reactions. Catalysts 25.1-25.4 are
commercially available. There are around 15 modifications
of Grubbs’ catalysts which are opumlzcd for different
catalync roles. This includes the recent ‘third- gel‘lcra[;on

catalyst (see structure 24.68).
2 Ph

FiC

FyC 4(

'‘BuO OflurnM
'BuO\:._
/i!v =C—Bu  pe
'BuO FC
Schrock catalyst for Example of
ple of a Schrock-type
alkyne metathesis catalyst for alkene metathesis

. (25.2)

— Cl LIT)
TN -
° I P > | _\Ph
P(CgHyy)y
P(C
CeH )y = cyclohexy| sHi)s
(25.3) -
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Fig. 25.5 Initial steps in the mechanism of alkene metathesis involving first and second generation Grubbs’ catalysts. Two possibilitics for the

formation of the metallocyclobutane intermediates are shown,

(In Grubbs® catalysts, tricyclohexylphosphane is chosen in
preference to other PR; ligands because its steric hindrance
and strongly electron-donating properties lead to enhanced
catalytic activity. The first step in the mechanism of
alkene metathesis involving Grubbs® catalysts is the disso-
ciation of a P(C¢H,,); ligand to give a coordinatively unsa-
turated, 14-electron species (Fig. 25.5). The choice of the
phosphane ligand is__cfu:c—:i_'alnfc;_this in'i'ti_ation_ step: PR,
ligands that are less sterically demanding than P(CgH,,);
bind too strongly to Ru, whereas those that are more
bulky than P(C¢H,,); are too labile and a stable starting
complex is not formed. The activated complex now enters
the catalytic cycle by binding an alkene. This may coordi-
nate to the Ru centre either cis or trans to P(C¢H, )3 (first
generation catalyst) or the N-heterocyclic carbene ligand
(second generation catalyst). In keeping with the general
Chauvin mechanism, the next step involves formation of
metallocyclic intermediates (Fig. 25.5)."

A great advantage of Grubbs' catalysts is that they are
tolerant of a large range of functional groups, thus permit-
ting their widespread application. We highlight a laboratory
example that combines coordination chemistry with the use
of catalyst 25.3: the synthesis of a catenate,.

A catenand is a molecule containing two interlinked chains, A
catenate is a related molecule that contains a coordinated
metal ion.

! For elucidation of the mechanisms see, for example: R.H. Grubbs
(2004) Tetrahedron, vol. 60, p. 7117; D.R. Anderson, D.D. Hickstein,
D.J. O'Leary and R.H. Grubbs (2006) J. Am. Chem. Soc., vol, 128,
p. 8386; A.G. Wenzel and R.H. Grubbs (2006) J. Am. Chem. Soc.,
vol. 128, p. 16048,

@e complex [Cu(25.5),]*

Topologically, the chemical assembly of a catenand is non-
trivial because it requires one molecular chain to be
‘_!hreaded through another. Molecule 25.5 contains two term-.
inal alkene functionalities and_can also act as a bidentate
'[igand by using the N,N'-donor set.

D/_\O/_\

(25.5)

] i_§_§!19wp schematically at the
(@p of eq. 25.7. The tetrahedral Cu* cenire acts g5 a
template, fixing the po = CCnireé acts as a

‘_S_il_i_o_[_lsv_ of the two ligands with
[_h.e central phenanthroline units orthogonal to bﬁ?ﬁa
ng- closure of each separate ligand can be achieved by
Efll‘..'.’g [Cu(25.5),1" with Grubbs® catalyst, and the }é_éull
is the fon:mation of a catenate, shown schematically as the
p[o(_]_uf:l In eq. 25.7._[The relative orientations of the two_
coordinated ligands in (Cu(25.5),)* is important if compe..

_l!_‘_Wf: lrcatjlu_)ns '?_'?_t_‘f'ce_n different ligands are 1o be
mlmmlzq_q,) ————
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(25.7)

;-.Se!f-study exercise

[ ST R

Ligand L; reacts with Ru(DMSO),Cl; in MeCN to give
[l?.uLl(l’ﬂCPvchg]2+ Reaction of this complex with ligand
L,, followed by treatment with first generation Grubbs’
catalyst, results in the formation of a catenate. (a) Draw a
scheme for the reaction, paying attention to the coordination
environment and stereochemistry of the Ru centre. (b) What
type of alkene metathesis reaction is involved in the
last step? (¢) What complications can arise in this type of
reaction?

(o} o} o

AN AN NSNS

o

N\

(9]

7/ N_ ¢ \
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J. Am. Chem, §

Mobian et al. (206)3) 2

Mobian ef al. (2003) Helv. Cﬁfm
Acta, vol. 86, p. 4195)

[Ans; Sece P.
vol. 125, p. 2016; P.

?5 a HDTF””‘:‘J'“G:‘I: f.;E_,.-_'.;)‘“’: !‘.‘dUCtiOﬂ

of N. to NH

he fixation of nitrogen by bacteria involves
the reduction of Nz to NHa (eq. 25.8) '53‘311'"50‘1 by an
iron- and molybdenum- _containing  nitrogenase  (see
Section 29.4). In contrast to this natural process, the indus-
trial production of NHs (¢g. 25.9) requ:‘res harsh copdmom
and a heterogeneous catalyst (se¢ Section 25.8). Given the
massive scale on which NH; is manufactured, the conver-
to NH; using a homogencous catalyst under

In nature, t

sion of N»
ambient conditions is a goal that many chemists have tried
to achieve.
N, + 8H™ +8¢ = 2NH; + H; (25.8)
N, + 3H, = 2NH; (25.9)

Since nature depends on FeMo-nitrogenase, complexes
containing these meta]s are of pamcula_r interest in terms
of investigating NZ to NH; conversion. Comp]exes of type
25.6 have been a starting point for a number of studies invol-
ving intermediates such as 25.7 and 25.8. However, such
interconversions produce only moderate yields of NH;
when 25.8 is protonated.

H—H + r\ PR,
[' P-’;,‘ ‘|\ 11}2 ;R’?,"’FI o gz RZP-‘.-," ;. Le i
e —mMN
Cl Rz I 2 k/ PR;
(25.6) (25.7) (25.8)

‘Despite the large number of dinitrogen metal complexes
known, their use for the catalytic production of NH; has .
not been an easy target to achlcve In 2003, Schrock reported
the catalync reduction of N to NHz at a 1 single Mo centre,
carried out at room temperature and pressure. The reduction-
is selective (it does not give any N 2Hy). The catalyst is repre-
sented in Fig. 25.6a in the state in which N, is bound. The-
tripodal ligand [N(CH;CH;NR);] shov.n bound to the
Mo(IIl) centre is dem_gned to maxnmlze steric crowding
around the active metal site, creating a pocket in which
small -molecule (ransformatmns occur. The subsulﬁEﬁE:R
increase the _solubility of the complexes shown _in
Fig. 25.6b. Each step in the proposed catalytic CYCIe
involves either proton or ele.;tmn transfer. Of the intermedi-
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(a)

- Wiaps 5o 5 > ) i "
MOT-NEN— Mo""-N=N— Mo ‘N:NH——"'|M0“:N"Nﬂzl+—e-—MoV=N-NH;-—-{M"v:H—hH3}
;\ Jc‘- -NH3

.\':_/
Mol =
l“’
e v _ A= - i *
Mo -NH; -— [MO NH,] - Mc:a“"-NI»{2 e_ lMo‘-’—m{zr i MoY=NH -=— [Mo""‘:rﬂ{}

(b)

Fig. 25.6 (a) Dinitrogen bound to the single Mo(III) centre in the complex that is the starting point for the catalytic conversion of N; in NH;
at room temperature and pressure. (b) The proposed scheme in which six protons and six electrons generate two equivalents of NH; from one
equivalent of N3. The complex shown in part (a) is abbreviated to Mo™N,, and so on.

atrs shown, eight have been fully ¢ characlenzed In practice,
a heptanc solution of ‘the complex MomNz (deﬁned in Fig.
med with an excess of 2,6- dJmelhylpyndmlum
ion (25. 9) as the proton source and (r] -CsMes),Cr (25.10)

_as the electron source. Decamethylchromocene is a very
strong_reducing agent, undergoing 1-electron oxldauoﬁ"ta-
[(t] -CsMes),Cr] ™. The reagents ‘must be_added in a slow
and controlled manner. Under these conditions, the effi-

ciency of NH; formation from Nz is -.60%
N II
= Cr

T j Cb

(25.9) (25.10)

Although this example of the catalytic conversion of N2 to
NH; under ambient conditions in a well-defined molecular
system remains at the research stage, it establishes that
such conversions are possible.

' For further details, see: R.R. Schrock (2005) Ace. Chem. Res.,

vol. 38, 955, W.W, Weare et al, (2006) Proc. Nat. Acad. Sci., vol.
103, p. 17099: T. Kupfer and R.R. Schrock (2009) J. Am. Chem.
Soc., vol, 131, p. 12829; M.R. Reithofer, R.R. Schrock and P. Mller
(ZDIO}J' Am. Chem. Soc., vol. 132, p. 8349; T. Munisamy and R.R.
Schrock (2012) Dalton Trans., vol. 41, p. 130.

25.5 Homogeneous catalysis:
industrial applications

In this section, we describe selected homogeneous catalytic
processes that are of industrial importance. Many more
processes are applied in industry and detailed accounts
can be found in the suggested reading at the end of the
chapter. T Two 3dvzmtages of homogeneous over heteroge-
neous Ca!:ﬂ)SlS are the relatively mild conditions under

which many processes operate, and the selectivity that can

be e achieved. A disadvantage is the need 1o separate the cata-
Iyst at the end of a reaction in order to recycle it, e.g. in the

“hydroformylation process, volanle HCo(CO); can be

“removed by flash evapc}rauon,, The use of polymer supports
or r bi phasxc systems (Section 25.6) makes catalyst separation
casncr and the development of such ‘species is an activ carea
f current rescan:h]
“Throughout this Section,| lhe role of coordinatively unsa-_
mmted 16-electron species (see Section 24.7) and the
“ability of the metal centre to change coordination numbcr

(cssenllal requlremems of an active catalyst) should be
no oted.

Alkene hydrogenation

(The most widely used procedures for the hydrogenation of
alkenes nearly all employ heterogeneous catalysts, but for
ccnam specmllzed purposes, homogeneous catalysts are
uscd :\Ithough addmon of H; to a double bond is lherma-' )

dynamlcnlly favoured_(eq. 25.10), the kinetic barrier is
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high and a catalyst is required for the reaction to be carried
out at 4 viable rate without the need for high tzmperatures
and pressures.
CH,=CH, + H; — C;H; AG" =-101 kJ mol ™

(23.10)

Cl
PhsP Cl PPh;
| N A N A
Rh

Ph,P — Rh— PPhy Rh
VR W
H’lgp Cl PPI!B
PFPhs
(25.11) (25.12)

Wilkinson's catalyst (25.11) has been widely studied, and
i'n_ils presence alkenc hydrogenation can be carried out at
298K _ar_ld 1 bar H, pressure. The red, 16-electron Rh(I)
complex 25.11 can be prepared from RhCly and PPh,. and

is commonly_used in benzene/ethanol solution, in which .

it dissociates to some extent (equilibrium  25.11). A
solvent molecule (solv) fills the fourth site in RhCI(PPh;);
to give RhCI(PPh;);(solv). The 14-electron RhCI(PPh3)2
(or its solvated analogue) is the active catalyst for the
hydrogenation of alkenes. Dimerization of RhCI1(PPh3): to

PPh;

(164

Fig. 25.7 Caalytic cycle for the hydrogenation of

25.12 leads to 2 catalytically inactIve sgec[:s. and may
e = n _ o = alx
occur when the concentrations of H> an ene are low

(e.c. at the end of a batch process)-

[ = -4

RhCI(PPh;): = RhCI(PPhs)z + pph, K =14x10
(25.1m)

jtion of Hz 1© RhCI(PPhy); (left.

The cis-oxidative additl ;
hand side of Fig. 25.7) _\'u:I_ds;a C
1 6-electron species (€4: 25.12).
RhCI(PPhs); + H2 = RECI(H)2(PPhsl

ron
|4-¢lectron

The addition of an :1
probably the rate-determ!

oordinatively unsaturateq

(25.12)
16-clee
lkene (© RhCI(H);(PPhs), is
ning step of the catalytic cycle
shown in Fig. 25.7. The stereochemistry of mlﬂh_edn_]_
RhC][H);(Pphj):(r]:-nlkcnc) 15 such 1h;1{ the alkene_l_c,_q{
with respect 10 the two cis-hydrido ligands. 'li)’d_mgeq
migration then occurs 10 givg a o-bonded alkyl llgandf
followed by reductive elimination of an alk:_inc and ”-'E?'_‘-_

The process is summarized

eration of the active catalyst. ss is.
in Fig. 25.7, the role of the solvent being lgnor_eq. The
scheme shown should not be taken as being unique. For

example,"for some alkenes, experimenlal gl‘aga suggest that
RhCI(PPh;) (n’-alkene) is an intermediate} Other catalysts

RCH=CH; using Wilkinson’s catalyst, RhCI(PPh, ),
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VA
R

192
H

co

Fig. 25.8 Catalytic cycle for the hydrogenation of RCH=CH, using HRh(CO)(PPh;); as catalyst.

such as HRuCI(PPh;); and HRh(CO)(PPh;); (whlch loses
W_M 3 10 give an active 16 6-¢lectron complex) react with
alkcnc rather lhan Ha, in the first step in the catalytic
C}C]C Flgurc 7258 summarizes the route by which
_'HRh(CO}(PPhah catalyses lhc hydmg_cnauon of an
alkene. The rate-determining step is the oxidative addition.
of H; to the o-bonded alkyl complex.
/5ubstrale5 for hydrogenation catalysed by Wilkinson's
3 cala]yst include alkenes, dienes, allenes, terpenes, butadiene
" rubbcrs antibiotics, steroids and pmsmglandms)(S:gmﬁ-
can!l;,. cthene actually poisons its own conversion o
cethane, and catalytic hydrogenation using RhCI(PPhy)y
T ————
cannot_be applied in this case,/For effective catalysis, the.
v sm: ¢ of the alkene is important. Thr: rate of hydmgcnauon is
i) hmdcrcd d by sterically denmndmg alkenes (Table 25. I)J
V[any useful selective hydrogenations can be :lclnevcd .8
! rw:uc-n n 25. 13.

CH,0" Na* CH0"Na*

H;
() e
‘ A
MeO MeO

(25.13)

-5‘.;‘.""7-7

@iologically active compounds usually have at least
one asymmetric centre and dramatic differences in
the activities of different enantiomers of chiral drugs
arc commonly observed. thrc:ns one enantiomer

b;_}_@:}:_:l]lg_ or htghly toxic as was the case_ w;l_tl

—

Table 25.1 Rate constants for the hydrogenation of alkenes (at
298 K in C4Ha) in the presence of Wilkinson"s catalyst.’

Alkene k/x10"2dm’ mol~"s~!
Phenylethene (styrene) 93.0

Dodec-1-ene 343

Cyclohexene il6

Hex-1-ene 29.1

2-Methylpent-1-ene 26.6
1-Methylcyclohexene 0.6

! For furiher dain, see: F.H. Jandine, J.A. Osbom and G. Wilkinson (1967) J.
Chem. Soe. A, p. 1574,
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) o eats containing different oy
12070 754 Observed % ce of the product of the hydrogenation of CH; L*ll'l"!“'xl¥""“\1:‘ e RS i o
bisphosphanes. - |
s e A o Ty
Bisphosphane Phaf? .
H ™ -\ .' \
" 5 “-‘: A . | BT p
« 72 FPhy '~ \ /
i ) \\ -7 4
- P 1
Me 0~ l\-" P | PPt

H 0 :‘utl

(R.R)-DIPAMP
(R.R-DIOP (5.5)-BPPM

. ) - a0 (S
T ee (selective o (R QR

——

— I

Y g . — 25.13), which is used j
thahdonudc.' .*I.'Fjll'mrlt‘fl’h‘ .‘.'I'.'lfht'i'fi is therefore an the alanine Jenvanve l.-DUl'.’\ (-~ '- ), 1 ll‘_!‘.‘t_l_m_

< active field of rescarch. the trcatment of Parkinson’s lli~c.1sL:.“II|c :?nu-mﬂnmma.
tory drug Naproten (active in the (5)-form) is prepared by
“ . . .‘ - . = = . " ey », " . 'l;l 3
l Asymmetric symlrmis an enantioselective synthesis and its chiral resolution of b) .l\}lnmtlllk ]Il)tlrl .U'_l. tion '0—1? n‘
cfficiency can be judged from the emaatiomeric excess (ce): prochiral alkene (reaction 25.14); enantiopurity is essential,
since the (R)-enantiomer is a liver toxin,

IR -§]
LH =
Yo 00 = (!R*S]) ~ 100

where R and § = relative quanuties of R and § enantiomers. l
An enantiomencally pure compound has 100 enantiomenc F F

excess (100% ee). In asymmetric catalysis, the catalyst is "
chiral. HOC

PPy

If hydrogenation of an alkene can, in principle, lead to I

cnantiomeric products, then the alkene is prochiral NN
(sce end-of-chapter problem 25.6a). If the catalyst _is L-DOPA (S)-BINAP
achiral (as RhCI(PPh;); is), then the product of
hydrogenation of the prochiral alkene is a racemate: ig, (25.13) (25.14)
starting from a prochiral alkene, there is an equal chance
that the o-alkyl complex formed during the catalytic
cycle (Fig. 25.7) will be an R- or an S-cnmlinmc:__r;,.rif_ the
catalyst is chiral, it should favour the formation of one
"ot other of the R- or S-enantiomers, thereby making the CH,
hydrogenation enantioselective. (Asymmetric_hydrogena:
tions can be carried out by modifying Wilkinson's catalyst,
introducing a chiral phosphane or chiral bideﬁta_te__ I:ns H,
phosphane, e.g. (R.R)-DIOP (defined in Table 25.2). By Ru{(S)-BINAP)C, catalyst
varying the chiral catalyst, hydrogenation of a given
prochiral alkene proceeds with differing enantiomeric
selectivities as exemplified in Table 25.2) An early
wrumph  of the application of asymmetric alkene
hydrogenation to drug manufacture was the production of

Z N7

HaN

COH

MO

(5)-BINAP = (25.14)

* See, for example: E. Thall (1996) J. Chem. Educ.,vol. 73, p. 481 - (25 14)
“When drug molecules look in the mirror”; S.C. Stinson hu{'z:l 998) Chem, - .

Eng. News, 21 Sepl, issve, p. 83 - ‘Counting on chi dnggs': H.  *For further detai] _ S
Caner, E. Groner, L. Levy and L. Agranat (2004) Drug Durpw_ry 63,p. 2;_?2_. Ai’;l]i::uﬁ':f'& Knowles (1986) J. Chem. Educ.. V?L
Today. vol. 9, p. 105 - *Trends in the development of chiral drugs”. production of (-DOPA " Organometallic catalysis to the co mmercial
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Which of the following Tigands are chiral? For each chirpl
ligand, explain how the chirality arises,

I o~ ..“(‘
B g Py PhsP
\ "Bu

M
‘ @) (b)

>_\ thpﬁ —

PPh,

pphl

PhP PPh,

(c) (d)

[Ans. (a), (c), (d)]

Monsanto and Cativa acetic acid syntheses
The conversion of MeOH to MeCO,H (eq. 25.15) is carried

out on a huge industrial scale, and 60% of the world’s acetyls

are manufacturcd usmg the Monsanto and Cativa processes.
Currem]y. ~7 Mt per year of acetic acid are consumed world-
wide, with the formation of vinyl acetate (25.15) being the
most important commercial end use. Vinyl acetate is the
precursor to polyvinylacetate (PVA, 25.16).

(25.15) (25.16)

MeOH + CO — MeCO,H (25.15)

@cl‘ore 1970, acetic acid was manufactured by the BASF
process uu]_lzmg cobalt-based catalysts, and high tempera-
'lurcs _and preqsures_,Repl.lcemcnt of this procedure by the
Monsamo process brought advantages of milder conditions

and nd greater selectivity (Table 25. 3_)@ he Monsanto procesql

USes a rhodmm bach calalyel and lnvolves two interrelated

Homogenaous catalysis: industrial applications 951

citalytic cycles (Fig, 25.9 with M = Rh). In the left-hand
cycle in Fig, 25.9, MeOI is convented to Mel, which then
enters the right-hand cycle by oxidative addition 1o the cata-
lyst, efs-[Rh(C O)ly) ", which is a 16-¢lectron complex.,
This addition is the rate-determining step in the process, fl
is followed by methyl migration and Fig. 25.9 shows the
product of this step to be a S-coordinate, l6-clectron
species. However, it is more likely to be an | 4-clectron
complex, either dimer 25.17, or [Rh(CO)(COMe)ls(s01v))
where solv represents a solvent molecule. EXAFS studies
(see Box 25.2) in THF solution indicate a dimer is present

at 253K, but a solvated monomer at 273 K. The next step =

in the cycle in Fig. 25.9 is addition of CO (or replacement
of the solvent molecule in [Rh(CO)(COMe)I;(solv)]_by

CO) to ElVe an IS electron, octahedral complex which cllm- 4,

Inates MeCOI ThlS enters the left-hand cycle in Fig. 25. 9
and is converted to MeCO H,)

co S B
[r”" I “ulr”“ I‘ n\C
e (’T’\I e
i
0 I (a0]
(25.17)

The yields of products in any industrial manufacturing §f
process must be optimized. (One difficulty in the Monsanto :

25.16). Thc product easily loses CO, precipitating RM;«,J\

thereby removing the catalyst from the system (eq. 25. 7.

@peralmg under a pressure of CO prevents this last detri-

mental step and, as eq. 25.18 shows, reverses the effects

of reaction 25.16. Adding small amounts of H, prevems

oxldatlonn[ Rh(I) 1o Rh(IlI).

[Rh(CO),1;]” + 2H1 —= [Rh(CO),1,]” + H4 (25.16)

[Rh(CO),14)” — Rhly(s) +2CO + 1~ (25.17)

[Rh(CO);14)" + CO + H;0 — [Rh(CO),l;]”+ 2HI + CO,
(25.18)

(Between 1995 and 2000, BP Chemicals commercialized and

began to operate the Cativa process for the production of
acetic acid. (The catalyst is c¢is-[(In(CO),15]” in the prtscncc
“of a ruthenium-based promoter (e.g. Ru(COh[a) or an
\odlde promoter (a mulecular iodide, e.g. Inl,). Catalyst

Table 25.3 Comparison of conditions and selectivities of the BASF, Monsanto and Cativa processes for the manufacture of acetie acid

(eq. 25.15).
Conditions BASF
(Co-based catalyst)
Temperature /K 500
Pressure / bar 500-700
Selectivity / % 90

Monsanto Cativa

(Rh-based catalyst) (Ir-based catalyst)
453 453

5 2040

>99 >99

-4

process is the oxidation o?‘cu‘ [Rh(CO),15]~ by HI (eq. ‘tm o

-

y
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A
PRTRE

Fig. 25.9 The two interrelated catalytic cycles in the Monsanto (M = Rh) and Cativa (M = Ir) acetic acid manufacturing PEOCESAER-

l,
precursors include IrCl; and H,IrClg.(The catalytic cycle for
the Cativa process (Fig. 25.9 with M = Ir) is essentially the
same as for the Monsanto process. However, oxidative addi-

tion of Mel to cis-[I(CO)L,]” is faster than to_cis-

[Rh(CO),1;]7, and this step is not rate-determining in_the
Cativa process (compare discussion above for the Monsanto
process). The increased strength of the metal-ligand bonds
on going from Rh to Ir (see exercise below) results in the
rate-determining step being methyl migration.. The rate_of
this step can be increased by the addition of an I” abstractor,
and this results in methyl migration occurring in the 5-coordi-
nate [I(CO),1;Me] _rather than in the 6-coordinate

(I5CO)1,Me] )

On going from Rh to Ir, metal-ligand bonding becomes
stronger. Explain how the following data provide evidence
for this.

“./A second advantage is that CO,

veo | em”
cis-[Rh(CO);1,]" 2059 1988
cis{INCOY 1) 2046 1968
cis fac-[Rh(CO);1yMe]” 2104 2060
cis fac-{Ir(CO)31;Me]” 2098 2045

**(An important advantage of the Cativa over Monsanto
prb_ccss is the fact that precipitation of IrCly does not

process,)The final

occur as readily as precipitation of RhCl; (see eq. 25.17))
emissions are ~30%
Jower in the Cativa than in the Monsanto process, The simi- 4
larities between the two routes (Fig. 25.9) means that acetic
acid manufacturing plants built to operate the Monsanto
process can be retrofitted so as to switch production to the
“more advantageous Cativa process.

Tennessee-Eastman acetic anhydride process

The Tennessee—Eastman acetic anhydride process converts
methyl acetate to acetic anhydride (eq. 25.19) and has
been in commercial use since 1983.

MeCO;Me + CO — (MeCO),0 v~ (25.9)
,

Ut closely resembles the Monsanto process but uses
MeCO,Me in place of MeOH. cis-[Rh(CO),1,]” remains
the catalyst and the oxidative addition of Mel to cis-
[RR(CO),L,|” is still the rate-dctennininé step. One
pathway can be described by 'é&éﬁiiﬁ’g’”‘ifig."ias.ﬁi with M =
Rh, replacing:

e MeOH by MeCO,Me;

® HJO b)’ MECO;H:

® MeCO,H by (MeCO),0,

Ho\l.vcver,@ second_pathway (Fig. 25.10) in which Lil
replaces HI is extremely important for efficiency of the
acetyl ‘iodide and product is formed by the reaction of.
iodides_do n [n"'!.“h'“m- ?‘CQF?‘E;"._O‘hCT alkali_mets
- Nul- : ot tunction as well as Lil; e.g.-i‘t‘:placil'lg Lil
by Nal ﬁows_lh_cd[tz_qpliun by a factor of a2 5) o
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| I
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‘Ph
‘ 1 | o
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O

S 290 Couivie oyrie for te Tommivee-Eastmum acetic anbydnide precess.,

mdeece 1o Fap. 25,10, cxplain wha 1s meant by the
e “ooaednutsvely unsturxied”,

LW

2 Whur Spures of (KOO0, 1] allow 210 act 25 20 active
catabyw?
3 ks Fag. 2530, whch sicp 1 2n onidative addstion?
{ Aerwerr Prdor 10 the discunsion of the Monsanto
process, and Section 24.7]

Hydroformylation (Oxo-process)

merijm fer the Ouo-process) is the comveriion

o dliemes 1 dﬂr.-hujn treaction 25.20). It is catalysed by
?’ﬁ”?’_ﬂ'm!m since World War 1L

H
0. ¥ /l\/n

Y -J
|
0O

br e tars ) ST )

£{23.20)

lacaw ' wmaT;

thhdm;m&cmwbtmpknd Under

S comdms of e peaction (370-470K. 100400 ba),

/Co-fCO!, reacts with H; to give HCo(CO),. The latter is
“usually represented in caulmc cycles as the precursor

10 the coordinatively umsaturated (1c. active) species
HCo(COY ) As eg 2520 shows, hydroformylation can
gencraie a mivture of linear and branched aldehydes, and
the catalytic cycle in Fag. 2511 accounts for both products,,
/Al steps (except for the final release of the aldchyde) are
reveruhle ,To merpret the t...lul)lu cycle, start wath

HCo CO), 2t the «
1 the b step, this 1 followed by CO addition and
accomgpanying H migranon and formation of a 2-bonded
aliy! group. At this point, the cycle splits into two routes

gk-prmjmg on which C atom s mvolved in Co-C bond
formanon The two pathwavs are shown as the inner and
“outer cycles i Fig 28 11y An cach. the next step s alk}l A
mpan!ulkmcd by oudative addition of H, and the |
Tamder of one H stom W the alkyl ETOup o give

ehimnation of the aldehyde, The nner cycle climinates a

lmru aldehyde, while the outer Cycle produces a branched '

iscemet )‘Tuu maps (omplication in the process are the
deﬂ,.!mmn of aldchydes 10 akohols, and alkene -
somenization (which v alwo catalysed by HC OO
“The first of these problemi (see ey 29 9) can he vontrolled
by wang H: CO ratios greater than 11 teg 150 The
momernzanon problem (regioselectivity ) can be addressed
by wung other catalysts (see below) or can be tumed 10
advantape by purposcly prepanng mintures of isomers
for scparstion st a later stage. Scheme 25 21 illustrates the
divtribation of products foamed when oct- | ¢pe undergoes

of Fig. 28.11, ‘Addinon of the alkene .,

lu_.tr

-
—

W

4 J-‘-f'

£l
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Fig. 25.11 Competitive catalytic cycles in the hydroformylation of alkenes to give linear (inner cycle) and branched (outer cycle) aldehydes.

hydroformylation at 423 K, 200 bar, and witha 1:1 H,:CO

Table 25.4 Rate constants for the hydroformylation of selected
alkenes at 383K in the presence of the active catalytic specics

ratio.
HCo(CO),.
NN TN
CHO
o Alkene klx10"%s7!
Hex-1-ene 110
/\NY Hex-2-ene
CHO 30
NN — % Cyclohexene i
CHO Oct-1-ene 109
Oct-2-ene 3
2% 2-Methylpent-2-ene p
v rate of hydrof
&% ydrolomylation affected by sterd )
h R ariccied st “ - , as
(25.21) G?Il‘mmtcd by the data in Table 25_}(4 ELie constraints, 3

Just as we saw that the rate of hydrogenation was hindered
by sterically demanding alkenes (Table 25,1), so too is the

. (Other h}?ﬁifonny]mion catal
industrially are} ICo(CO),
must 105¢“CO 16 become

¥t precursors that are used _
=) (Which, like HCo(CO)s,
_Loordinatively unsaturated)
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Table 25,5 A comparison of the operating conditinns

catalysis. The formulae given we for the cotalvet precursors,

HCoC0),
Temperature /K A10-450
Pressure / bar 250-300
Repioselectvity n:i ratio =3
ee oy 25.8)
Chemoselectivity (aldehyde High

predominating over alcohol)

and HRh(CO)(PPhy); (which loses PPh; to give the
‘atal\'ncal!\' active HRh(CO)(PPh,),). Data i in Table 25.5
compare the operating conditions for, and selectivities of,
these catalysts with those of HCo(CO),. The Rh(I) catalyst
is particularly selective towards aldchyde formauun and
“under certain conditions the n:i ratio is as high as 20: 1

‘An excess of Pﬁh 3 prevents rcact_lpns 25 22 whwh occur

in the W CO. The products of reactions 25.22 are _
also hydrofonnylauon calalysls. but lack the selectivity of
HRh(CO)(PPhs),. The parent phosphane complex,

}{Rh(PPEJ 3, 1s_inactive towards hydrofurmylanon and

uhﬂc RhCI(PPhﬂ; is actwc CI acts as an mh:bnoJ

HRh(CO)(PPh;); + CO = HRh(CO),(PPh;) + PPh,
HRh(CO),(PPh;) + CO = HRh(CO); + PPh,

(25.22)

1. Interpret the data in eq. 25.21 into a form that gives an n:i
ratio for the reaction. [Ans, =1.9:1]

2. Draw out a catalytic cycle for the conversion of pent-1-
ene 1o hexanal using HRh(CO)y as the catalyst precursor.
[Ans, See inner cycle in Fig, 25.11, replacing Co by Rh]

Alkene oligomerization

'\/Thc Shell Higher Olefins Process (SHOP) uses a nickel-
based catalyst to oligomerize ethene. The process is
d“'sml 0'be ﬂmhlc s0 that pmducl distributions meel
consumer mer demand.)The process is complex, but Fig. 25.12
gives a blmpllﬁcd catalytic cycle and indicates the form in

Homogeneous catalyst development 955
for and selectivities of three commercial hydroformylation
HCO(CO) (PIuy) HIRI(CON PPy )y
450 100190
50-100 10
Rl 101
Low High
P 4 H
| cH,
L —Ni =—]||
| on,
X H=—CH,

CH,

L—Ni <—||
| o
X

w CH,
L—Ni -‘l—”
\b/ | cn,
X

\

CH, ==CH,
Fig. 25,12 Simplified catalytic cycle illustrating the oligomerization

of ethene using a nickel-based catalyst; L = phosphane,
X = electronegative group.

oceurs, an alkene that contains a longer carbon chain than
the ﬁlamng alkene is produccd)

e

25.6 Homogeneous catalyst development

The development of new catalysts is an important research

~ topic, and in this section we briefly introduce some areas

of current interest.

Polymer-supported catalysts

which the nickel catalyst probably oper: nluf/\llu.m addition |. @_l.u.hinh homogencous metal catalysts to polymer supports:

is ' followed by hydrogen (first step) or .nlhyl {llllt-r ‘-WP‘-’

mlgmlmn and formation of a a-bonded .llkyl L.,mup s 2.

Teaves 1 s @ coordinatively unsaturated ‘metal centre (hal can

agam undt.rgo .xlkcm. .uddmmJ{l[ (-hydride elimination 1.
T —,———-

retains the advantages of mild operating conditions and
selectivity usually found for conventional huumbeneuus
|:1t.t|:. sts, while aiming to overcome the difficulties of f cata- |

lyst \Lp.ir.lllnlau\);m of support include [\(Jj'mg‘mﬂ!h'ﬂ
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high degree of crossclinking and with large wirface arcan,
and microporns polvmers (low degree of Crosdinking )
Which swell when they are placed i solvents A common
methoad of attaching the catalyst o the polymer is 1o function.
ahze the polymer with a ligand that can then be used to
coordinate o, and hence bind, the catalytie metal centre.
Equation 25.23 gives a schematic representation of the use
of a chlonnated polviner o produce phosphane groups
suppoited on the polymer surface. Scheme 25,24 illustrates
application of the phosphane-functionalized surface to
attach a Rh(l) catalyst. This system catalyses the carbonyla-
tion of McOH in the presence of a Mel promoter, and there-
fore has relevance to the Monsanto process (Fig. 25.9).

a PPh,
—ic (25.23)
-LiC1
SAAnAnAe AV
a
OC\ Y
Rh
PPh, PPh, Ph;p” N\ Phy
Rh(PPh:):(CO)C1
—————————
-2PPhy
AR “"‘NVWVW\-I'U\MMN
(25.24)

@llcrnalively. some qu_ymers can bind the catalyst directly,
¢.g. poly-2-vinylpyridine (made from monomer 25.18) is
suitable for application in the preparation of hydroformyla-

tion Eﬂalfﬁi (eq. 25.25). )

N
SN
l =
(25.18)
S S
=N I NI
+ HCo(CO); == H Co(CO),

(zs.st

(Hydmfonny_l_alim_] catalysts can also be made by antaching
the cobalt or rhodium carbonyl residues to a phosphane-
functionalized surface through phosphane-for-carbonyl
subS!i'tu—lip_n'j The chemo- and "rggiﬂos__c_ngtigi_ti_c_:s_ observed

selective for the hydrogena
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for the supporte d homogeneous ('I“I}.:._h. .Im: l}'piﬂ“
quite different from those of their “‘!“'.”!'llt-fll‘! anal;.gu“
While much progress has been i e in this area, TC"’Chint_
of the metal into solution (whsch F‘”'L‘“ defeats the advan.
tages gained with regard to calai*»f scparation) jy ;

comimon prn?!!:"m

Biphasic catalysis

Biphasic catalysis addresses the problem of catalyst “epara-
fion. One strategy uses a water-soluble catalyst. Thn__i“n
retained in an aqueous layer that 1s immiscible with_the ~
organic medium in which the reaction takcls place. lr_ltimg_c-
contact between the two solutions is achieved during the
catalytic reaction. after which the two liquids are alloweg
to Sv.:tl[c and the catalyst-containing layer scparated_‘[_n,;
decantation. Many homogeneous catalysts are hydrophobic
and 5o it is necessary to introduce ligands that will bind jp.

the metal but that carry hydrophilic substituents. Among

ligands that have met with success is 25.19: €.g. the reaction
of an excess of 25.19 with {Rh:(nbd:);(p-ClJ:_! (25.20) gives
a species, probably [RhC1(25.19);] . which ;:atal}'_sgg__r_j_)_e__‘
hydroformylation of hex-l-ene to aldehydes (at 40bar,

'360K) in 90% yield with an n:7 ratio of 4:1. An excess

of the ligand in the aqueous phase stabilizes the catalyg
and increases the n:i ratio 10 =10:1.

PPh; a XN
( LT

;'Mtj \ a =
(25.19) (25.20)

Much work has been carried 4 out with the P-donor ligand
25.21 which can be introduced into a variety of organome-

tallic_complexes by carbonyl or alkenc_aﬁﬁaccmcm.

For example, the Water-soluble complex HRh(CO)(25.21),
i_s_a_h_\;t_imfonnylaiig_n \_catalyst precursor. Conversion of
hex-1-ene to heptanal proceeds with 93% selectivity for
the n-isomer. a higher selectivity than is shown by
HRh(CO){PPh,]; under conventional homo '

Iytic conditi A f n i e
ndiuons. A range of alkene hydrogenations are cata-
lysed by RhCI(25.21), an larly efficient and_

d_it is panicularly efficient and _

nation of hex-1-ene,
505" Na*

e¥e!

Na* 0,8

SOy Na*

(25.21)
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(25.22)

Biphasic asymmetric hydrogenation has also been devel-
oped using water-soluble chiral bisphosphanes such as
125,22 _coordinated to Rh(I). With PhCH=C(CO,H)(NH-
C(O)Me) as substrate, hydrogenation takes place with
87% ce.\and similar success has been achieved for related
systems.

(& second approach to biphasic catalysis uses a fluorous

(i.e. _pcrﬂuoroalkanc) phasc instead of an aq_eous phasc

perfluoroalkanes used in fluorous biphasic calalyéls and
the low-boiling ( CFCS that have been phased out under the
Momreal Protocol (see Box 14. 6). The pnnmple of huorous
biphasic catalysm is summarized in scheme 25.26.

~«—+—— Reactants in organic phase
e
——

~t+—— Catalyst in fluorous phase

A —

Catalysed reaction occurs
in single-phase solution

W e e

cool

;‘--___._,____._--‘;

~¢-}—— Products in organic phase
ﬂ—_-__-‘

I‘"‘-—_——-——F’

= Catalyst recavered in fluorous phase

T

(25.26)

us snlvcnh are |m:n|sc1hlc

Al At room temperature, most lluuro
3 r.llure

Wﬂh_qlher organic mlvmls hul an increase Cin |cmpc
,)’pxcally rendcr:. lhl: solvents miscible, The_reactants | ore

957

Homogeneous catalyst development

itinlly dissolved in o non-fuorinated, organic solvent

and the catalyst 15 present in the fluorous phase. Raising

the temperature of (the systern creates a single phase in

which the Uifl-'llyq.ml reaction ocours, O w‘“"“ﬂf{. the

solvents, along with the products and catalyst. scparate,

C"“"'Y‘n[.‘& with suitable solubility properties can be designed

by incorporating fluorophilic substituents suth as CiFyy or

CyFpq. For example, the hydroformylation catalyst

HRh(CO)(PPh,), has been adapted for use in fluorous

media by using the phosphane ligand 25.23 in place of

PPh;. Introducing fluorinated substituents alters the elec-

tronic properties of the ligand. If the metal centre in the cata-

lyst “feels’ this change, its catalytic properties are likely to
be affected. Placing a spacer between the metal and the
fluorinated substituent can minimize these effects. Thus,

in phusphanc [igand 25.24 (which is a derivative of PPh;),

f:ffecls of lhe the electronegative F atoms, AILhough the use of
the bnphasnc system_allows the catalyst lo be recovered

and recycled, leaching of the Rh into the non _ﬂuorou_s g
phase occurs over a number of catalytic cycles.

1 C o CF,
H, Fa Fa F;
]
(25.23)
P
Fa Fy

(25.24)

@llhough the biphasic catalysts described above appear
analogous to_those | discussed in Section 25.5, it does not
follow that thc mcchamsms s by which the caulysu operate

for a given n:d(.llon are similar,)

1. Give an example of how PPh; can be converted into a
hydrophilic catalyst.

2. The ligand (L):

SOy~ Na*

Ph;P PPhy

PPhy

forms the complex [Rh(CO)L]", which catalyses the
hydmgcnalim of styrene in a water/heptane system.
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LN TN

[HQR\IA"IS-ChH 5]4.]2‘ [k il Ru-l( n*-Cﬁl Ié]-l]p

(c)

(a) ®)

2+, H.Ru, core of
e Fig. 25.13 (a) Catalytic cycle for the hydrogenation of fumaric acid by [He(n’-CeHs)sRua|"": (b) HsRus

. _ray diffraction [G. Meister ef al. (1994) J,
[Hy(n°-CeHg)aRua]**; and (c) HyRu, core of [H(n®-CeH JsRug]**, both df""},“'"“d bYRx l;;z rrl'la)’ contain an H; ligand and four
Chem. Soc., Dalton Trans., p. 3215). '"H NMR spectroscopic data suggest that [Hg(n®-CsHs)sRusl”

hydrido ligands. Colour code in (b) and (c): Ru, red; H, white.

Suggest how L coordinates to the Rh centre. Explainhow A _Er_rlmiSiﬂg_d%!cmpmem -m-;ff' MZ‘ 28 _r_.h:h_u s_e_gf_cf.:_r_agf;_&__
the catalysed reaction would be carried out, and comment clusters. [l'l_ig_ﬂ_ ;(?g.HshE“e]'_ cat )_(.r,_g;_s _ch_rcc_q_c_@n_g‘_h
on the advantages of the biphasic system over using a  fumaric acid, the reaction being selective to the C=C hond

single solvent. and leaving the carboxylic acid units intact (Fig. 25.13).
[Ans. See C. Bianchini et al. (1995) Organomerallics, ~~ Despite the large of amount of work that has been carried

vol. 14, p. 5458)  outin the _ilfeiaﬁd}h_c wide range of examples now known,
it would appear that there are no industrial applications of
molecular cluster catalysts.

d-Block organometallic clusters as homogeneous
catalysts 25.7 Heterogeneous catalysis: surfaces and

Over the past 40 years, much effort has been put into Interactions with adsorbates
investigating the use of d-block organometallic clusters as i i 1 SR T -
homogeneous catalysts, and eqs. 25.27-25.29 give examples hetero e{: 80:.7 ey dc; b{ Ic P;occ.sscs invo l:
of small-scale catalytic reactions. Note that in reaction 25.27, £ exampél',es /C(md_t.a ysis and Ta tl:l 251:l iwesls;le;j!h
insertion of CO is into the O—H bond. In contrast, in the . - =onditions are generally harsh, wi high
Monsanto process using [Rh(CO),1,] ~ catalyst, CO insertion ~y ¢ Peratures_ ﬂ_nd pressures, Before describing §peC1ﬁc
is into the C—OH bond (eq. 25.15). industrial applications, we introduce some terminology
_ and discuss the properties of metal surfaces and zeolites
MeOH + CO — e __ e0CHO (25.27) that render them useful as heterogeneous catalysts.
400bar, 470K 905 selectivity We shall mainly be concerned with reactions of gases
over heterogeneous Catalysts. Molecules of reactants art_
adsorbed on to the catalyst surface, undergo reaction and_

= O (25.28) e products are desorbed. {nteraction between the adsortel

30 bar Hy; 420K ipecies. and surface atoms may be of two types: physi
g sorption or c_he_mxsorplim
a3 kﬂl‘mr;;!:im irr;\rolves weak van der Waals intmcliom- |
en surtace and the adsorh
;  surf ate,
/\/ m’-CP)aFn( CO), Vg‘"’"’"”"” il o rom{ion 3 ek
i i BNV tween surface atoms ang the adsorbed speci
i pecies.
+ other isomers

B4% .\Cltcti\'i.fy CIea\'Iﬂ . ——— e = :
(25:29)  'of a diatomic moleeric - Xeing them. The dissociai”
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Tab|e 255 E.‘Eallllﬂv.\ of industrial Processes that use h'-"“"‘l'."llt‘i'lli'q L'ill#lly‘.l'i

Industrial manufacturing process

NH, synthesis (Haber process )’
\Water-gas shift reaction’
Catalytic cracking of heavy petroleum distillates

Catalytic reforming of hydrocarbons to improve octane
number”*

Methanation (CO — CO, —= CH,)
Ethene epoxidation

HNO; manufacture (Haber-Bosch process)***

Catalyst system

Fe on Si0; and Al,0, support
Ni, iron oxides
Zeolites (see Section 25.8)

Pt, Pt-Ir and other Pt-group metals on acidic alumina support

Ni on support
Ag on support

Pt-Rh gauzes

! See Section 15.5.

* See egs. 10.13 and 10.14.

** The octane number is increased by increasing the ratio of branched
scale assigns 0 to n-heptane and 100 to 2,2 4-trimethylpentane,

*** See Section 15.9.

represented schematically in eq. 25.30. Bond formation does
not have to be with a single metal atom as we illustrate later.
Bonds in molecules, e, g C—-H, N-H, are similarly acti-
vated.

H—H

H H
|

(25.30)
—M—M—M— —M—M—M—

The balance between the contributing bond energies is a

factor in determining whether or nog__g_p_articul:ir metal

will facilitate bond fission in_the adsorbate. However,_if
metal-adsorbate bonds are especially strong, it becomes _
energetically less favourable for the adsorbed species to

leave the surface, and this blocks adsorption sites, reducin

catalytic activity,)
(The adsorption of CO on metal surfaces has been thor-

oughly investigated. é__rmlgggg_cgn_b_e drawn between the
interactions of CO with _metal atoms on a surface and _

mmeta]hc complexes (see Section 24.2), i.e.
both terminal and bridging _modes of attachment are

possible, and IR spectroscopy can be used to study adsorbed

CU'Upon interaction with a surface metal atom, the C=O
bond is weakened in much the same way as shown in
Fig. 24.1. The extent of weakening _depends not only on
the mode of interaction with the surface but also on the

surface coverage. In studies of the adsorguon of CO on a

Pd(11 IIl"_(;urface it is found that the enthalpy of ads_rpuon
of CO becomes less negative as more of the surface is

covered wnh adsorbcd molecules ‘An abrupt decreasc > in_
~the amount of heat evolved pe per _mole of adsorbate_is
-_'_-l-_____'___.._

e S —

""The notations (1 11), (110), (101).,

, are Miller indices and define the
crystal planes in the metal lattice.

or aromatic hydrocarbons to straight-chain hydrocarbons. The 0-100 octane number

At this pmm mgmﬁcam reorgamzanon of lhe adsorbed
molecules is needed to accor_nmodale still m ore Cha.nges
in the mode of attachment of CO molecules to the surface _
alter the strcneth of the C—O bond and the extent to
which the molecule is aclwaled

Diagrams of hcp, fcc or bet metal fattices such as we
showed in Fig. 6.2 imply ‘flat’ metal surfaces. In practice,
a surface contains imperfections such as those illustrated
in Fig. 25.14. The kinks on a metal surface are extremely
important for catalytic activity, and their presence increases
the rate of catalysis. In a close-packed lattice, sections of _
‘ﬂat surface contain M; triangles (25.25), while a_step
possesses a_ l_lge__qf_ M, ‘butterflies’ (see Table 24.5), one
of which is shown in blue in structure 25.26. Both can
accommodate adsorbed species in siles_gfw
mimicked by discrete metal clusters. This has led to the
m:'facé analogy (see Section 25.9).

(25.25)

(25.26) )

Q‘he design of metal catalysts has to take into account not
only the available surface but also the fact that the catalyti- .
cally active platinum-group_metals (see Section 2% 2).are_
rare and expensive. There can also be the _problem_that.
extended exposure to_ the metal surface_may result in side_
reactions. In many commercial catalysts, including motor
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In much of this book, we have been concerned with studying
species that are soluble and subjected to solution lechniques
(see Chapter 4) such as NMR and electronic spectroscopy, or
with structural data obtained from X-ray or neutron diffraction
studies of single crystals or electron diffraction studies of gases.
The investigation of solid surfaces requires specialist techni-
ques, many of which have been developed relatively recently.
Selected examples are listed in the table below.,

For further details of solid state techniques, see:

J. Evans (1997) Chem. Soc. Rev., vol. 26, p. 11 —“Shining light
on metal catalysts’,

J. Evans (2006) Phys. Chem. Chem. Phys., vol. 8, p. 3045 -
‘Brilliant opportunities across the spectrum’.

G.A. Somorjai and Y. Li (2010) Introduction to Surface Chem-
istry and Catalysis, 2nd edn, Wiley, New Jersey.

AR. West (1999) Basic Solid State Chemistry, 2nd edn,
Wiley, Chichester.

Box 25.2 Some experimental techniques used in

n——

CHAPTER 25 e« Catalysis and some industrial processes

- ——

i

surface science

A false colour image obtained using scanning tunnelling

microscopy (STM) of iron atoms arranged in an oval on a

corrugated copper surface.

Acronym Technique Application and description of technique
AES Auger electron spectroscopy Study of surface composition
EXAFS Extended X-ray absorption fine structure Fstimation of internuclear distances around a central atom
FTIR Fourier transform infrared spectroscopy Study of adsorbed species
HREELS High-resolution electron energy Study of adsorbed species
loss spectroscopy
LEED Low-energy electron diffraction Study of structural features of the surface and of adsorbed
: species
SIMS Secondary ion mass spectrometry Study of surface composition
STM Scanning tunnelling microscopy Obtaining images of a surface and adsorbed species at an
atomic level
XANES X-ray absorption near edge spectroscopy Study of oxidation states of surface atoms
XRD X-ray diffraction Investigation of phases and particle sizes
XPS (ESCA) X-ray photoelectron spectroscopy (electron  Study of surface composition and oxidation states of surface

spectroscopy for chemical analysis)

atoms

vehicle catalytic converters, small metal particles (e.g.
1600 pm in diameter) are dispersed on a support such as
v-alumina (activated alumina, see Section 13.7) which has

e —— " -
a large surface area. Using a support of this type means
that a high percentage of the metal atoms are available for_

AR A

catalysis. In some cases, the support itself may beneficially

modify the properties of the catalyst. For example,@@gd_rg_—_
“carbon_reforming (Table 25.6), the metal and support
operate together:

_/ the platinum-group metal catalyses the conversion of an
alkane to alkene;

e isomerization of the alkene is facilitated by the acidic
alumina surface;

) Ehe plafinum-group metal catalyses the conversion of the
1somerized alkene to an alkane which is more highly
branched than the starting hydrocarbon.)

,:;s v.:ell as havind roles as supports for metals, silica and
umina are used direct] solix, caialysts. A
,niéieLgpp_lipﬂt_iqﬂjsﬂflié;?:lii?!ﬁ%ff—ﬁ::%ﬁ
leum distillates. Very fine powders of gilicga;”;ha'{.fmnﬁni-
possess 2 huge surface area of ~900m? g=!. [ arge sudface
*_:_fzeﬁ_ A a _]SPYQI_‘OPGIW.. of zeqlhehcéfﬂligt& (see SéEEi;;—

s 1De selectivity of which can be tued by. vacsins
the sizes, shapes and Bronsted acidity of their coulies and

channels) We  discu : -
Sectior 25.8, W, these properties more fully 10
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@ represents a metal atom

Fig. 25. 14 A schematic representation of typical features of a metal
surface. [Based on a figure trom Encyclopedia of Inorgunic
Chemisiry (1994). ed. R.B. King. vol. 3, p. 1359, Wiley,

Chichester.]

25.8 Heterogeneous catalysis: commerciai
applications

In this section, we describe selected commercial applica-
tions of heterogeneous catalysts. The examples have been
chosen to illustrate a range of catalyst types, as well as the
development of motor vehicle catalytic converters.

Alkene polymerization: Ziegler-Natta catalysis
and metallocene catalysts

The 1963 the Nobel Prize in Chemistry was awarded to Karl
Ziegler and Giulio Natta ‘for their discoveries in the field
of the chemistry and technology of high polymers’. The
polymerization of alkenes by heterogeneous Ziegler—Natta
catalysis is of vast importance to the polymer industry.@n
1953, Ziegler discovered that, in the presence of certain

Watalysts ethene was polymerized to high-
molecular-mass _;_}_olye!hene at relatively low pressures. ]Jﬂ
1954, Natta showed that polymers formed using these cata-
lyt:cmhllions were ster eoregnfm @hen a _tenmnal
~alkene, RCH= CH,, polymenzes‘ the R groups in a linear
polymer can be arranged as shown in Fig.

polypropene in which R = Me (m_the rsbramc _polymer,

“the methyl groups are all on the same side ot the carbon
chain, This gives a stereoregular polymer in Wthh the .
chains pack efficiently, giving a crystalline material
ot il g iie k) 4

tactic polypropene (Fig. 25.15, R = Me) is also of commer-
cial value: the Me _groups are regularly arranged on

altermating  sides uf the _carbon backhone:)Qn contrast,

dtactic_po ymer contains a _random arrangement of R
gfoups and is soft and elasllc \
e

First gcnerallon_ngler—Na_ua ca(alysls were_made by

rcactlng TiCl

; with Et;Al to

h was converted to y-TiCly. While the latter catalysed
lht Mu;uon _of isotactic polypropene, its

selectivity and

Heterogeneous catalysis: commercial applications 961

R R

atactic

Fig. 25.15 The arrangement of R substituents in isotactic,
syndiotactic and atactic linear polymers.

ELAIC, in these systems is essential, its role being to alky.-
late Ti atoms on the c1mlyqt -:urt:u:e In_third generation
catalysts (used since the 1980s), TiCl, is supported on anhy-

drous MgCl,. and Et‘Al is used for alkylation. Surface
Tt([V} is rcduced to Ti(Ill) before coordination of 1he
alkene (sec below). The choice of MgCl, as the substrate”
arises from the close similarity between the crystal struc-

tures of MgCls and B-TiCly. This allows eerm\‘ml growth
of TiCl, (or T1C11 after reduction) on MgCl,. )

Epitaxial growth of a crystal on a substrate crystal is such that
the growth follows the crystal axis of the substrate.

@kene polymerization is catalysed at a surface Ti(IIl)
centre in which there is a terminal Cl atom and a vacant

25.15. Consider

the method of catalxst preparation gener:

_the é-form of
TlCla which is stereoselective below 373 K‘B he co-catalyst,

efficiency required significant 1mprovem@@u Change in__

coordination_site_JThe Cos.see—flrfumn mechanism 1s the

accepted pathway of the the c'ml}-r_tlg_ process }md a simplified

representation of the mechanism is shown in Fig. 25.16.

CoonhnatwelLunS'uunled TiCls units are the catalytically
e Lo e ———

active sites)[n the first step, the surface Clatom is replaced
b}‘ an ethyl group. “ 1s crucial that the alkyl group is cis to_

Sl ndio- <) the the vacant conrdm'mnn site to facilitate alkyl migration in

MQ_EEE_ In_the second step, the_alkene binds.to,
T1[III) and this is follm\':.d by .ﬂkyl nu}_.\r.tuon The repen-
tion of thes; l.'l:»t two steps results m__polymcr t‘m\\lh!ln
propenc polymcnzwtmn the slereoxekctm: e formation_c Of
lsolacllc polyggpene is lhought to be controllcd | by the cata-
lysl 8 surtace structure which lI'IIpOSt.S restrictions on the

precipitate BTICI; XAICL, poastble orientations of the coordinated allu.nc relative 1o

‘the metal-attached alky] &rﬁﬁ)@wwth of the polymer is
‘terminated by Bhydrnddclumn.mon (the metal-bound H _
atom produced is lmnstumd 1o w , _alkene
molecule to give a surface-bound alkyl group), or by reac-
tion With Ha. "The later can mwh

Scanned with CamScanner



adwnaaf’ 2N fﬁféix‘(j—/d'

962 CHAPTER 25 » Catalysis and some industrial processes

Cl LAl M, Ty
i . =
- | l g
'~‘--1|.. \ _ j clet
e ' - (I\ g N = fl_h\
AT e, e a” | Ta
Cl a” | Ta Cl
' Cl
Surtace site with vacant g
coordination site Allyl omigration
M,
Alkyl migration l / Cl\-. .
ote, «-— \\'T - n
T
/’ | C]/ | “a
a Cl

Fig. 25.16 A schematic representation of alkene polymerization on the surface of a Ziegler-Natta catalyst; the vacant SR st
be ¢is 1o the coordinated alkyl group.

of the polymer chamrHelerogeneom TlCleElsAl orMgCly  Changing the tilt-angle between the  the rings is (in addition
TiCL/EAL Calalysts are used industrially for the manufa

he manufac-  to the ring substitution pattern) a way of tumngﬂtﬂfi

ture  of | tsolacuc polymers e.g. polypropene Only small._ beha\rlour
quanlmes of syndiotactic polymers are produced by this ~—
Toute,

polxmer mdustry uses __group 4 metal]ocene > _catalysts_(see

“Box 24.6). Their developmenl began in the 1970s with the

observation that (1 Lq__-ijj)zMXz (M = Tt. Zr Hf) in

the 1¢ presence of me methylalummoxanc [MeAl(wO}],, catalysed_
thc e po _ymenzauon | of propene. The stereospecificity of the

catalysts was gradually improved (e.g. by changlng MeSi

the substituents on the cyclopentadlenyl rmg) and melallo- \Cl
cene-hased catalysts entered the commercial _market.in. the @

_1990/) Ithough metallocenes can be used as homogeneous g
catalysts for industrial purposes they are lmmomllzed on_

Si0;,_AL,O; or MgCl, J&(yamagcs of metallocenes over (25.27)

traditional Zlcglcr—Nana catalysts include the facts that :

hy changmg the structure ‘of the metallocene, the properties

of the polymer may be tailored, narrow molar mass distribu-

t:dns ‘can be obtained, and'copolymers can be produced)

{Elghly isotactic polypropene (e.g. ‘using catalyst 25.27) or @
syndiotactic polymers (e.g. using catalyst 25.28) are manu- @

(25.28)

factured, as well as block polymers with h:ghly 1solacuc

blocks or Wll.h _purposely introduced 1m?£ulannes (e.g. fo

lowcr the melting pomt}D For example, lisotactic_polypro- ;
pene with a melting_point of 419K and a molar mass of _ Me;si z
~33x l[]"gmo] ! can be produced using catalygt 25 27, \Cl
(when::as the product using 25.29 as catalyst melts : gt,_{S_S_K__ Q

and has a_molar_mass of ~99 x 10° gmol™') Note that
@ach of metallocenes 25.27-25.29 contains a bridging

_group (CM (CMe; or SIMcz) that uE§ _tl_u: Ey_c]ojadlenyl %
rings logethmf J]!E‘:'[l! in an “open_ conformation. sy
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@1031 metallocene catalysts are active only in the presence of
an [MeAl(-O)],, cocatalyst. Tlli.‘i alkylates the group 4
metal and also removes a chlorido-ligand, thereby creating
_;-E('w,di_“mivuly unsaturated, cationic metal centre, The
E;ﬁl{\-ﬁ;;i-’f_or chain growth follows the Cossee-Arlman
mechanism (Fig. 25.16 and eq. 25.31),

mechanioy

The product distribution, including carbon chain length,
of an FT reaction can be controlled by choice of catalyst,
reactor design and reaction conditions, The addition of -
promoters such as group | or 2 metal salts (e.g. K,COy)
affects the selectivity of a catalyst. The exact mechanism
by which the FT reaction occurs is not known, and many
model studies have been carricd out using discrete metal

HC=CH, clusters (scc Section 25.9). The original mechanism
l proposed by Fischer and Tropsch involved the adsorption”
L..M/\“/\" LnM/\\/\\ of CO, C~0 bond cleavage to give a surface c:\rhidc.‘_:_!p_d__.
coordinatively _hydrogenation to produce CH, groups which then polymer-
unsaturated l ized. Various mechanisms have been put forward, and the

involvement of a surface-bound CH; group has been =
LM SN __dgb_z!tgd‘ Any mechanism (or series of pathways) must
: account for the formation of surface carbide, graphite and
CHy, and the distribution of organic products shown in
scheme 25.32. Current opinion favours CO dissociation on
e o the catalyst surface to give surface C and O and, in the
£ presence of adsorbed H atoms (eq. 25.30), the formation
“of surface CH and CH; units and release of H;O. If CO__
dissociation and subsequent formation of CH, groups is effi-
Cient (as it is on Fe), the build-up of CH, units leads to reac-

coordinatively

unsaturated (25.3 1) f

4 e Lo I |

Propene polymerization by the Ziegler—Natta process can be
summarized as follows.

!
LLA® Nl oV a oV,

tion between them and to the growth of carbon chains. The
Ziegler-Natta types of processes that might be envisaged on the metal
mw )/ Catslymt ( surface are represented in scheme 25.33. Reaction of the "
" surface-attached alkyl chain would release an alkane, If it
Comment on the type of polymer produced and the need for -ﬁﬁdergoes B- elimination. an alkené is relessed '
selectivity for this form of polypropene. e R RERE L e = "

H
Fischer-Tropsch carbon chain growth

Hy = 10" H H,
| & C C
Scheme 25.32 summarizes the Fischer-Tropsch (FT) reac- Wmn@wm
tion, i.e. the conversion of synthesis_gas (see Section 10.4) _

into_hydrocarbons. A range of catalysts can be used (e.g. !

: H; H
Ru, Ni, Fe, Co) bat Fe and Co are currently favoured. T“’ /C\ /C’\ fe
Hydrocarbons (linear + branched alkanes MANNAAANANNANANAANNANAAANNAAANNANAAAA
and alkenes)
Fe Oxygenates (linear alcohols, aldehydes,
esters and ketones) j H;
CO+H, €O, CH,CH; e

l / N\

MNVWV"NWW\NUU\AAMWWNWV\
Co

Hydrocarbons (linear + alkanes and alkenes)
O (25.32) I
If petroleum is cheap and readily available, the FT process is

Not commercially viable and in the 1960s, many industrial
Planfs were closed. In South Africa, the Sasol process
Cﬂn‘tlnucs to use H, and CO as feedstocks. Changes in the
availability of oi] reserves affect the views of industry as

'egaffis its feedstocks, and research interest in the FT
Teaction continyes
Africa,

CH,CH,CH,

SNANAAANNANAANNNN AN NNANAAAAARAAN AN {25-33)

Adt has also been suggested that vinylic species are involved
- in FT chain growth, and that combination of surface-bound
to be high, New initiatives in South E CH and CH, units to give CH=CH, nia): be followed b
dons Malaysia, New Zealand and the Netherlands are & successive inc_orp_qr;_‘_liinjéfré}il TS alternating with
Oping FT-based ‘gas-to-liquid’  fuels which_u_se;j:“ alkene isomerization as shown in scheme 25.34. Release
-?—{:ﬂlm'ﬂ_sjihinmas&as_mg raw feedstock and convert it 3 of a terminal alkene results if ré;;cti{)n' of the adsorbate is

i
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( Dihydrogen is similarly ﬂsg@ed (eq. 25.30), and_the_
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|eased. Activation bw

H Ha H . -
c G ¢’ :J‘ gascous NH; finally being =
’ - A :
/IN /N £ 7\ each step are relatively oW
AU AN AU U LU UL AN S A A LA NH( d)
a
Niad) Hipd) e LAAASNAANS
¥ e e a ala e d Al
- CHy
S H NH;(ad)
i CI gl d\rj'l::('\"jri;-il_:‘.?i}_r R ¥ o .l'.f-“-"‘ff"'ﬁ"
.nr\mmmmm\mwxn.r\mif\}mm, "-l"\f{W\U\Mnrm
[3(ad
NH,(ad) H(ad) et - ;
SAAAASAANASY
l g \ NHi(g)
H,C CH, 2=
(25.36)

catalyse the reaction between N, and
Isomen’zazionl H H,, but the rate of formation of NHj 1s met:al-dependcm,

i High rates are observed for Fe, Ru and Os. S‘!I‘ICB lh_c__ra;e;
CH, 22 determining step is the chemisorption of Ny, a high actl\LaE_iEP
energy for this step, as is observed for fate d-block metals
(e.g. Co, Rh, Ir, Ni and Pt), slows down the overall formation ~

N
a AR kS
< of NH,. Early d-block metals such as Mo and Re chemisorp

Metals other than Fe

4 (21 E‘ _u N2 _cfﬁcie_qt_l_y. but the I_%_—N interactioq is §trong enough to
P e :Epfavqii_rfr'g't__enriprg of the adsorbed atoms. This blocks surface
e i 2 Sites and inhibits further reaction. The catalyst used indust-

rially is active a-Fe which is produced by reducing Fe;0,
(25. ‘mixed with K,0 (an electronic promoter which improves.
\S Y -p. ™ ;,_—F- 3H2_ = 2[\”{3 A H.- (259 {"9:“?}25{:_!@;}1}& activity), Si0; and Al;O3 (structural promoters
wola Which stabilize the catalyst’s structure). High-purity (often
Haber process A 87‘( @-%%“ ‘33*3%‘1 @g;g} magnetite and the catalyst prdmo_tgrs arzy melted
The vast scale on which the industrial production of NHj is .5 electrically and then cooled. This stage distributes the promo-
carried out and its growth over the latter part of the 20th E‘?E?T.S homogeneously within the catalyst. The catalyst is then
century was illustrated in Box 15.3. In eq. 15.21 and the 3xground to an optimum giaig_sizcjgﬁigh-pumy materials are
accompanying discussion, we_described the manufacture ~'#€ssential since some impurities poison the catalyst. Dihy-
of NH; using a heterogeneous catalyst. Now we focus on drogen for the Haber process is produced as_synthesis gas
the mechanism of the reaction and on catalyst performance. 3 (Section 0.4), and contaminants such as H;O- Co, CO,
(Without a catalyst, the reaction between N and H, occurs 5 and O, are temporary catalyst poisons. Reduction of the
only slowly, because the activation barrier for the dissocia- > Haber process catalyst restores its activity, but ovér—exposum
tion of N, and H, in the gas phase is very high.In the “Z of the catalyst to oxygen-containing compounds decreases
“presence of a suitable catalyst such as Fe, dissociation of ~ the efficiency of the catalyst imeversibly. A 5Sppm CO

N; and H; to give _adsc_nrbé_d atoms is facile, with the energy EQE!@UT!_‘}T’ME[_JIX (see eqs. 10.13 and 10.14) decreases
“feleased by the formation of M—N and } M—H bonds more catalyst activity by ~5% per year. The peﬁomaﬁ&—g—mj
than offsetting the energy required for N=N and H-H +; catalyst depends critically on the Operating it‘:_mpcréiufé o

'ﬁEETEIZEEhé_ads_:J;BaIp_sd then readily combine to form NH; 5&“}_ U_Ha__ébnvcner, and a 770-790 K range is optimal _)

which desorbs from the surface. The rate-determining step
is the dissociative adsorption of N; (eq. 2535})The notation
“(ad)’ refers to an adsorbed atom. T
Na(g) = ; o
- —g N(ad) N(ad) (25.35) : o l:ht: Ie_;la'g“lons to show how H, is manufactured for use
AARAAAARAANS DAY Cr process.  [Ans. See egs. 10.13 and 10.14]

Catalyst surface
2. The catalytic activit

y of vario g
the reaction of N, us metals with respect 1°

s =il : and H . P
surface reaction continues as shown in scheme 25.36 with order Pt < Ni < Rh ~ Ri: tz ill‘: NI;:Is varl]:s in gl:
a5 Jown o e prvi, fpgmpes. 4

I
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What factors contribnie toswands this rend?
[ Anyc See textin this section)

3 In 2009, 130N of NHG (the mass is i tenns ol nitropen
content) were manutactured worldwide, Production has
inereased dramatically over the last 40 years, Account
for the svale of production in terms ol the uses of NI1,.

[ Ans, See Box 15.3)

production of SO; in the Contact process

Production of sulfuric acid, ammonia and phosphate rock
(see Section 15.2) heads the inorganic chemical and
mineral industries in the US. The oxidation of SO, to SO,
(equ. 25.37) is the finst step in the Contact process, and in
sﬁuon lb we discussed how the yield of SO, depends
on temperttum and pressure. At ordinary temperatures, the

macnnn i 100 slow 1o be commercially viable, while at
\*cn _high temperatures, equilibrium 25,37 shifts to the

left, decreasing the yield of SO;.

250, + 0, = 280; A H" = -96kJ per mole of SO,

(25.37)

Use of a cmal;sl increases the rate of the forward reac-
tion ..53? and ac aclne caml) sts_are Pt, V(V) compounds_
and iron omdcs Modcm manufucturmj, planls for SO, use .
a V,04 cataI} st on an SiO, carrier (\\ hich provides a large |
g\surfacc area) with a K,80, promnler The catalyst system
& Bl

contalm 4-9% by weight of V,0s, P.m.lgc of the reactants

through a series of cmalx st beds is I'Cgllll‘l:d/ to_obtain an an
cﬂiucnt _conversion of SO, 10 SO;, ,Jand_an operating_
temperature of 690—7"0!\ is Upllll‘l'll_)(SIllLt. oxidation of _
U is exothermic and since temperatures >890K degrade

+ the calal)st the SO,/S0,/0; mixture must be cooled _
""‘1—

between leavi ing one catalyst bcd and entering the ncxl)
* Aﬁhough the V,04/Si0,/KsSO, system is introduced as

a solid catalyst; the operating temperatures are such that

the catalytic oxidation of SO, occurs in a liquld__m_cll on
the surface of the silica carrier,)

0 o T
o \s—-o
/ o |
o—S 0%|/0
| o O/V\“o
RN
A N
0
0o—s~ ({
\
- 0 2
(25.30)

Heterogeneous catalysis: commercial applications

965
Motor vehicle fuel I'uel combustion including
combiistion (15 4%) planes and ships (22.7%)
. R
v S— el ‘) Industrial processes
1y i (6.3%)

Fesidential and commercial

Power stations for fuel combaistion (13.07%)

clectricity generation

(21.0%) "~ Miscellaneaus

sources (1.5%)

Hg. 25.17 Sources of NO, emissions in the US. [Data:
Environmental Protection Agency (2005).]

The mechanism of catalysis is complicated and has not
been fully established. Initially, the liquid catalysl lakcs
for |_hc c.u.llyuc system is represented as M;SZOT—
M,S0,4-V,04/0,-5S0,-S04-N, (M = Na, K, Rb, Cs). At
nommal operating temperatures, [V(0)2(SO4)]", the
complcx 25.30, and related vanadium(V) oligomers are
formed. Complex 25.30 in particular is considered to be
mlal}tlmlly active, whllc any V(III) or V(IV) species are

thnl complev; 25 30 activates O,, hl(:lll[:llll'lg the oaudatlon
of SOs to SO;. The direct reaction of 25.30 with SO, to

- ylcld 803 rcwln in reduction of V(V) to V(IV) and lhc

fonmtlon of a caialyncally inactive species.) Much work
‘remains to elucidate the details of the Contact process.

Catalytic converters

Environmental concerns have grown during the past few
decades (see, for example, Box 10.2), and (to the general
public, the use of motor vehicle catalytic converters.is..
well know@,&cbulmed exhaust emlssmns* _comprise CO,
hydroc.ubons and NO, (see Section 15. 8)./The radical NO
lS one of several : species that act as catalysts for the ¢ conver-
swn 0(‘0‘ 10 01 and is c.onsldered to contribute to depletion
of the ozone I.1}er Allhough industrial processes and the
generation of electricity (see Box 12.2) contri

‘emissions,’ the cnmbusuon of transport fuels is the major _
bl dol i

source (Flg 25.171)XA typical catalytic converter is 290%

efficient i in mlucmg emissions. In 2005, Eumpean regula-

tions called for emission levels of CO, hydrocarbons and

NO, to be <1.0, 0.10 and 0.08 & km™, respectively, for
passenger cars with petrol engines. The toughest regulations
to meet are those laid down in California (the Super Ultra
Low Emissions Vehicle, SULEV, standards). SULEV

! For reports on the current status of motor vehicle emission control,
see: M.V. Twigg (2003) Platinum Metals Rev., vol. 47, p. 15T
M.V. Twigg and P.R. Phillips (2009) Platinum Metals Rev.,
vol. 53, p. 27,

! Shell and Bayer are among companies that have introduced processes
to eliminate industrial NO, emissions; Chemistry & Industry (1994)
p. 415 - ‘Environmental te-.hno!ogy in the chemical industry’.
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regulates emission levels of CO, hy drocarbons, NO
particulate matter to <0.62
respectively,

. and
0,000, 001 and () 006 k!

A catalytic converter consists of a honeyeomb ceramic
structure: coated e finely divided ALOY (the washeoar),
Fine particles of catalytically active Pt Pd and Rh are
dispersed within the cavities of the washeoat and the
Whole unit is contained in o stainless steel vessel placed in
sequence i the vehicle's exhaust pipe. As the exhaust
gases pass through the converter at high temperatures,
redox reactions 25.38-25.42 occur (Cyby is o representative
hydrocarbon), Under legistation, the only aceeptable emis-
sion products are CO;, Ny and H,0,

2C0 + 0y —= 2CO, (25.38)
CyH; + SO, — 3C0; +4H,0 (25.39)
2NO + 2C0 —= 2CO; + N, (25.40)
2NO + 2H, —= N, + 2H,0 (25.41)
CiHy + 10NO —= 3CO, + 4H,0 + 5N, (25.42)

Whereas CO and hydrocarbons ape oxidized, the destruction
of NO_\ involves its reduction. Modern catalytic converters

onmmplxsul the use ol
e
, coppe

bl

- 41':'

have a ‘three- -way* system which promotes both oxidation

Pd and Pt camlyse cactions 25,38 and
253%.)\&111& Rh v..\lnl)\c\ reactions 2:\ A0 and 2541, and
action 2542, o

“(The efficiency of the catalyst depends, in part, on metal
particle size, typically 1000-2000pm diameter. Over
p«.nod of time, the high temperatures needed for lh-.

operation_of a_catalytic_converter. cause_ageing of_the

metal particles with a loss of their optinal size and a
dccn-nc in the efficiency of the catalyst. Consta _\_t_hu,h-
lcmpcrl[urc running also lrmsl‘nnnx the y-Al,O; support
lmo a phase with a lower surface
l)hc activity. Tn countcnlc;nd mnn ui the support, :.ruup2
metal oxide stabilizers are added 1o the alumina, Catalytic

converlers operate nnl) with unleaded tuels; lead additives
bind o Ihc alumina washeoat, deactivating the ¢ atalyst. )

n urdcr o .u:hlc\e the regulatory emission alund.lrd\ itis

'l. .lﬂ.iill‘l I'L‘tlllt‘llu.. CI.'I.'[.\'

crucial to control the air: fuel ratio as it enters the c.nlulyuc =

Converter; the optu'num ratio l\ 14.7: 1, Il‘lhc, airfuel rtio
exceeds 14, 71: s exini 0~ u.unpuca \ulh 'NO for Hy and the

efficiency of rc.lumn 2541 is 1 is lowered, I the ratio is less
than 14.7: 1, oxidizing agents are in short supply and CO,
H; and h)drucurhun-. compete with each other for NO and
0\. The air:fuel ratio is umnummi by a sensor fitted in
the exhaust pipe; the sensor mensures O, levels and sends
an electronic signal to the fuel injection system or carbur-
ellor to adjust the air:fuel ratio as necessar

converur design also includes a CeO,/Ce,0y system to

. ttmwolecule such oy

y:LCnlulylu. "

store oxygen. During™ 'Ican anud\- ul vehicle running, 0,

can bc slon:d by crcncuon "5 43. ‘During ‘rich’ pcnodx
s Mo

_ can be represented in the form of

al pracesses

ded for hydrocarbon and CQ
35,44 shows tmdm

an e
when utm n\\p-.n 15 n

onddation, CeOy 18 reduced (€4,
ol C)

2Ce
ACe0, + CO == CeyOn CO;

(25‘43]
(2544))
function tmmedi ||cann,,,

At its ‘hght-oft” lcmpcrnturg
at S0% t'fllcrcnc

l}l | l)‘ . 'l( K(]'

A catalytic converter cannot

the *cold start’ ol an engine,

(ypically 620K). (he catalyst operates
but during the 90 120 lead time, exhaust r.mmmn., ﬂrc

- not controlled. Several methods have been duclup;-;[ 'f
ccounter this problem. ¢.g. clectrical heating of the :II:!_I)_;SE
using power {rom the vehicle's battery.

The development of cuatalytic converters has m.;,.-mlL
reolites, C.g. (‘n-ZSM-i (a
remoditicd ZSM-§ system), but at the present time,
and despite some advantages such as low light-ofl tempera.

wres. zeolite-based catalysts have not shown themselves L)

" be sulficiently durable for tht,'lr use in ll.ll}llt converters tu
lu: commercially v ble,

Zeolites as catalysts for organic transformations:
uses of ZSM-5

For an introduction tg zeolites, see Fig, 14.27 and the accom.
panying du:cqumn.&lmy natural and synthetic zeolites are
known, and it is the presence of well-defined cavities and/
or channels, the dimensions of which are comparable with
those of small molecules, that makes them invaluable as
catalysts and molecular w.\'m)zmlllus are cnwmmmmally
Criendly” and the developnient of industrial processes in
_which they can replace less acceptable acid catalysts is
advantageous, Incthis section, fve focus on ¢ catalytic applica-
tions of qnthcm zeolites such as ZSM-5 (structure- -lype
code MFL Fig. 25.18); the latter is silicon-rich with compo
sition N.I.,,Ir’\‘,,Sl%_,,()lq\l "=I6H,0 (n < ! When H

feplaces Na*, the zealite is referred 1o as HZSN

Sl HZSM-5 and this
18 highly uttul)lwnlly active (see below), Wllhm the alumi-
nosilicate fram

ework of ZSM.5 lies a system of interlinked.

chunnch One set can be seen in Fq_ 25.18, hul_il_i:. channels
astructure such as 25.31. In
are two sets of n.h.mnelw runnmﬂ
ol cross-section ~540 x 560 pm
clion &510 x 'N{)pm Thc (jﬁ't‘”“'
to the kine tic molecular diameter of
-mcthylpmp.mc or huwcm leading 10,

_thes J’mp:'- Selective
pmpmnm of zeolite ¢ =
T e e from s e catalysts, The effec

ullly because it takes into
zeolite ffamewor

ZSM-5, for example, there
1hruubh the Structure, one
and lhc other of CTOsS-§¢
pm ¢ Size i comparable

TMined c|'ymlllogr‘ll’h"

ork as g i account the he flexibility of the
. uncll{-‘ﬂ—t-)-[l"_“!?eﬂmum Similarly,

! Structures of zeoliles ¢

can be vie .
website: hitp://www,izy. “Slructure, '-’T;;Lm T’nd manipulated using th¢
abases/
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Fig. 25.18 Part of the aluminosilicate framework of synthetic -

zeolite ZSM-5 (structure-type MFT). Colour code: Si/Al, pale grey;
0, red.

the kinetic molecular diameter allows for the molecular
motions of species entering the zeolite channels or cavities.

e 8

(25.31)

The high catalytic activity of zeolites arises from the
Brgnsted acidity of Al sites, represented in resonance pair

25.32. The Si:Al ratio affects the number of such sfte;‘

and acid strength of the zeolite,
m te catalysts are important in the catalytic cracking of
heavy WW1st1ﬂates Their high selectivities and high

Heterogeneous catalysis: commercial applications 967

rates of reactions, coupled with reduced coking effects, are
major advantages over the activities of the alumma;slhca
catalysts that zeolites have replaced. Ultrastable Y (USY)
zeolites are usually chosen for catalytic cracking because
their use leads to an increase in the gasoline (motorﬁfﬁagj*
octanc number. It is essential that the catalyst is r‘oll;_gl
enough to withstand the conditions of the cracking process.
Both USY and ZSM-5 (used as a co- -catalyst because, of its_
shape-selective properties) meet this requlremem/ 'rhc
shape-selectivity of ZSM-5 is also crucial to its activity as as
a catalyst in the conversion of methanol to hydrocarbon
fuels. The growth of carbon chains is restricted by the size
of the zeolite channels and this gives a selective dlstrlbulaon
Of hydrocarbon products. In the 1970s, Mobil de\eloped the
MTG (methanol to-gasoline) process in which ZSM-5 cata-

> Iysed the conversion of MeOH to a mixture of higher (> Cs

alkanes, cycloalkanes and aromatics. Equations 25.45-25.47
show the initial dehydration of methanol (in the gas phase) to
give dimethyl ether, followed by representative dehydrauons
leading to hy_drocarbons Such processes are commercially
case in the 1970s and lQEﬁs and the MTG process was
run by Mobil during the 1980s in New Zealand

ZSM-5 catalyst

2CH;0H CH,OCH; + H,0  (25.45)
ZSM-5 ly
2CH;0CH; + 2CH,0H sl o 7 JRRPTE ))
(25.46)

ZSM-5 catal
3CH30CH3 catalyst

Gl = 30 (25.47))
Recent advances have shown zeolites are effective in cata-
lysing the direct conversion of synthesis gas 1o _motor

fuels. The he MTO_(methanol- -to-olefins) process converts
MeOH to CJ—C4 alkenes and is also catalysed by ZSM-5.

The development of a galllum modified ZSM -5 catalys )_catalyst

(Ga-ZSM-5) has provuded an cfﬁcnem catalyst for the

production of aromatic eornpounds from mixtures of C;
and C, alkanes (commonly labelled LPG)_)

olites are replacmg _acid_catalysts_in_a_number_of.
manumml-o?esses One of the most important is the
momancs The Mobll—Badger process_for_

producing CgHsEt from Cdﬂﬁ and C,H, provides the
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[Fe,(CO) ]

.-‘{‘ﬂ-u._

[HEe,(CO) ]

CH, + Fe(CO), + Fe(Il) +

Fig. 25.19 The proton-induced conversion of a cluster-bound CO ligand to CH,: a cluster model for cat

surfuce, Each green sphere represents an Fe(CO); unit,

precursor for styrene (ai (and hence polystyrene) manufacture.
The isomerization nf 1.3- ﬁo__[d:girilélhylbcnzcnc (xylenes)
is also c'mlyscd on the dc1d1c surface of ZSM-5, presumahly '
with channel sh.ipc and size piaymg an 1mp0rtant role in the

ob';crved sclccuwty )

1. What are the simitarities and differences between the
structures of a feldspar mineral and a zeolite?

2. How does a zeolite function as a Lewis acid catalyst?

3. Give two examples of the commercial application of

ZSM-5 as a catalyst,
[Answers: See Sections 14,9 and 25.8]

25.9 Heterogeneous catalysis:
organometallic cluster models

One of the driving forces behind organometallic cluster
research is to model metal-surface catalysed processes
such as the Fischer=Tropsch reaction. The cluster-surface
analogy assumes that discrete organometallic clusters
containing d-block metal atoms are realistic models for
the bulk metal. In many small clusters, the arrangements

CHAPTER 25 « Catalysis and some industrial processes

H
rJ

Hi edi{_'l};]I(IUH

[H,Fe,(CO),,CHI" HFe,(CO),,CH

alysed hydrogenation of CO on an Fe

of the metal atoms mimic units from close-packed arays,
e.g. the Mj-triangle and M;-butterfly in structures 2525
and 25.26. The success of modelling studies has been
limited, but a well-established and much-cited result is
that shown in Fig. 25.19.

' For further details,

Bhattacharyya, W..L, Hss‘l:.lc (?1(: - Drezdon, KH. Whitmire, A
(1982) J. Am. Chem, Soc. » vol, [mag':l S.G. Shore and D.F. Shriv¢f
tion of CO to CH, in P. 5630 - *Proton induced redv¢*

homo
nuclear ang heteronuclear metal carbonyls”
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Modet studies involve transf&yl:1:1illifrlls of n‘rganic frag-
ments which are proposed as surface intermediates, but do
not necessarily address a cnl!mlcle sequence of reactiony
as is the cas¢ in Fig. 25,19, For example, _'““l“l'-‘*"l‘l‘*urlcd
ethylidyne units (25.33) are pmpu.sml as intermediates in
the Rh- or Pt-catalysed |l_\:dl'll[‘,0ll:llltll1 'nl cthene, and (here
has been much interest in the chemistry of My-clusters

C
21N
(OCHKIe :--..g._/ N

Further reading 9g9

Me

Ty === Pe(CO),
| \ ”r/ ]
!{ p— l"c oy [{

(€O,

such as  HiFea(COWCR,  HiRuy(CO)CR - apd : N D
Co:(COYCR which contain clhylidyl_w or other alkylidyne . ..\\\
uni'ts. In the presence of base, HyFe,(CO)yCMe undergoes Wy N
reversible deprotonation and loss of H, (eq. 25.48), e H *‘ -
perhaps providing a model for an organic fragment transfor- |
mation on a metal surface. ‘///C ~
C \ H
(OC)sFe / Fe(CO),
L B FEO):'. .
(25.48)
KEY TERMS
The following terms have been used in this chapter. Do you know what they mean?
QO catalyst O catenate QO physisorption
QO catalyst precursor U coordinatively unsaturated Q0 chemisorption
Q autocatalytic O Wilkinson’s catalyst Q adsorbate
O homogeneous catalyst QO asymmetric hydrogenation O alkene polymerization
O  heterogeneous catalyst Q  prochiral O Ziegler-Natta catalysis
Q catalytic cycle O  enantiomeric excess Q Cossee—Arlman mechanism
QO catalytic turnover number U Monsanto acetic acid process O Fischer-Tropsch reaction
Q  catalytic turnover frequency U Cativa acetic acid process Q Haber process
Q alkene metathesis QO Tennessee—Eastman acetic Q Contact process
U alkyne metathesis anhydride process QO catalytic converter
0 Grubbs’ catalyst Q hydroformylation (Oxo-process) Q zeolite
Q  Schrock-type catalysts Q  chemoselectivity and regioselectivity
O Chauvin mechanism (with respect to hydroformylation)
QU catenand O biphasic catalysis

FURTHER READING

General texts

G.P. Chiusoli and P.M. Maitlis (eds) (2008) Metal-catalysis
in Industrial Organic Processes, Royal Society of
Chemistry, Cambridge — A detailed book that covers
C-0O and C~C bond formation, hydrogenation, syntheses
involving CO, alkene metathesis, and polymerization as
well as general aspects of catalysis.

- Comnils and W.A. Hermann (eds) (2002) Applied Homo-
geneous Catalysis with Organometallic Compounds,

2nd edn, Wiley-VCH, Weinheim (3 volumes) — This
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by d-block metal compounds.
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Monsanto and Cativa processes including background
information.

M.J. Krische and Y. Sun (eds) (2007) Acc. Chem. Res.,
vol. 40, issue 12 — A special issue containing
reviews on the theme of hydrogenation and transfer
hydrogenation.

P.W.N.M. van Leeuwen and Z. Freixa (2007) in Compre-
hensive Organometallic Chemistry III, eds R.H. Crab-
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hett?rogcncous catalysis, including catalyst production,
testing and development,

Ullmann's Encyclopedia of Industrigl Inorganic Chemicals

and Products (1998) Wiley-vCH, Weinheim - Six
volumes with detailed accounts

invo.lving inorganic chemicals,
R.L Wungaarden. and KR, Westerterp (1998) Industrial
Catalysts, Wiley-VCH, Weinheim .. A book that

focuses on practic . :
industry, ; 2t aspects of applying catalysts 1n

of industrial processes

Scanned with CamScanner



L

piphasic catalysis

L P, Barthel-Rosa and J.A. (‘hdyv (1999) Coord. Chem.
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N. Pinault and D.W. Bruce (2003) Coord. Chem. Rev.,
vol. 241, p. 1 - "Homogeneous catalysts based on
water-soluble phosphines”,

Problems 971
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PROBLEMS

25.1 (a) Analyse the catalytic cycle shown in Fig, 25.20,
identifying the types of reactions occurring. (b)
Why does this process work best for R' = vinyl,
benzyl or aryl groups?

25.2 Give equations that illustrate each of the following
processes. Define any abbreviations used.

(a) Cross-metathesis between two alkenes.
(b) Alkyne metathesis catalysed by a high oxidation

state metal alkylidyne complex L,M=CR.
(c) ROMP.

25.3  Suggest a suitable catalyst for the following reaction,
and outline the initial steps in the mechanism of the
reaction:

0 o]

COﬂHe
ny CO,Me

MeO,C CO;Me

n
254 The isomerization of alkenes is catalysed by
HCo(CO); and Fig. 25.21 shows the relevant
catalytic cycle. (a) HCo(CO), is a catalyst
precursor; explain what this means. (b) Give a
fuller description of what is happening in each of
the steps shown in Fig. 25.21.
Outline the catalytic processes involved in the
manufacture of acetic acid (Monsanto process) and
acetic anhydride (Tennessee~Eastman process), and
compare the catalytic pathways.

25.5

256 (a) Of the following alkenes, which are prochiral:

PhHC=CHPh, PhMeC=CHPh, H,C=CHPh,
H,C=C(CO,H)(NHC(O)Me)?

(b) If an asymmetric hydrogenation proceeds with
85% ee favouring the R-enantiomer, what is the
percentage of each enantiomer formed?

25.7 (a) Assuming some similarity between the
mechanism  of  hydroformylation  using
HCo(CO); and HRh(CO)(PPh;); as catalysts,
propose a mechanism for the conversion of
RCH=CH, to RCH,CH,CHO and explain what
is happening in each step.

(b) ‘The regioselectivity of the hydroformylation of
RCH=CH,j catalysed by HRh(CO)(PPh;); drops
when the temperature is increased’. Explain
what is meant by this statement.

25.8 The hydroformylation of pent-2-ene using Co,(CO)q
as the catalyst was found to give rise to three
aldehydes in a ratio 35:12:5. Show how the three
products arose, and suggest which was formed in
the most and which in the least amount.

259 (a) The hydrogenation of propene is catalysed by

RhCI(PPh3); or HRh(CO)(PPhs);. Outline the
mechanisms by which these reactions occur,

PPh3
"—Pd —X
\f PPh]
2PPh
Pd(0Ac), _" Pd(PPh,), RHC — Pd —X
[Et,NH]X
H— F‘d —X
j  e— 1
E-CHR=—CHR
PPh,

Flg. 25.20 Catalytic cycle for use in problem 25.1.
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HIRN] CHON ] -

CH,
(CO),Co~CH

CH,OH

Fig. 25.21 Catalytic cycle for use in problem 25.4,

CHAPTER 25 e Catalysis and some industrial processes

HCo(CO),
11.0H
1'(:” ity == O
- HCo(CO), g /
™~
ﬁnz
co),Co =~
_2 -
R=ipr and 4X [ for R=2MeC,

indicating clearly what the active catalyst is in
each case.

(b) HRuCl(PPh3); is a very active catalyst for the
hydrogeration of alkenes. However, at high
catalyst concentrations and in the absence of
sufficient Hy, orthometallation of the catalyst may
accompany alkene hydrogenation. Write a
reaction scheme to illustrate this process, and
comment on its effect on the activity of the catalyst.

25.10 (a) Ligand 25.19 is used in biphasic catalysis. The IR
spectrum of Fe(CO),(PPh;) shows strong
absorptions at 2049, 1975 and 1935 cm™', while
that of [Fe(CO)4(25.19)]" exhibits bands at
2054, 1983 and 1945cm™'. What can you
deduce from these data?

(b) Which of the complexes [X][Ru(25.34);] in
which X* = Na*, ["BuyN]" or [PhyP]" might
be suitable candidates for testing in biphasic
catalysis using aqueous medium for the catalyst?

(25.34)
25.11 Give a brief discussion of the use of homogeneous
catalysis in selected industrial manufacturing processes.
25.12 For the catalysed hydrocyanation of buta-1,3-diene:
CH,=CHCH=CH, —~= NC(CH,),CN

(a step in the manufacture of nylon-6,6), the catalyst
precursor is NiL, where L = P(OR);. Consider the
addition of only the first equivalent of HCN,

(a) Some values of X for:

NiL; = NiL; +L
are 6 x 107'° for R =4-MeCgH,, 3 x 107° for

trend in values and on the
levance of these data to the catalytic P,
releva e stops i the Proposed catalytic cycle
(b) The‘ :;Saddilioﬂ of HCN to the active catalyst, logs
le;eL arel the & dition of buta—l,S-di.ene with
mitant H migration. Draw out this pavig

Comment 0N the

€Onco
the catalytic cycle. ) |
(c) Suggest the next step 1 the cycle, and discuss
any complications.
25.13 H,0s4(CO) ;o (25.35) catalyses the isomerization of
alkenes:

(a) By determining the cluster valence electron count
for H,0s3(CO);o deduce what makes this cluster
an effective catalyst.

(b) Propose a catalytic cycle that accounts for the
formation of the products shown.

H
b
(0C),0s \-\-0—/;; 0s(CO);
s

coRy

(25.35)

25.14 Describe briefly why a clean nickel surface (fcc
structure) should not be regarded as comprising 2
perfect close-packed array of atoms. Indicate the

arrangements of atoms that an adsorbate might

en
counter on the surface, and suggest possible

modes of attachment for CO
25.15 (a) What advantages are there to using Rh S“PI"”'ted

(b) (I): I? 20; Aasa catalyst rather than the bulk metal”
. catalytic converter, why is a combination of
8roup metals used?
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25.16 The forward reaction in eq. 25.37 is exothermic,
' What are the effects of (a) increased pressure and
(b) increased temperature on the yield of §047 (¢)

[n trying to optimize both the yield and rate of

formation of SO, what problem does the Contact

process encounter and how is it overcome?

25.17 (a) Outline how the gaseous reaction between Ny and

i H, proceeds in the presence of a heterogencous
catalyst, and state why a catalyst is needed for
the commercial production of NHjy.,

(b) Suggest why V and Pt are poor catalysts for the
reaction between N, and H,, and give a
possible reason why Os (although it is a good
catalyst) is not used commercially,

25.18 (a) Summarize the structural features of importance
in a Ziegler-Natta catalyst comprising TiCl,
supported on MgCl,.

(b) What is the role of the ethyl aluminium
compounds which are added to the catalyst?

(c) Explain how a Ziegler-Natta catalyst facilitates
the conversion of ethene to a representative
oligomer.

25.19 (a) Why is it easier to investigate the Cossee—Arlman
mechanism using metallocene atkene polymeriza-
tion catalysts rather than Ziegler—Natta catalysts?

OVERVIEW PROBLEMS

25.23 Ligand 25.36 has been designed for use in Ru-based
catalysts for hydrogenation reactions in an EtOH/
hexane solvent system. These solvents separate into
two phases upon the addition of a small amount of water.
(a) For what types of hydrogenations would this catalyst
be especially useful? Rationalize your answer.

(b) Ligand 25.36 is related to BINAP (25.14) but has
been functionalized. Suggest a reason for this
functionalization,

RO OR RO OR

OR RO

Ph,P  PPh,
R = CH,CH,-3 4,5-(0C oHy))3

(25.36)

Problems 973

(b) The zirconium complex shown below is an active
catalyst for the polymerization of RCH=CH,,
Draw a scheme to illustrate the mechanism of
this reaction, assuming that it follows the
Cossece~Arlman pathway.

25.20 Give a brief discussion of the use of heterogeneous
catalysis in selected industrial manufacturing processes.
25.21 Comment on each of the following;

(a) Zeolite 5A (effective pore size 430 pm) is used to
separate a range of n- and iso-alkanes.

(b) Zeolite ZSM-5 catalyses the isomerization of 1,3-
to 1,4-Me,C¢H, (i.e. m- to p-xylene), and the
conversion of CgHg to EtCgHs.

25.22 Summarize the operation of a three-way catalytic
converter, including comments on (a) the addition
of cerium oxides, (b) the light-off temperature,
(c) optimum air—fuel ratios and (d) catalyst ageing.

25.24 (a) One proposed method for removing NO from
motor vehicle emissions is by catalytic
reduction using NH; as the reducing agent.
Bearing in mind the regulated, ailowed
emissions, write a balanced equation for the
redox reaction and show that the oxidation state
changes balance.

(b) In the presence of Grubbs’ catalyst, compound
25.37 undergoes a selective ring-closure
metathesis to give a bicyclic product A. Draw
the structure of a ‘first generation’ Grubbs’
catalyst. Suggest the identity of A, giving
reasons for your choice. Write a balanced
equation for the conversion of 25.37 to A.

(25.37)

Scanned with CamScanner



974 CHAPTER 25 e Catalysis and some industrlal processes 2539 have over :

. doe
o advantages tion catalyst such
25.25 The catalyst [Rh(PhPCHyCH,PPhy)]Y can  be (b) Whe! .lc car hydrﬂmrmy’a !
g o nonueit f

prepared by the reaction of Pl {PPh.i)J? : hydroformylag;
[Rh(nbd)(PhaPCH,CH;PP)] ' (nhd = 25.38) with HRICEN T 1 scheme for hfcrrzcdiatcs e,
two equivalents of Hy. In coordinating solvents, (c) GI’VG “'& LeNe (ignoring I-" what is mt:amlhe
[Rh(PhsPCH,CHa PP} incthe form of o solvated of pot cycle) and expla’® r linear aldeh ’
complex (RN(Ph; PCHCHPPhy ) (solv)y |, catalyses l;mnlylll"iw for hmnchcd e Yde
gelecV

the hydrogenation of RCH=CH,. :
prulillt’lﬁ ‘

(a) Draw the structure of
(Rh(ab(Ph; PCHCHLPPh)™ and suggest what
happens when this complex reacts with H,. Phy

(b) Draw the structure of Py
[Rh(Ph;PCH;CH, PPy )(s0lv)y ], paying attention x| Rucoy@
to the expected coordination environment of the F’hz
Rh atom. o (c) -

(c) Given that the first step in the mechanism is the HN .
substitution of one solvent molecule for the N, Rh(CO)CI
alkene, draw a catalytic cycle that accounts for P
the conversion of RCH=CH,; to RCH,CH;. a Phy
Include a structure for each intermediate g_—ﬁ-c Phy
complex and give the electron count at the Rh N \Rll(CO]zCl
centre in each complex. /

5 Ph,

HN—C Phy

/ P
N\ /Rh(cohc]

(25.38) =N

25.26 There is much current interest in ‘dendritic’
molecules, i.e. those with ‘branched arms’ that
diverge from a central core. The supported dendritic (25.39)
catalyst 25.39 can be used in hydroformylation '
reactions, and shows high selectivity for branched
over linear aldehyde products.
(a) Is 25.39 likely to be the active catalytic species?
Rationalize your answer.

INORGANIC CHEMISTRY MATTERS

25.27 The first step in the Cativa process is the reaction ~ 2528 What roles do inorganic catalysts play in the

between Mel and cis-[Ir(CO),I,]~. However, the following manufacturing processes: (a) production
catalyst may also react with HI and this step of aldehydes from alkenes, (b) polymerization of
initiates a water gas shift reaction that competes propene, (c) production of acetic anhydride,
with the main catalytic cycle. (a) What chemical is (d) hydrogenation of compound 25.40 to produce
manufactured in the Cativa process? Why is this the drug (S)-Naproxen? State whether homogeneous
product of industrial importance? (b) Why is HI or heterogeneous catalysts are used.

present in the system? (c) Give an equation for the
water gas shift reaction, and state conditions
typically used in industry. (d) Figure 25.22 shows
the competitive catalytic cycle described above.

Suggest identities for species A, B, C and D. What
type of reaction is the conversion of cis-[Ir(CO),I,] ™
to A? What changes in iridium oxidation state occur MeO

on going around the catalytic cycle, and what is the
electron count in each iridium complex? (25.40)

o OH
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e oy

"+ Vd

(I CO¥K1L)

Fig. 25.22 Proposad catalytic cycle for the water gas shift reaction that is a competitive route in the Cativa process.

35.20 Mcasures taken to control atmospheric pollution
include (a) scrubbing industrial waste gases to
remove SO, and (b) reduction of NO in motor
vehicle emissions. Explain how these are achieved
and write balanced equations for relevant reactions,
Are they catalytic processes?

fact that its consumption in a given country is a
direct indicator of that country's industrial growth,
(a) Give examples of commercial uses of H,S50,.
(b) Starting from relevant feedstocks, outline how
sulfuric acid is produced on an industrial scale,
paying attention to reaction conditions. (c) How
25.30 In 2008, the US manufactured 32.4 Mt of sulfuric does the manufacture of *by-product sulfuric acid’

acid. The importance of H3SOy is reflected in the differ from the process you have described in pant (b)?
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