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1. INTRODUCTION

1.1. General Introduction to Hydroformylation

Hydroformylation comprises the catalytic reaction of
alkenes with equimolar amounts of carbon monoxide and hydraogen to

yield an aldehyde with one more C-atom:

N\ Z
L

|
//, R~CH~CH,
R—CH=CH2 + CO + H branched aldehyde
0
[
RCH2CH2C—H
linear aldehyde

This reaction, catalyzed by cobalt or cobalt compounds, was
discovered by Roelen [1] during an investigation of Fischer-
Tropsch reactions. Roelen also discovered that cobalt hydro-
carbonyls are the active catalytic species in the hydroformy-
lation reaction [2].

Hydroformylation has been used for commercial production of

aldehydes since 1948 and has become a very important industrial
process [3].



Complexes of Group VIII metals other than cobalt are also
active as hydroformylation catalysts. Pt - Sn phosphine com-
plexes, for example, show a good catalytic activity [4]; such
catalysts are also highly enantioselective in combination with
chiral phosphine ligands [5].

Slaugh and Millineau [6], and later on Osborn, Wilkinson
and Young [7], found rhodium-phosphine complexes to be very
active catalysts, the activity per metal atom being 102—104 times
higher than found for cobalt-based systems. Side reactions, like
bond isomerization and hydrogenation of the alkene, are suppres-
sed to a large extent by the addition of an excess of tertiary
phosphine ligand.

The hydroformylation of propene (the so-called IL.ow Pres-
sUEc Uxo or LPO process). developed by Union Carbide and Davy
Powergas (8], constituted the first industrial application of the
rhodium-phosphine catalyst. It is a classic example of a success-
ful homogeneous organometallic catalytic process. Compared with
heterogeneous Catalytic procedures, application of organometallic
catalysts has the following advantages:

l. The catalytic efficiency (activity per metal complex) is high
because €very metal atom is available to the reactants. This is

lmportant because rhodium is Very scarce and expensive.
2. The sensitivity to poisons is low.

3. Organometallic complex catalysts in general show a very high

selectivity for the desired products (the aldehydes in this
case).

However, the fact that metalorganic catalysts are applied

homogeneously gives rise to difficulties in industrial applica-
tions, such as:

l. A complicated and therefore expensive separation of products

and reactants from the catalysts 1is necessary, especially in
processes involving the higher olefins.

2. The catalytic activity gradually decreases because of aggre-
gation of the catalytic species.

3. The regeneration procedure for the spent catalysts is labo-
rious and is accompanied by some loss of catalyst.

In view of these disadvantages efforts have been made to
heterogenize the organometallic complexes, and to combine, in
this way, the advantages of a soluble catalyst with those of a
heterogeneous process. At Delft University of Technology several
methods of heterogenization have been investigated:

1) Physical adsorption of the rhodium complex on an inorganic
support, by Spek [9] and Tjan [10].

2) Chemical anchoring of the rhodium complex to the surface of a
macroreticular styrene divinylbenzene diphenylphosphine resin, by
ae Munciciataill sl 1] ~ 1A

3) Rhodium catalysts in the supported liquid phase form (SLPC) by
Gerritsen (15-22], de Munck [11,23,24], Herman [25] and Pelt [26-
3991

A supported 1liquid phase catalyst consists of a catalyst
dissolved in a 1liquid phase, capillary condensed in a porous
support. The gaseous reactants diffuse through the residual, non-
liquid filled, pore space as well as through the dispersed liquid
phase, and undergo a homogeneous catalytic reaction in the liquid
phase and/or a heterogeneous reaction at the gas/liquid inter-
face. Next the produced aldehydes are transported out of the
porous support by diffusion. The advantages are convenient cata-
lyst handling, a large gas/liquid interfacial area, and easy

separation of the products from the catalyst.

1.2. Scope of the Present Thesis

The thesis 1is organized as follows. In Chapter 2, several
theoretical aspects of hydroformylation over rhodium complex
catalysts are dealt with, and the reaction mechanisms hitherto
proposed are critically evaluated. In Chapter 3 we present a
literature review dealing with the state of the art with regard




to heterogenizing organometallic complex catalysts. The experi-
mental part of the thesis starts with Chapter 4. Here the first
goal 1s to investigate to what extent rhodium-SLP catalysts can
be 1mproved so that they can function at appreciably higher
temperatures than hitherto possible. This may be achieved by the
use of special 1ligands giving rise to a higher chemical stabi-
lity. In Chapter 4 attention will be paid also to the behaviour
of enantioselective SLP catalysts with chiral phosphine ligands.
The performance of these systems will be demonstrated in the
hydroformylation of butene-1.

Chapter 5 may be looked upon as an extension of Chapter 4,
in that the knowledge generated in Chapter 4 is used in Chapter 5
to solve the difficult problem of the hydroformylation of allyl
alcohol. The difficulties are:
1. The high boiling points of the alkene and of the reaction
products, which can easily lead to condensation in the pores of
the support material, resulting in leaching out of the rhodium
complex.
2. 'The presence of a second functional group (OH group) in allyl
alcohol leads to complicated side reactions, for instance the
formation of acetals.

These difficulties are surmounted by applying higher
temperatures and protection at the OH group.

The most radical solution of the problem of immobilization
of organometallic complex catalysts is immobilization by chemical
bonding of the complexes to the surface of heterogeneous supports

via the 1ligands. Such chemically immobilized systems may be

realized, but their production in general asks for a number of
rather difficult and complicated organic reactions. The synthesis

and the performance of such a catalyst will be discussed in the
last chapter, Chapter 6.
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2. THEORETICAL ASPECTS OF HYDROFORMYILATION OVER RHODIUM COMPLEX
CATALYSTS

2.1. Introduction

The hydroformylation reaction, using cobalt compounds as
catalysts, was discovered by Roelen in 1938 [1]. Extensive
reviews have been published dealing with theoretical studies on
the reaction mechanism and with technical developments [2-6].

Besides cobalt complexes, several other group VIII metal
compounds are active as hydroformylation catalysts, such as Pt,
Ir and Fe-carbonyl species. Rhodium carbonyl compounds, however,
are by far the most active catalysts for this reaction. At Delft
University of Technology the hydroformylation reaction has been
studied for the last fifteen years, using heterogenized rhodium
phosphine catalysts [7-12]. This is the reason for our special
interest in the mechanistic aspects of rhodium-catalyzed hydro-
formylation.

In this chapter an outline is presented of the reaction
mechanism, startiﬂg from the mechanism proposed originally by
Wilkinson and co-workers (section 2.2). In section 2.3 recent
developments concerning the Wilkinson mechanism are discussed.
Catalyst deactivation, side reactions and 1ligand effects are

dealt with in section 2.4. Finally, a critical evaluation of the

preceding parts will be presented (2.5).




2.2. The Wilkinson Mechanism

Wilkinson et al. [13-18] introduced the supposition that
homogeneous rhodium-catalyzed hydroformylation may proceed both
by an associative and a dissociative mechanism, these mechanisns

differing only in the number of PPh3 ligands around the rhodium

centre. These two major pathways may be summarized as follows:

Scheme I. Associative - and Dissociative Reaction Mechanisnm

according to Wilkinson et al. EE3=18100 L = PPh3.

R
HRh — :
(Co) ,L e HRN (GO Lol =—=— RCH,CH,~Rh (CO) L
RCH=CH,
-L +T,
R
HRh (CO) . L e : e
(CO) , L, —_— HRh(CO) L, =—— RCH,,CH,-Rh (CO) , L,
RCH=CH
2
CO
HRh (CO) L,
+CO
0
I
T - RCH,CH,CH
0 0

I |l
RCH_CH_C- —
5CH,, Rh (H) 5 (CO) L2 — RCHZCHEC—Rh(CO) LE:RCHchZC-Rh (CO) 2]'_.

~H, -CO

=0

2

Yagupsky, Brown and Wilkinson [15] formulated the above
mechanisms on the evidence of spectroscopic characterization (at
ambient conditions) of most of the intermediates. They also
prepared and isolated analogs of some of these intermediates,
e.qg. {Pth)th{CO)CzF4H , (PPh R (CO) . C . F H and (PPh

3)2 2 4 A 3)2
Ir(CO)2H , and demonstrated the separate reactions involved 1n

the synthesis of these compounds. If too large an excess of
phosphine 1is added the equilibrium is shifted to the 1nactive
species HRh(CD)(PPhE)j,

The hydrogenation of the acyl specles (see scheme I) was shown to

and hydroformylation activity declines.

be strongly inhibited by CO. Apparently, the formation of the
five-coordinate dicarbonyl-acyl inhibits the oxidative addition
of H, since a seven-coordinate species is unstable. As will be

2
shown later on, this oxidative addition of H, is one of the most

debatable elementary steps in the mechanism. -

Wilkinson et al. [15] and Pruett and Smith [19] have shown
that 1n the absence of excess phosphine and/or high CO pressure
dissociation of a phosphine ligand occurs and that this ligand 1s
progressively replaced by CO according to the following equili-

bria:
ﬁ,
HRh(CO) (PPh,), + CO " HRA(CO) (PPh,) s+ PEh

HRh (CO) , (PPh,) ., + CO‘__—*HRh(CO)S(PPhB) +: BRh

HRh (CO) , (PPh,) + co HRh (CO) , + PPh3

This phosphine dissociation decreases the selectivity to
n-aldehyde and, as will be shown later on, causes deactivation of
the catalyst. Thus, as more phosphine is displaced, either be-
cause of high temperature, high CO pressure or low phosphine
concentration, the characteristics of the reaction system should

become more like that of the simple metal carbonyl.




Wilkinson also studied the behaviour of the HRh (CO) (PPh.)
complex in solution under various conditions. When a solutimnBGg
treated with
I8 o formed, & If » 0O Lis  then swept out of the

this compound s

Rh (CO

[Rh(CO) , (PPh,) ],

system a red dj ’

s dimer [RhFCD)(PPhB)zs]2 (S=solvent) is formed. The

. ol excess PPh3 lnhibits the dimerization. On addition of
; (CO)z(PPh3)2 1s formed back. In the absence of synthesis

2
gas 1n solution another dimer is formed which is not capable of

CO the dimeric complex

activating molecular hydrogen. M. Yagupsky, Brown, G. Yagupsky
and Wilkinson [20] showed this complex to be

Repla
pPlacement of PPh3 by CO eventually leads to the forma-

tion . of dirhodiumhexacarbﬂnyl, which can easily result in the
formation of Rh(0) .

2.3. Recent Developments

b g As mentioned earlier, most results of hydroformylation
Studles are explained in terms of the Wilkinson mechanism.
However, this mechanism requires some modifications.

2 The first stages of the catalytic cycle have been studied

Y (among others) Kastrup et al. [21] and Brown et al. [22]% 31P

NMR has been shown to be a useful research tool which allowed the

determination of

[221] " et

the rate

HRh(co)(PPh3)3 in- « Ehe

various temperatures [21].
0°C demonstrated that the equilibria shown in scheme I

of phosphine
presence of excess triphenylphosphine at

dissocliation from

Related studies under a CO atmosphere

have to be formulated as follows:

Scheme I1I.

H

I
PhBP-IIlh-PPh3
CO

+PPh3

-PPhB

. BB,
Ph,P-Rh,
PPh

CO

+PPh3

H
I
OC-Rh-PPh

; 3
CO

P-Rh
|

H DPh Trans
i B

S 85%
CO

fast
H €6 Cis
P
PPh3
_11_



Kastrup et al. favour HRh(CO)(PPh3)2 as the key intermediate,
while Brown et al. believe it to be the dicarbonyl species

HRh(CO]zprhB) The latter group studied the effect of excess CO

5
Or triphenylphosphine on the square-planar intermediate
HRh(CO)(PPh3)2 using the isomerization of 21, 2 dz] styrene as a
probe reaction. Under hydroformylation conditions (ambient pres-
sure, 1:1 HZ/CO, room temperature) the isomerization was faster
than hydroformylation although the isomerization was almost 100
times slower than in the absence of CO. In the presence of a 5M
excess of triphenylphosphine, hydroformylation was more than six
times faster than lsomerization, and again the lsomerization
reaction was suppressed to a similar extent. The authors conclu-
ded that HRh(CO)(PPh3)2
formylation cycle as it is intercepted by triphenylphosphine or
CO rather than by alkene.

On the other hand, HRh(CO)E(PPhB)2 1s an "18-electron

species" and therefore it is not to be expected to be capable of

is not an intermediate in the hydro-

accepting an alkene prior to losing a ligand. It appears from the
bulk of known evidence that intermediates with more than 18
valence electrons are rare - if present at all - in catalytic
cycles. This may be considered to support the arguments given by
Kastrup et al. to accept the l6-electron species HRh(CO)(PPh3)2

as the active compound in the T-addition of the alkene to the

metal centre.

This T -addition of the alkene to the metal centre is the
second step in the hydroformylation mechanism. Pino [23] states
that, on the basis of the results in hydroformylation, no con-
Clusions can be drawn about the structure of this intermediate.
Either T —complexation of the substrate to the metal atom pecurs.
followed by insertion into the M-H bond, or there is a direct
addition of an M-H bond to a double bond

_12_

through a 4-centre transition state,

sequences being the same in both cases.

the stereochemical con-

Rh-acyl complexes have been studied by 13C NMR. These

studies provide 1insight into the origin of the favourable normal:
branched selectivity exhibited by the catalyst [24]. On treatment
of a solution 1n toluene <Jf”HRh(CD)2(PPh3)2 with oct-l1l-ene under

IBCO atmosphere at 0°C, followed by cooling to -95°C, a single

complex was observed:

OC

jff/ lMH“PPhB

PPh3

The acyl carbon signal showed broadening and the P coupling to
the terminal carbonyls was lost on raising the temperature to

-30°C owing to phosphine exchange. At higher temperatures both
the acyl and terminal carbonyl signals were broadened, with loss
of rhodium coupling, indicating dynamic CO exchange. With =
styrene two acyl complexes were observed at -20°C, corresponding
to 1so- and n-acyls in a 91:9 ratio, close to the ratio produced
1n hydroformylation under similar conditions. On warming to
+20°C, the ratio changed to favour the normal isomer. The methyl
and methine signals of the iso-acyl complex were broadened,
suggesting that rapid acyl-alkyl equilibration was taking place.
It has been stated that the acyl complexes accumulate during
hydroformylation, with their hydrogenolysis being the rate-deter-
mining step [14]. On the basis of the observed acyl-alkyl equili-
bration, the same authors point out that the selectivity could
well be controlled by the relative rates of hydrogenolysis of the

acyl complex after loss of a CO or phosphine 1ligand,

-13-




rather than arising from the stereochemistry of the initial alkyl

complexes or being the result of two competing cycles involving

associative and dissociative pathways.

By far the most discussed and doubted part of the
Wilkinson mechanism is the hydrogen activation step. Wilkinson
Suggested an oxidative cis-addition of I—I2 to the metal centre, on

the analogy of the oxidative addition of H_, to (PPh

5 1749 { 241 [

3)3

Johnson et al. [25] studied the stereoselective oxidative addi-

tion of hydrogen to iridium (I) complexes, for example:

L CO 5 | H/}!I\L
\ /

Ir

 H, "”ff#ﬂ#fﬁf#ﬁ#ﬂ#ﬁ#ﬁfrﬁ
/\ 2 |
X L H\Ir/CO
e

The generally accepted mechanism involves a concerted cis—addi-

t?nn of H, along one of the ligand axes corresponding to a
dlagonal of the square complex, leading to formation of dihydride

products, with the stereochemistries shown above, via pathways 1

and 2. Numerous other studies concerning this cis-addition were

undertaken, for example by Vaska L&6]%

._14_

There are, however, other views on this step in the cata-
lytic cycle. Morris and co-workers [27] synthesized
Fe (H,) H(dppe) ,BF ,
intact, the H-H distance being slightly longer than in free H, .

a compound 1n which the H-H bond is still

This could imply that the hydrogenolysis of the acyl-Rh compound

takes place via a 4 centre, 4 electron transition state:

0
Rh - C—R
o

A fundamentally deviating view, however, is that there is
no H, addition to an acyl-Rh species at all, but that the
hydrogen needed to form the aldehyde is supplied by another H-

liganded Rh-complex, in which case a bimolecular mechanism is

responsible for the hydroformylation reaction [28]:

0 O
L Rh-C-R + L Rh-H —_— L. Rh-RhL + - RECH
X X X X

Lth—Rth i H2 sa—— Lth-H

2.4. Side Reactions, Ligand Effects and Deactivation
2.4.1. Side reactions

The most important side reactions are:

1) Hydrogenation.
Reaction of the alkyl-Rh complex with hydrogen.
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2) Isomerization.

Internal alkenes are more stable than 1l1l-alkenes. The
T addition step is reversible and will result in isome-
rization of the l-alkene to an internal alkene. Two iso-

merization mechanisms have been favoured:

(a) addition and elimination of a kinetically long-lived
metal hydride [29] and

(b) rearrangement through a transitory N-allyl hydride

(38
a) M-H + R-CH.-CH=CH —_— -~ -CH~-
5 5 R CH2 ?H (':I-I3 ———
—_— M -
ﬂ-R—CH=CH—CH3 + M-H
M-H CH
b) R-CH_-CH=CH e {?-”EN
5 5 HETR S [ _CH2 ~-M-H
MH

RCH=CH—CH3

lelded ' ' =
Y little if any CSHllCD~CHCH2D, the product of the
T-allyl mechanism.

to  ba  thea
tion.

The first mechanism, therefore, seems

better description of the isomerization reac-

3) Aldol condensation.

The formed aldehydes can react with each other in the

following manner, Ccatalyzed by either
sites:

basic or acidic

2 RlCHO—+RlCH=CR2-CHO + H20

(For example: R1=C3H7 , R-=C_H

2.4.2 Ligand Effects

The use o0f excess phosphine ligands serves a number of

purposes, such as:
1) Increased catalytic stability [32].

2) Increased n/iso aldehyde ratio [13], at the cost,

however, of the over-all activity.

Olivier and Booth [33] demonstrated the effects of various
added ligands on the hydroformylation of propylene using
HRh(CD)(PPh3)3 as the basic catalyst. The following order of
reactivity was determined:

PPh3 > thPBu > (Ph30)3P > Bu3P

With the exception of (PhBO)aP, the reactivity apparently decrea-
sed with increasing basicity of the ligand and concomitant in-
creasingly hydridic character of the M-H bond of the catalyst.
The less basic phosphines also lead to higher n/i ratios than do
the more basic ones. However, the inherent steric differences
among ligands make quantitative assessment of the electronic
effects difficult.

Hydroformylation using Rh catalysts 1in the presence of
chelating diphosphine 1ligands has been studied by a number of
groups [34,35]. The original assumption behind this work was that
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the chelating phosphines remain firmly bonded to Rh throughout
the catalytic+ Cycle, thus favouring Wilkinson’s assmci:ti:e
izzhwzzszejiitisg i? a higher n/iso ratio. This was obviously not

. . | € discrepancy was explained in terms of the hos-
Phine ligand in the intermediate o

P
Y
HRh (CO)

B

bein '
llg constrained to a cis geometry as opposed to the more steri
cally demanding trans 3
geomet of
ry HRh(CO)z(PPhB)z. Kastrup et al.

the pr '
3 Presence of excess ligand by showing the formation of
( 2)ERhH, which is inactive in hydroformylation

251423 Deactivation

C : ; ; :
strong :zi;TStH0;lf:ullE = e poisons such as
Stream purificati;n n:g:iezst:i: ;ztizii jnd O2 [371,[38]. Feed
Gatalysl Slife “ig. alea impaired by j -a .prmblem: Pt FHoa L un
bphenomenon is evident palred by intrinsic deactivation. This
Tk e e n 1N systems which have been under hydro-

ons for some time [39]. Recent studies have

ie:aion:yz:izzlpgjnzlphnsphine [40]. Insertion of olefin into the
o Eliminatesn produces ? metal-alkyl complex, which reduc-
S Srmes Zs alkyldlph?nylphosphine. The mononuclear
s o a?t also el?mlnate Ph as benzene, bipheny]l,
Pl [cheme ;IIWl h concomitant formation of Polynuclear
e i th]. Thes? are more coordinatively and stryc-

an their mononuclear counterparts and

....lB_

possess significantly diminished catalytic activity. It is inte-

resting to note that increased olefin concentration will decrease
but will increase alkyl-

phosphido-bridged cluster formation,
diphenylphosphine formation.
Scheme ITI.
X :
o : — —
Ln Rh PPh3 Ln Th Ph
Pth
phosphido ///
bridged
clusters
Ph

I
Ln~Rh—CH20H2R

P (Ph)
2
?h fﬁﬁﬁﬁ;
L Rh-F—CH2CH2R
Ph

A second way

the application

around the metal
dimers will result. Eventually the

1200
2.5. Conclusions

From

in which catalyst activity can decrease is

of too high temperatures. The number of P-atoms

atom wil1ill decrease and formation of inactive
Rh(I) 1s reduced to Rh(O0)

our literature review we conclude that the Wilkinson

mechanism is still accepted as the best frame-work description of

the hydroformylation mechanism. Lots of new techniques have been




applied recently to study the reaction in more detail, such as
high pressure IR spectroscopy [4dek; 31P NMR [36], 13C NMR [24]
and, on the basis of kinetic data, the use of computer modelling
[42].

The conclusions arrived at by the several investigators,
however, vary greatly, and no reaction step in the mechanism is
undisputed. There is even no agreement on the question which step
is the rate-determining one.

Information on the rate-determining step may be gained

from the kinetics of a catalytic reaction. The general rate
equation reads:

-E_/RT

r =k . Py, . Pgo TPl
where E 1s the apparent activation energy and the quantities a,
b and c are the reaction orders in hydrogen, carbon monoxide and
alkene pressure, respectively. When a reactant is involved in an
equilibrium step and the order in the pressure of that reactant
ls zero or nearly zero, it is very likely that the equilibrium is
fully shifted to the right. In that case such a step 1is not rate-
determining. When the reaction rate is first order in the pres-
sure of a reactant, and all other steps are in near—-equilibrium,
it becomes very 1likely that the step 1n which the reactant in
question is involved is the rate-determining one, the "equili-
brium" in the steady state being strongly shifted to the left.

As mentioned earlier, it has been stated by, for example,
Olivier and Booth [33] that the hydrogenolysis of the acyl inter-
mediate is the rate-determining step. These authors found a zero
order in carbon monoxide pressure and an order of one in the
partial pressures of hydrogen and alkene. However, Herman [11],
d’0ro et al. [43] and Gerritsen et al. [10], all working with a
large excess of PPh,, found the order in hydrogen to be close to
zero. This points to the last (hydrogenation) step in the asso-

ciative pathway being an equilibrium step fully shifted to the

right. Hence, a rate-determining hydrogenation of the acyl com-

pound is not very plausible.
From the above considerations we conclude, for the time

being, that, at least in the presence of a large excess of PPhS,
the addition of the alkene in the N -bounded form to the rhodium
centre, perhaps concomitant with the pushing aside of a PPh3
ligand, is the rate-determining step.

Wilkinson et al. [20] stated that dimerization of the
complex can lead to deactivation of the catalyst. The use of
excess ligand hampers this reaction, thus stabilizing the cata-
lyst, but dimerization can be suppressed even more effectively by
isolating the active metal centres from each other. This can be
accomplished by chemical immobilization of the catalyst. Since
bidendate ligands are more firmly bound to the metal centre, such
systems are thermally more stable. We advocate the application of
a tridentate 1ligand in which, due to the sterical factor, only
two of the three phosphorus atoms can be placed on the metal

centre, the third one acting as an intramolecular stabilizer.

H
CH_-CH
o) it
4 / E > PPh,
/ x
‘AN~P - Rh
AN N N
1 CH2 CO CO
/] /
7 ‘1:'.H2
/ \ PPh
2

On the basis of the literature studied this should be an active
and thermally stable catalyst, provided no bimolecular step 1s
required in the hydrogenation of the acyl intermediate. We shall
return to this subject in Chapter 6.
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3. HETEROGENIZATION OF RHODIUM COMPLEX CATALYSTS

3.1. Introduction

In recent years there has been an increasing interest in
heterogenization of homogeneous catalysts as a means of combining
the advantages of heterogeneous and homogeneous systems. The
following factors play an important role in catalytic processes:

1) Separation of the catalyst from the products.
Homogeneous catalysis often 1nvolves a laborious and expensive
separation step, often accompanied by some loss of catalyst
activity, whereas heterogeneous catalysts can easily be separated
from the products, by filtration when they are used in a batch
reactor, or by a continuous separation method when they are used
in a fixed bed reactor. It should be noted that three of the
commercially successful homogeneously catalyzed processes, namely
the LPO process [1,2], the Monsanto process for carbonylation of
methanol ([3] and the Wacker process for the oxidation of ethene

(4], owe part of their success to the relatively low boiling
points of the products.

2) Thermal Stability.
Heterogeneous catalysts, such as pure metals on supports and
metal oxides, are often much more thermally stable than homo-

geneous catalysts, which are often organometallic complexes.

3) Side reactions of the catalyst.

Metal complexes 1in solution can conglomerate, which can result in
the formation of inactive oligomers.

_24_

These three factors highlight the advantages of hetero-
geneous catalyst systems. Homogeneous catalysis, of course, also
has advantages, such as:

4) Efficiency.

Heterogeneous catalysts are only active in the surface or subsur-
face area, whilst in homogeneous catalysts all molecules are, 1n
theory, available for the reaction. So the efficlency 1s much
higher 1n the latter case.

5) Reproducibility.

Homogeneous catalysts have a very definite stoichiometry and
structure; by contrast, the structure of the surface of hetero-
geneous catalysts 1is very difficult to reproduce because 1t 3s
heavily dependent on the method of preparation.

6) Specificity and Controllability.

Homogeneous catalysts have, in general, only a limited number of
types of active sites, in contrast with heterogeneous catalysts,
which contain a great variety of surface defects and several
different surface crystallographic planes, resulting in several
sorts of active sites. These surface defects and the surface
plane distribution are difficult to control, while in the case of
homogeneous catalysts modification by, for example, other ligands
can be accomplished much more easily.

7) Sensitivity to poisoning.

Heterogeneous catalysts are more frequently subject to poisoning
by sulphur and phosphorus containing compounds than homogeneous

catalysts, and to a much greater degree.

There are two major types of heterogenized homogeneous
catalysts:

1) A solution of the metal complex, capillary condensed in the
pores of an inorganic or organic porous support material (SLP
catalysts).

2) A chemically immobilized metal complex on organic or inorganic

support materials.

These two types of heterogenized homogeneous catalysts

will be discussed in this chapter.




3.2+ BLEP €atalysts

Acres, Bond, Cooper and Dawson [5] and Rony [6] 1ndepen-
dently demonstrated the feasibility of dispersing non-volatile
liquid catalyst solutions contalining metal complexes within
porous solids and performing gas-phase reactions over fixed beds
of such catalysts.

In 1975 a research programme was started at Delft Univer-
sity of Technology with the objective to learn more about the
application of organometallic complexes as catalysts in this so-
called supported 1liquid phase (SLP) form. Hydroformylation of
olefins over Wilkinson-type rhodium catalysts was chosen as test
reaction [7-22].

In an SLP rhodium catalyst, schematically represented in
Figure 1, I—IRh(CO)(PPh3)3 is dissolved 1in PPh, or derivatives
thereof, the so-called solvent-ligands. The solution is brought

into the pores of support materials such as silica, alumina or
macroreticular resins (see Figure 1).

N
\%

supporft
catalyst solution

reactants In

G
gas -phase
7

N

Figure 1. Schematic representation of a supported liquid phase
catalyst.

The function of the solvent-ligand is threefold:

a) Fixation of the catalyst.
The support material 1s chosen such that the pore walls are
wetted by the solvent-ligand. Then, according to Kelvin’s law,
a suction force 1s created which, for pores with diameters of
a few nm, may become as high as 5 MPa. As a result, the solu-
tion 1s held strongly to the support by capillary forces.

b) Increasing the linear-to-branched ratio.
In the presence of carbon monoxide and an excess of PPh3r the

followling equllibria are shifted to the left:

——

HRh (CO) (PPh,), = HRh(CO) (PPh,), #: PER.
HRh (CO) , (PPh,) o HRh (CO) (PPh,), RS0
HRh (CO) , (PPh,) e HRh (CO) ,, (PPh.,) 4 | BB

Shifting of these equilibria to the left in general increases
the number of bulky PPh3 ligands around the rhodium centre. As
a result, the linear-to-branched ratio increases. Both steric

and electronic effects explaining this shift have been sugges-
ted in the literature.

c) Stabilization of the catalyst.

Because of the presence of an excess of PPh3, the number of
PPh3 ligands around the rhodium centre remains relatively

large. This prevents the formation of catalytically less

active or even inactive oligomers.

This type of catalyst has the following advantages com-
pared with its homogeneous analogue:

a) Relatively easy separation of catalyst and products
b) Greater stability of the catalyst due to the excess PPh3
C) A large gas-liquid interfacial area and a shorter liquid phase

diffusion path resulting in an efficient use of the cataly-
tically active centres

d) Elimination of severe reactor corrosion problems [6].
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However, two «critical situatlions are encountered when
working with SLPC’s:

1) The catalyst can dry up due to evaporation of the solvent
ligand. According to Herman [18), when working at 383 K, 50%
of the PPh3 will be evaporated after a period of 800 hrs.
Therefore, measures must be taken to replenish the PPh3 from a
preconnected reactor filled with PPh3 on a support . Another
solution to this problem could be the use of solvent llgands
with lower wvapour pressures, such as tri (para-tolyl) phos-
phine [9].

2) The formation of aldol products and the solubility of the
aldehydes 1n the solvent-ligand, as well as caplllary conden-
sation in the pores of the support, can result in leaching out
of the expensive rhodium complex. Aldol condensation, however,
can be largely circumvented by using supports with an extre-
mely low aldol condensation activity, such as macroreticular
resins or dehydroxylated silicas. It is clear that this pro-
blem 1s more severe when a high conversion per pass is
applied. Unfortunately, a high conversion 1s necessary in
order for thils system to be industrially attractive. Further-
more, the hydroformylation of higher alkenes, producing high

boiling products, will be very problematic.

We have to conclude that the two problems mentioned above
are hard to avold simultaneously. The first problem can be cir-
cumvented by using lower temperatures and/or higher pressures,
while the second problem can be circumvented by applying higher
temperatures and/or lower pressures. Besides, the temperature
should not be above 383 K, because this results in deactivation
of the catalyst. This implies that the temperature/pressure
margin 1s relatively narrow. One of the potential solutions to
this problem 1is the use of thermally more stable rhodium com-
plexes, for example by applying bidentate phosphine ligands. This
will be discussed in Chapter 4 of this Thesis.
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3.3. Chemically Immobilized Systems

The SLPC systems can only be used when the reactants and
the products are i1n the gas phase. This has the advantage that a
continuous separation of the catalyst and the products can be
achieved without the need to regenerate the catalyst by filtra-
tion or other laborious procedures. This 1s one of the reasons
why at Delft University of Technology this technique has been
investigated.

Most efforts 1n heterogenizing homogeneous catalysts,

however, are in the field of the chemical immobilization of metal

complexes. There are a few reasons for favouring this last tech-

nique:

1) Chemically 1mmobilized systems can be tested in a batch reac-
tor, which does not require very expensive equipment.

2) It can be used for the synthesis of higher boiling products.

3) Ligand evaporation is no longer a problem.

There are two types of chemically immobilized systems,
ViZ.
1) The metal complex is linked to the support through attachment
to one or more of its ligands.
2) A chemical bond between the support and the metal centre 1is
created.

The first of the two classes most resembles the homoge-
neous analogue, so this technique will be discussed here.
Furthermore, most of the catalysts of category 2 are chemically

unstable and relatively inactive.



3.3.1. Chemical immobilization on organlic supports

The most important type of organic support material con-
sists of cross-linked polystyrene. It offers several advantages:
1) It 1s easily functionalized.

2) Unlike metal oxide surfaces, most hydrocarbon polymers are
chemically inert and therefore do not 1interfere with the
catalytic group.

3) Styrene—based polymers can be prepared with a wide range of

physical properties.

An essential disadvantage of styrene-based polymers 1s
that they have poor mechanical properties, whilich prevents them
from being used 1in stirred reactors, 1n which they would be
pulverized.

Two types of styrene based polymers are used. In the first
type, a commercial polymer 1is functionalized, whereas 1n the
second the monomers styrene, divinylbenzene and a functionalized

styrene are copolymerized.

A well-known example of the first route is the synthesis
of diphenylphosphine functionalized polystyrene. At Delft Univer-
sity of Technology this was done by de Munck [12] in the follo-

PCl @-Li
3 -
BF ;.ET,, 0 %@sz - %@Pphz

wling manner:

HRh (CO) (PPh olo
(co) (PPh,) , p o een,

. ﬂ@Pth - Rh
/] £ \PPh3

The second route to functionalized polystyrene 1s to
polymerize a functionalized monomer. Homopolymerization of the
monomer produces a linear product in which every segment carriles
a functional group, while copolymerization with styrene and
divinylbenzene also produces a polymer, but now with only a
proportion of the monomer groups being functionalized. However,
p-styryldiphenylphosphine is considerably more reactive than
styrene itself so there 1is a tendency for multiple units of
phosphinated monomers to be formed 1n the early stages of the
polymerization. Therefore, it 1is very difficult to prepare a
copolymer 1in this way with all the phosphinated residues com-
pletely isolated from each other. So, for hydroformylation cata-
lysts copolymerization does not seem to be an attractive route to

chemically immobilized systems.

3.3.2. Chemical immobilization on 1norganic supports

The major advantages of inorganic supports over their
organic counterparts are their better mechanical and thermal
stabilities coupled with reasonable heat transfer properties.
Very often the upper limit of the thermal stability of organic
polymer-supported complex catalysts is set by the polymer rather
than the metal complex [23].

Silica 1s by far the most widely used inorganic support
material for chemical immobilization of organic functional
groups. Well-known organic reactions have been applied to modify
the silica surface, which consists of polar silanol groups and
unreactive siloxane bonds, such as:

1) Reactions with alcohols [24]:

Si-OH + HO-R = Si-0OR + HZO




2) Reactions with Grignard reagents [25]:

/ socl
}5i-0H el RMg X~ o Asi-r
/
P
3) Reactions with organosilanes [26-29]:
(THB)B-H ;: (?H3)3—H
S1-0H + X -Si-R » /+S1-0-S1i-R
I v |
7 Xn—-l

Method 1 has the disadvantage of creating instable bonds, while
method 2 produces magnesium salts that remain partially adsorbed
to the silica surface.

Method 3 1s particularly useful when n=1, because the
surface coverage can be defined well, using elemental analysis.
The reaction with organosilanes produces stable bonds and the
reactant can easily be separated from the functionalized silica.

In Chapter 6 of this thesis the synthesis of a chemically

fixed rhodium hydroformylation catalyst will be presented,
applying method No. 3.
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4. HYDROFORMYLATION OF 1-BUTENE OVER A RHODIUM/SLP CATALYST
APPLYING BIDENTATE PHOSPHINE LIGANDS

4.1. Introduction

As discussed already in Chapter 2, one of the methods to
immobilize an (originally homogeneous) organometallic catalyst 1s
by preparing a so-called SLP (supported liquid phase) catalyst.
When dealing with a rhodium hydroformylation catalyst in the SLP
form, several authors [1-16] made use of HRh(CD)(PPh3)3 dissolved
in PPh, (the solvent— ligand) and capillary condensed this
solution into the pores of heterogeneous support materials like
silica and gamma-alumina.

In order to study the influence of the type of ligand on
the performance of the catalyst, Gerritsen et al. (5] explored,
besides PPhB, several other ligands. These alternative 1ligands
were used as the solvent-ligand but, being present in large
excess, they rapidly and fully exchanged with the PPh., ligands
around the rhodium centre. Out of nine trials, three attractive
ligands emerged:

- Tri(p-tolyl)phosphine. A catalyst based on this phosphine
showed a stable performance up to 139°C. At 90°C the activity

was 20% lower than with PPh as the ligand. The rate of

3
i 3
reaction was 78 cm propylene/qg Rh.s and, under comparable
conditions, a normal-to-iso ratio of 6.9 was arrived at,

against 8.9 with PPh3.
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(In our research (hydroformylation of 1-butene) analogous
results were arrived at, except for the temperature limit of
stability claimed by Gerritsen et al. Under comparable

conditions this limit was only 125°C in our case.)

- (8(+)-(2-phenylbutyl)diphenylphosphine. A catalyst provided

with this type of ligand appeared to be stable, but up to a
maximum temperature of 112°C only. Moreover, the activity was a
factor of about 10 lower as compared with PPhB—liganded
catalysts, under comparable conditions. The normal-to-iso ratio
was 7.8.

- Tri(2-cyanoethyl)phosphine. Catalysts containing thils ligand
showed a stable performance up to a reaction temperature of
130°C, but the activity was a factor of about 100 lower than
found with PPhE-liganded catalysts.

Applying Rh-SLP catalysts it would be desirable to operate
at reaction temperatures far above 90°C, for a number of reasons.
First, it 1is wuneconomic to be forced to dissipate the high
exothermic heat of reaction (- 138 kJ.mml_l) at relatively low
temperature levels. Secondly, the combination of a low reaction
temperature with a high alkene conversion per pass may lead to
capillary condensation (followed by solution) of the produced
aldehydes into the pores of the catalyst and this, 1n turn, leads
to soaking of the catalyst. In the <case of propylene
hydroformylation, for instance, 1t can be calculated that the
alkene conversion per pass should not exceed 21.4% 1n an
eXxperiment at 90°C and at 1.57 MPa total pressure (prnpene/Hz/CD
= 17177%) .

It will be <clear that, from a practical point of view,
such low conversions are uneconomic. The only solution of the
problem lies in increasing the reaction temperature and this asks
for types of 1ligands which render the catalyst a very high
stability at higher temperatures. At the same time, however, the
ligand should have a low vapour pressure at these higher
temperatures. It was shown, among others, by Herman [9] that,

when operating with PPh, as the solvent-ligand above 90°C, too

-



much PPh evaporated out of the catalyst per unit time, causing

3

the catalyst to dry up, whereas at the same time the aldehydes

became contaminated with triphenylphosphine.

All these reasons prompted us to explore the use of still
other 1ligands. In this chapter we will show that the use of 1,4-

bis(diphenylphosphino)butane, (thP)—(CH2)4—(PPh2), can be quite

successtul. Such bidentate 1ligands give rise to a stronger

bonding between the phosphorus atoms and the rhodium centre of
the catalyst and hence the thermal stability of the catalyst will
increase. Moreover, it will apear that the application of this
type of ligands is interesting from a theoretical point of view,
especlally with respect to the kinetics of the hydroformylation
reaction.

l-Butene was chosen as the alkene to be hydroformylated.
The 1linear hydroformylation product of l-butene, n-pentanal (n-
valeraldehyde) l1s an intermediate 1in the production of a
plasticiser with low volatility, di-isodecylphtalate (DIDP). The
iso-product, 2-methylbutanal (1so-valeraldehyde) is of practical

significance as it can be directly dehydrated to isoprene.

4.2. Experimental

4.2.1. Materials

HRh(CG)(PPh3)3 was prepared by the method of Ahmad et al. [16].
Triphenylphosphine (Merck, West Germany, 99%) was used as

received. Tri(p-tolyl)phosphine (Janssen, Belgium, 98%) ,
triphenylphosphine oxide (Merck, West Germany, 98%) and 1,4-
bis(diphenylphusphinn)butane (Janssen, Belgium, 98%) were used as

received.

Benzene (Merck, West Germany, 99%) was dried over

molecular sieve 3A, from Union Carbide, USA. 1-Butene, helium,

=2 G-

nitrogen, hydrogen and carbon monoxide were obtalined from Hoek
[oos NV, The Netherlands. These gases were freed from traces of
oxygen, Wwater and carbon dioxide over a BASF catalyst R3-11,

molecular sieves 34, and sodium hydroxide on asbestos

("Ascarite"), respectively. Hydrogen was freed from traces of
oxygen and water over Pd-on-alumina (from BASF, Germany) and over
molecular sieves, type 3A.

The catalyst support material was silica 000-3E (from
Ketjen,The Netherlands). The BET surface area appeared to be 203

| : .
mz.g—l and the pore volume was 0.85 cm .g ~. The maximum 1n the

pore-volume distribution was at a pore radius of 5.7 nm.

4.2.2. Catalyst preparation

The rhodium SLP catalysts were prepared by dry
impregnation of the support with a solution of RhH(CO)(PPh3)3 and
of the phosphine ligands in benzene, according to a method first
described by Gerritsen et al. [2]. Before impregnation, the
support material was dried at 393 K for 16 hrs. 1in air.
Impregnation was carried out in the apparatus shown in Figure 1.

A known amount of HRh(CO)(PPha)B, together with the

solvent 1ligands, was dissolved into benzene at 343 K under
nitrogen, to prevent the oxidation of the phosphine (vessel A).
The amount of the phosphine solvent-ligands corresponds with the
desired degree of pore filling and the amount of rhodium complex
to the desired P/Rh ratio. The total liquid volume was taken
equal to the pore volume of the support material present in
vessel B. A small additional quantity of the solvent was added to
compensate for evaporation during the impregnation step. The
catalyst solution was added dropwise to the stirred support.

During impregnation the support is kept at 343 K under nitrogen.
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Fig. 1. Catalyst preparation apparatus. A = catalyst solution

holder; B = support holder; C
D = oil bath.

magnetic stirrer;

The 1mpregnated catalyst was taken out of the apparatus
and dried from the solvent benzene at 363 K under flowing
nitrogen during 16 hrs. Next the nitrogen atmosphere was replaced
by air, after cooling down the catalyst to room temperature.
Finally, the catalyst was stored at 253 K.

Degrees of pore-filling were adjusted at about § = 0.2.
This value was controlled by measuring the pore volume of the
support before and after filling; use was made of a micro-BET
apparatus by measuring the total amount of liquid nitrogen taken

up by the catalyst at 78 K, up to a relative N
05995

, pbressure of about

4.2.3. The hydroformylation apparatus

The hydroformylation experiments were performed in a

continuous-flow fixed-bed equipment, suitable for total pressures
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up to » MPa and for reactor temperatures Uup tor 473 K

(SEE Fj_gure 2) .
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Fig. 2. Fixed-bed continuous-flow apparatus for the
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hydroformylation of alkenes. A = purification unit. FCI
flow indicator. PIC = pressure indicator, PIA = pressure
indicator and alarm, TI = temperature indicator, TIA =

temperature indicator and alarm. Items 1-10 see text.

The gases passed a thermal flow meter and controller

(Brooks type 5810/5835). The liquid butene was pumped from the
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reservoir (1) by a piston pump (2) to the evaporator (3). Flow
pulsations in the liquid flow were damped by a pulse damper and
by a pressure valve and a membrane.

After having passed the evaporator, the gas mixture was
led through heated tubes to the fixed bed (4), which consisted of
a stainless steel tube of 0.20 m length and 0.01 m i1nner
diameter. The reactor was placed in an air-fluidized bed oven
(5). The temperature was Kkept constant by means of an Eurotherm
thyristor controller to within 0.5 K. The reactor pressure was
measured to within 0.02 MPa. The reactor can be bypassed by means
of the four-way valve (6).

The gaseous product stream was passed through heated,
stainless steel tubes to the heated back pressure regulator (7).
Analysis of the product mixture was performed by an on-line gas
chromatograph (8), samples being taken directly from the gas
stream with a sample loop (0.5 cmB) and 1njected into the gas
chromatograph by a pneumatically actuated Carle valve.

After passing the water cooled condensor (9), the gas
stream was led through a soap film meter (10) and then vented to
the atmosphere.

The gas chromatographic analysis was performed with two
apparatus. The first is an isothermal self-constructed apparatus,
used to determine eventual hydrogenation and isomerization of the
alkene. The GC contained a column (3 m length, 0.003 m inner
diameter) filled with Spherosil XOB-75, mesh size 100-120. The
column temperature was 343 K. The GC was equipped with a flame
lonisation detector and a Hewlett Packard 5701A electrometer. The
second apparatus was a temperature programmable gas chromatograph
(Hewlett Packard 5710A) equipped with flame ionisation detectors,
to determine the conversion of the alkene to alkanals (linear and
branched) and eventually formed aldol products. In the apparatus
we used a column of 4 m length and inner diameter 0.0021 m,
filled with 25% OV 101 on Chromosorb W~HP, mesh size 80 - 100.
The column temperature was programmed from 343 K to 473 K. Peak

areas were recorded and integrated by a microcomputer Digital LCI
19703
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The operation of the hydroformylation equipment was semili-
automatic, which means that the set-points were adjusted
manually, and that the samples were taken automatically. Safety
was ensured by installing pressure and temperature devices; if a
pre-set maximum or minimum allowable value was exceeded, a shut-
down followed.

At the start of each experiment the reactor temperature
was raised stepwise to 363 K under a mixture (50/50) of hydrogen

and carbon monoxide in a period of about 2 hours.

4.2.4. Vapour pressure measurements

Vapour pressures of the phosphine ligands were obtained
from simultaneous torsion effusion measurements and mass loss
effusion measurements and were fitted 1independently 1nto the

following equation [17]:
R 1n (pfig_/p*fig_J = - Ac®e)/e + Au®(e).(1/86 - 1/7) (1)

in which pfig. is the saturated vapour pressure of the ligand, in
Pa, © 1s a reference temperature, i1n K, and P?ig. is a standard
pressure, taken to be 1 Pa. &;GG(B) 1s the standard free enthalpy
of vaporization and A HO(B) is the standard enthalpy of
vaporization. The measurements were carried out in the pressure
region of 0.1 - 1 Pa and in the range of temperatures from 264 K
to 459 K. The measurements have been performed in the Chemical
Thermodynamics Group of the University of Utrecht, 1in cooperation
with Prof.Dr. A. Schuijff and coworkers. The results for
triphenylphosphine oxide and 1,4-bis(diphenylphosphino)butane
were published in the Journal of Chemical Engineering Data [18].
In section 4.3 these results will be compared with data obtained
earlier bij de Kruif et al. [19] for other solvent-ligands, viz.
triphenyl- and tri(p-tolyl)phosphine.
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4.3. Results

4.3.1 The performance of SLP catalysts with 1,4-bis(diphenyl-
phosphino) butane

The structure of rhodium complexes, prepared by exchange
of the PPh3 ligands in HRh(CO)(PPh3)3

th Lt ' '
€ general composition Pth(CHz)nPth, was 1lnvestilgated earlier

for bidentate ligands of

by Kastrup et al. [20]. Two structures are found which are in

mutual equilibrium:

PPh PPh PPh
///\\\\ H//’\\\ Co ///\\\
(CH,) (CH,).. > CH,, —
\ \/ ( \ /\ i MiAg]
PPh PPh
(A) (B)
For n = 2 the equilibrium lies almost exclusively to the

left, and the corresponding bicyclic system is inactive for
hydroformylation. For n = 3, a larger amount of the right-hand
side monocyclic species is found and, consequently, the complex
will be more active in this case. For values of n larger than 3
the equilibrium shifts more and more to the right. However, for
very large values of n stabilization, as a result of the
chelating effect, will decrease and the phosphorous-rhodium bond
becomes less firm. This is the reason that we have chosen for the
use ?f 1,4-bis(diphenylphosphino)butane (n = 4) in our catalytic
experiments.

According to the method described in section 4.2.2., a
number of catalysts have been prepared; the composition of three

representative samples is given in Table 1.
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Table 1. Composition of catalysts used 1n the hydroformylation of

1-butene, in mmoles per 5 dgram of catalyst support.

catalyst I IT LT
HRh(CO)(PPh3)3 0. 0550 0.0544 0 055
= o~ - 3 0.546
(Ph,P) ,~(CH,) ,~PPh, 1.656 1.931
tri(p-tolyl)phnsphine 2.203 1.634 4.362

tabulated, the amount of silica used was 5

0.35 mm and 0.42 mm.
the reactor

ITn all three cases

gram. The particle size was 1n between

In the experiments reported in this Chapter,

was operated differentially (conversion per pass lower than 5%)

and hence the reaction rate (r) can be expressed by

- &/ (Ww/F) (2)

where W is the weight of rhodium in the reactor in gram, F 1is the

alkene flow expressed 1n cm3 alkene (at 0.1 MPa and 293 K} per

second, £ is the alkene conversion,
c:m3 alkene converted (at 0.1 MPa and

and r is the reaction rate,

consequently expressed 1in

293 K) per gram of rhodium per second.
Aldehydes being the only products observed, the conversion

of alkene (&) was calculated from:

: A 3p
= . (3)
A + A
P 3P O
where A and A are the integrated peak areas for aldehyde and

alkene, respectlvely, and B is an internal normalization factor
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correcting for the difference 1in thermal conductivity between

aldehyde and alkene.

The kinetics were studied 1n the flow reactor at a total
pressure of 1.2 MPa, and partial pressures of hydrogen, carbon
monoxide and 1-butene of 0.4 MPa. The total gas flow was kept
constant at 2.5 cm3 (STP] s_l.

First of all, the stability of the catalyst (sample ITI)
was tested. At a reactor temperature of 145°C, both at an alkene

conversion of 5% and 8%, a perfect catalytic stability was

pre ssure

activation energy.

1low
selectivity to the

isomerization of
and only a very small fraction of 1l-buten

Mpa and partial pressures

observed and after one week no sign of deactivitation of the

catalyst could be observed. The activity of the catalyst at 145°C
amounted to 45 cm3 1-butene (STP) converted per g of rhodium per
second. As expected, this activity is lower than the one found
with monodentate rhodium complexes as a catalyst. The activity is
about equal to what has been found in the hydroformylation of
propene under comparable conditions at a reaction temperature of
100°C [3, 4]. The observed normal-to-iso ratio at 145°C was 5. An

experiment performed at 180°C resulted 1in a relatively rapid

deactivation of the catalyst.

4.3.2. The kinetics of the reaction

The reaction kinetics have been studied in the temperature

range of 95 to 140°C. All results could be expressed in the form
of a power rate law:

i a b C
t kD ' sz ) pCO ) pl—butene . exp (- Ea/RT) (4)

where r 1s the reaction rate per unit weight of rhodium and a, b

and c¢ are the orders 1in hydrogen pressure, carbon monoxide
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putene of 0.4 MPa each. The total gas flow W

and l-butene pressure, respectively. E_ is the apparent

The reaction orders have been jJetermined at the relatively

temperature of 97°C. This has the advantage of a nearly 100%
formation of the n- and iso-aldehyde;
1-putene to cis- and trans 2-putene was absent

e was hydrogenated To n-

pbutane.

The experiments were performed at a total pressure of 1.2

of hydrogen, carbon monoxide and 1-
as kept constant at

2:5 cmB(STP).s_l. The reaction order for each reactant was found

by halving the partial pressure of that reactant and bringing the

1.2 MPa by the addition of helium to the gas
h catalysts I,

total pressure TO

flow. The reaction orders found in experiments wit

1T and III (see Table 1), together with the apparent activation

energies, are brought together in Table 2. Arrhenius plots are

7. All data in Table 2 and in Figure 3 are
of 1l-butene conversion to both n- and

collected 1in Filgure

related to the kinetics

iso-aldehyde.

Table 2. The kinetics of the hydroformylation of l1-butene to 1s0-

and n-valeraldehyde (kinetics related to the 1-butene

. . a
conversion). The reaction orders in hydrogen pressure (a), carbon

_butene pressure (c) are given at 97°C

monoxide pressure (b) and 1 ‘ .
is the apparent activation

o E
and 1.2 MPa total pressure app.

energy. A is the catalytic activity, expressed 1n cm 1-butene.g
Rh™T.s” 1, at a reaction temperature of 97 °cC.
Catalyst Ratio Rh-complex/ Order 1n ] .

No. bidentate ligand/ app.
tri(p—tnlyl)phnsphine H, (a) CO (b)

i 8 1 : 30 : 40 0.35 - 0.06 1.44 65.5

Lk 4 - 35.5 : 30 0.35 - 0.28 1.38 6is
i

I1I 1 . 9.9 ‘ 79.3 0.32 - 0.14 1.44 66
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Fig. 3. Arrhenius plots for the hydroformylation of 1l-butene over
catalysts I, II and III. The natural logarithm of the
conversion rate to n- and iso-valeraldehyde 1s plotted

against 1000/T.

The kinetic data for the formation of n-valeraldehyde 1s

presented in Table 3a. The differences with what is found for the

kKinetics of the conversion of n-valeraldehyde plus 1so-
valeraldehyde (Table 2) are marginal. Table 3b represents the
kKinetics for the formation of the 1so-valeraldehyde. Here

the differences with the data in Table 2 are larger, especlally
with respect to the order in the carbon monoxide pressure. We

return to this point in the section Discussion.

For all three catalysts a remarkable nearly constant
?armal—tn—iso ratio 1s found 1in the whole temperature range
investigated (97 to 140°C); see Table 4. Halving the partial
hydrogen or n-butene pressures hardly influenced this ratio.
However, an increase of the partial carbon monoxide pressure by a

factor of two resulted in a decrease of the normal-to-iso ratios
(see Table 4).
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Taple 3. Reaction orders in hydrogen pressure (a), carbon

monoxide pressure (b) and 1-butene pressure (c) at 97°C

and 1.2 MPa total pressure. Apparent activation energiles

for catalyst samples I, II ana LIl
Table 3a: Kinetics related to the formation of the n-

aldehyde.
Table 3b: Kinetics related to the formation of the 1so-

aldehyde.

Table 3a.

catalyst Ratio Rh-complex/

No. bidentate ligand/ app-
tri(p—tﬂlyl}phmsphine H2 (a) CO (b) l~C4HB{c} (kJ/mol)

5 8 1 $ 30 . 40 0.35 - 0.06 ~1.4 66.6
) 5 1 § 15.5 - 30 0.35 - 0.31 ~1.4 61.1
B i85 3 1 - 9.9 - 79.3 0.:35 - 0.19 ~1.4 64.3

Table 3b.

Catalyst

No
1 0.19 0:3% ~1.4 707
i 95 ¢ 0.35 0.06 ~1.4 57 .8
IIT 0,31 0.14 ~1.4 65.d

Table 4. The n-valeraldehyde/iso-valeraldehyde ratios 1in the
hydroformylation of 1-putene over catalysts I, Il and

III.
Catalyst No. n/iso ratio n/iso ratio, on increasing
the partial CO pressure (factor 2)
I 5.0 to 5.5 3.85 to 4.24
ITI 5.5 to 6.0 4.07 to 4.44
LIL 4.9 to 5.0 3.87 to 3.95
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We finally remark that both the
to-1so ratios found when

butane-liganded catalysts differ appreciably from

arrived at in the hydroformylation of

triphenylphosphine-liganded catalysts by Pelt et al.

return to this important point in the section Discussion.

4.3.3. Vapour pressure measurements

The thermodynamic
pressures

quantities
of the solvent-ligands (see eq.
are brought together in Table 5.

Table 5. Experimental values of &GD(B) g ﬁHﬂ(e) and of 8.

8 (K) Ac®e) (T.mo1™*) A H®(e) (kT .mol 1)
TPP 378.06 4358 91.4
TPPO 398.86 3039 131.0
BDPPB 443.22 3377 126.3
TPTP 325.28 2935 126.0

kinetics and the normal-

applying 1,4-bis(diphenylphosphino) -
the results

l-butene over

[21-27]. We

describing the vapour

1 in section 4.2.4.)

In Table 5 the mean values of the thermodynamic quantities
are presented,

mass Jloss

(171,

calculated from torsion effusion measurements and

effusion measurements. For detalls we refer to ref.

[18] and [19]. TPTP stands for tri(p-tolyl)phosphine, TPPO
Lot triphenylphosphine oxide, BDPPB for

1,4-bis(diphenyl-
phosphino)butane and TPP for triphenylphosphine.

In

Table

6 the relative pressures of G

are brought together, calculated from equation

he solvent-ligands

(1) and making use

of the thermodynamic gquantities in Table 5.
Table 6. Pressure-temperature values Dfur TPPO, BDPPB, TPTP and
TPP. The standard pressure, P , is 1 Pa.
p/pD Temperature (°K)
TPPO BDPPB TPTP TPP
Dsld 385.34 425,99 372.16
g 391:99 434.44 378.61
0. 395.95 439.53 328.48
. 398.86 443.22 385.28
401.13 446.13 387.48
0.6 403.00 448 .53 389.29
o W 404.60 450.58 390.84
0.8 405.99 452 .37 392 .19
0.9 407 .22 453.96 393.39
1.0 408.34 455.40 394.47 360.86
2.0 369.26
3.0 374.36
5.0 380.98
7+0 385.48
9.0 388.90
10.0 390.36
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Fig. 4. The natural logarithm

4.4.1.

research 1is

All results are plotted 1in a ln(p/pD)—against-loa/T graph

: :
n Figure 4. The vapour pressures of TPP, BDPPB and TPTP are

equilibrium pressures of the 1liquid state. For TPPO we are

dealing with equilibrium pressures of the solid state.
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of the relative pressures of the

solvent-ligands, plotted against 1000/T. pD = 1 Pa.
Line A: triphenylphosphine [19].

Line B: triphenylphosphine oxide [18].

Line C: 1,4-bis(diphenylphosphino)butane [18].

Line D: tri(p-tolyl)phosphine [19].

4.4. Discussion

Kinetics and reaction mechanism

T
he type of SLP catalyst we are dealing with in this

characterized by a pore-filling with the bidentate

=5 0=

ligand l,4—bis(diphenylphmsphinﬂ)butane and with Erillp=
tolyl)phosphine, both in large excess 1n proportion to the amount
of hydridncarbnnyl—tris(triphenylphmsphine)rhmdium T. « FProm:sa
study by Pelt and coworkers [23] We xnow that, next to this, the
pores in the catalyst become filled with a certailn amount of the
aldehydes produced during reaction. It can be estimated from
rheir study that, at the lowest reaction temperature applied 1in
our work (97°C) and at a l-butene conversion of 18.5%, when 50%
of the pore volume 1s filled by the phosphines, the other 50% 1is
filled by the aldehydes. At the highest temperature (145°C) this
high degree of pore-filling would be realized only at a 1-butene
conversion of about 50%. Taking into account that in our research
the 1-butene conversion was much lower (mostly less than 5%) we
estimate that the pore-filling with aldehydes was not exceedlng
122 at the lowest temperature and not exceeding 5% at the highest
temperature applied.

Notwithstanding the fact t+hat the amount of aldehydes 1n
the catalyst pores 1is relatively small, dilution of the solution
of the catalyst in the <olvent-ligands by the aldehydes may have
+n influence on the reaction ~ate and on the kinetics. From the
work by Pelt and coworkers (23] it follows that addition of
aldehydes to the solvent-ligands has hardly any influence on the
solubility of the reactants CO an H,, but the 1-butene solubility
is strongly increased py it, and the 1-pbutene solubility 1s
proportional to the partial 1l-butene pressure.

It is likely that the 1-butene solubility, increasing with
increasing 1l-butene conversion, will influence the 1l1l-butene

hydroformylation kinetics,. The remarkable broken order in the 1-

butene partial pressure, repnrtéd in section 4.3.2 (ca. 1,4), and

also reported by Herman 1n the hydroformylation of propene [9]
and by Pelt in the hydroformylation of 1-pbutene [25], can now be
explained as follows. According to the associative reaction
mechanism (see Chapter 2) the T —addition of the alkene is one of
the equilibrium steps, and 1in the presence of an excess of
solvent-ligands this equilibrium 1is strongly positioned to the
left. Hence, a first order behaviour in the 1-butene pressure is

to be expected. However, with increasing rate of reaction more of
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th

i e aldehydes are formed and hence the amount of dissolved 1-

utene 1ncreases with an increasing amount of aldehydes formed

This ] ] ' |
will result 1in a self-acceleration’ of the reaction by

which '
the order of one is surmounted, the rate of reaction being

proportional to the amount of l-butene dissolved

A further discussion of the kinetics should start f
equilibrium A " B ‘ P
e » Yepresented 1i1n section 4.3.1. By the
addi ' ' o
: 1on of tri(p-tolyl)phosphine the rate of reaction 1is
stro ' '
ngly 1increased. Obviously, the monocyclic complex B will

exchan ] '
. ge 1ts linearly bound 1,4-bis(diphenylphosphino)butane
1gand for a tri(p-tolyl)phosphine ligand:

PPh2
(CH,), \\\\ :<—-Ph (CH,) ,PPh, + (C_.H,CH,). P g >
/CO ’
h,
(B)
PPh,
/\ H
/
(CH,) , th—— P(C.H,CH,)
'\\\ '/// CO
PPh
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sectlion
tolyl)phuﬁphine/l,4-bis(diphenylphmsphinm)butane, igs a strong

normal-to-iso ratlio (see Table 4,

the ratio tri(p-

The constancy of the
4.3:.2:.) independent on

argument in favour of the exchange of the linearly bound ligand

only. The strongly chelating bidentate ligand forces the Pth-
groups 1n a cis-position around the rhodium centre, and due to

this fact the normal-to-iso ratio 1s relatively low (5 to 6,

against 8 to 12 with monodentate complexes), for sterical reasons

(see below) .

It also appeared that the normal-to-iso ratio hardly

depends on the reaction temperature and on the degree of 1l-butene

conversion. These facts may be explained as well from the high

stability of the chelating bidentate ligand around the rhodium

centre.

According to the line of reasoning inherent the reaction

mechanism of hydrnfarmylatlmn explained 1n Chapter 2, complex C
is inactive and hence the first step should be the dissociation
of the P(C6H4CH3]3 ligand. This step is followed by]T—addltlon of
the alkene which, via an interligand reaction with the H- ligand,

is rapidly converted into a s-bound n- or iso-alkyl group:

///th ;//XPPh
(CH,) 4 -CO (CH,) 4 -CO
\\\R ///??H2)3 \\\\ ’///CH ~CH,,
PPh, CH, PPh,, CH
CH3

(D) (E)
o-bound n-alkyl ligand o-bound iso-alkyl ligand




It 1s seen from the structure of complexes D and E that,
due to the cis-position of the bulky PPh,-groups, the sterical
hindrance in the formation of an 1so-alkyl group is much lower
than in case we are dealing with two more bulky non-
interconnected PPh3 groups. Moreover, according to Kastrup [20],

such PPh3 groups are mainly in a trans-position, by which the
sterical hindrance is strengthened.

The large influence of the partial CO pressure on both the
catalytic activity and the normal-to-iso ratio is a well-known
phenomenon. Pelt and coworkers [25], for instance, in studying 1-
butene hydroformylation over a Rh-SLP catalyst containing
RhH(CO)(PPh3)3 dissolved in PPh3 as the solvent ligand, reported
a positive order in the CO pressure of 0.22. The order in the CO
pressure, as far as the formation of n-valeraldehyde is

concerned, was about 0.1, whereas the order in CO pressure for

the formation of iso-valeraldehyde was 1. Hence, by increasing
the CO pressure, the formation of the branched aldehyde was
favoured in Pelt’s study.

In studying the hydroformylation of propene over a Rh-SLP
catalyst of analogous composition as Pelt’s catalyst, Herman [9]
concluded that the partial pressure of CO shows only a slight
influence on the rate of reaction, but, on the other hand, has a
major impact on the normal-to-iso ratio: an increase of the
partial CO pressure from 0.18 MPa to 0.36 MPa led to a decrease
of the normal-to-iso ratio by a factor of 1.4.

We conclude that, obviously, CO does not play an important
role in any rate-determining step of the reaction, but might play
a role in an equilibrium step. However, when such equilibrium is
strongly positioned to the right the influence of the CO pressure
on the overall kinetics will be negligible. Of course, the CO
pressure can have an influence on the number of PPh, ligands
around the rhodium centre. When part of these PPh., ligands
exchange for CO 1ligands the sterical hindrance by the PPh,
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ligands will Dbe diminished and the normal-to-iso ratio will

decrease.

T+ is interesting to note that in our research, by the use
situation 1is

of bidentate ligands around rhodium, another

countered; see Tables 2 and 3 in section 4.3.2. The order 1in CO
appeared to be

en
pressure for 1l-butene conversion (Table 2)

slightly negative. As can be seen from Table 3b in section 4.3.2,

the influence of the CO pressure on the rate of formation of iso-

valeraldehyde is positive. An explanation of these facts, which

deviate from what has been found in Pelt’s and Herman’s work,

should be given on the basis of the essential difference with

PPhB—liganded complexes, viz. the cis-position of the PPh2 groups
of the bidentate 1ligand in our study. We think this to be
possible in the following manner. After complexes D and E have

been formed, the o-bound alkyl groups will react with the CO-

ligand (inter-ligand reaction) by which acyl-ligands are formed:

PPh
/Pph\2 AN
Rh
(CH,) , g? (CH,) , “EO
\ /CO \ |
PPh (éH ) PPh, HC-CH,
9 \Vesa/3 |
CH, C?z
CH,
(F) (G)

n-acyl group iso—-acyl group

According to Evans, Osborn and Wilkinson [27] there are now two

possibilities:
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a. Complexes F and G react slowly
step).

two H ligands are taken up:

L]

///fPPhZ PPh2
AR N
2\4 N (CH,) , Rh — H
\RPPh n-acy \E\H ,/// lso-acyl
5 PPh2
(H) (J)

b. Complexes F and G react with CO, and a complex K is formed:

/fPth
(CH,) , )Rh— co
\ pPh 5 \“acyl (n- or iso)
(K)

This complex K can no
aldehydes [27]

longer participate in the formation of

and the higher the CO pressure the more of this
complex will be formed.

We now speculate that, as a

) ) , result of the more ‘open
Structure of

complexes F and G, due to the cis-~position of the

PPh2 groups, the competition between possibilities a and b is

somewhat more in favour of b (as compared with the situation when

dealing with PPh3—liganded complexes).

. This then explains the
slightly

negative order in CO pressure found in our experiments.
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wlith Ez (rate-determining
During this oxidative hydrogenation (Rh(I) =— Rh(III))

opviously, €O addition to complex G to form complex K 1is less
favoured than CO addition to complex F (slightly positive order

in CO for the formation of the 1iso-aldehyde).

Finally, the positive orders in hydrogen pressure (about
0.3: see Tables 2, 3a and 3b 1n section 4.3.2) have to be
explalined.

Accordilng to Wilkinson et al. [27])] the oxidative

hydrogenation step is the rate-determining one. This would be 1in
accordance with first order kinetics in hydrogen pressure, which
indeed has been found in the homogeneous hydroformylation of
propene. But it 1is interesting to note that Cavalleri 4d’Oro et
al. (28], 1in studying the hydroformylation of propene
homogeneously with a relatively large excess of PPh3 in toluene
(P/Rh = 150 mol/mol), arrived at a rate of reaction zero order 1in
hydrogen. It might be that in both cases (first order or zero
order) the hydrogenation step remains the rate-determining one.
In the first order case (low number of PPh3 ligands around
rhodium) hydrogen should then be directly bound dissociatively by
the rhodium centre. In the zero order case the hydrogen molecule
ls perhaps pre-dissociatively bound, this being a fast reaction

leading to full saturation of all complexes with a H,-ligand.

2
(The occurrence of H.,-liganding 1s reported for, among others,

2
tungsten and ruthenium organometallic complexes [29, 30].) The
next and rate-determining step would then be the interligand
reaction between the Hz-liqand and the acyl-ligand, to form the

aldehyde and a H-ligand.

In our experiments the situation 1is more or less in
between these two extremes (broken order in hydrogen). A possible
eXplanation is that the competition between the reactions
a: F (or G)=—»H (or J) and b: F (or G)—»K, is promoted 1in favour
Oof reaction a on increasing the hydrogen pressure (small positive

order in hydrogen).

S

H
1
|



4.4.2. The vapour pressures of the solvent ligands

As demonstrated by Table 6 and in Figure 4 (section

the relative pressures of the solvent-ligands applied in
our catalysts are very low as compared to the vapour pressure of
the generally preferred PPh3 ligand. For instance, at 400 K
(127°C) the partial pressure of PPh3 amounts to about 20 Pa (0.15

AL3.3.)

mm Hg pressure). At the same temperature the partial pressure of

tri(p-tolyl)phosphine is only 1.34 Pa (0.01 mm Hg pressure) and

the partial pressure of 1l,4-bis(diphenylphosphino)butane is only

about 0.015 Pa (:l.t.“a'“4 mm Hg pressure).

It follows that the large evaporation losses reported by
Herman [9] when wusing PPh3 as the solvent ligand, leading to
total dry mup of the catalysts in a period of ca. 400 hrs. at
110°C, will be much lower in our case. Referring to the partial

pressure of tri(p-tolyl)phosphine (see above) the life-time of
our catalyst will be a factor of about
evaporation loss of

15 longer, and the
1,4-bis(diphenylphosphino)butane will be

negligible. Therefore, the combined use of the two ligands

employed by us might be attractive in applied catalysis in those

cases where a very high normal-to-iso ratio is not necessary.

4.4.3. Experiments with DIOP as the solvent ligand

A chiral diphosphine ligand frequently used in asymmetric

hydrogenation with Wilkinson type rhodium catalysts is 2,2-

dimethyl-4,S—bis(diphenylphusphinomethyl)—1,3-dioxolane (DIOP),
introduced by Kagan and coworkers 951 55

_58_

H

|
H,C g Gy~ CHL RIC Mg o
><o aA s

3 |
H

C, = chiral C-atom

Hs) 5

Some preliminary experiments were performed by us with
(-)DIOP 1in the hydroformylation of 1l-butene with a rhodium SLP
catalyst. This is interesting as a consequence of the
enantioselective influence this solvent-ligand may have on the
course of the hydroformylation reaction.

A rate of hydroformylation was found which, under
comparable conditions, was 5 tTo 6 times lower than with 1,4-
bis (diphenylphosphino)butane as the solvent-ligand, whereas the
normal-to-iso ratio was about the same. This low activity
prompted us to apply a relatively high reaction temperature. But

it is known that for attaining a high enantioselectivity just

very low reaction temperatures are needed (around 60°C, for
instance). One might compensate for this by working at higher
pressures, but this too has an adverse effect on the

enantioselectivity.

In experiments at 90°C no enantiomeric form of: iso=
valeraldehyde could be detected by us. Clearly, in the field of
heterogeneous enantioselective hydroformylation with SLP

catalysts further research is needed.
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5. HYDROFORMYLATION OF ALLYL ALCOHOL AND THE TERTIARY BUTYL
ETHER OF ALLYL ALCOHOL OVER RHODIUM-BASED SUPPORTED LIQUID
PHASE CATALYSTS

5.1. Introduction

The 1ndustrial production of 1,4-butanediol is currently
based on the Reppe reaction of acetylene with formaldehyde from
which 1,4-butynediol is obtained [1]. Catalytic hydrogenation of
this product results in the formation of the desired diol, which
1s used as a component in certain polyurethanes and polyesters
and also for the production of bytyrolactone and pyrrolidine.

Because of a growing market for 1,4-butanediol and the
rapldly 1ncreasing cost of acetylene, it became attractive to
search for alternative processes. A very attractive route, in
principle at 1least, is the hydroformylation of allyl alcohol to
4-hydroxybutyraldehyde (see Figure 1).

Originally, the hydroformylation of allyl alcohol was
performed with cobalt catalysts. However, the yield of 4-
hydroxybutyraldehyde did not exceed 30% and the larger portion of
the allyl alcohol isomerized to propionaldehyde [2-4]. Later on,
Brown and Wilkinson studied the hydroformylation of allyl alcohol
with hydridocarbonyltris (triphenylphosphine)-rhodium(I) as a
catalyst, at 65 kPa and 25°C, but they did not specify the
reaction products [5].
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H2C:CHCH20H + H2 + CO = HCCH2CH2CH20H -+
Rh catalyst A
HEC?HCHon
y CHO
CHECH2CHD !
HEC_CTE
H
H_C ="
2 ——~ QOH
H\HOJJ

Fig. 1. Hydroformylation of allyl alcohol over a rhodium organo-
metallic catalyst to 4-hydroxybutyraldehyde and 2-methyl-
3-hydroxyproplionaldehyde. Ring closure to l-hydroxytetra-

hydrofuran.

The advantages of carrying out hydroformylation reactions
applying heterogenized rhodium catalysts have been explalned
already 1in the preceding chapters. The first authors who demon-
strated the wviability of this principle in the case of allyl
alcohol hydroformylation were de Munck et al., who used a suppor-
ted 1liquid phase rhodium catalyst [6,7]. At first sight their
mode of operation looks promising. Their SLP rhodium catalysts
possess a high stability and the 4-hydroxybutyraldehyde
selectivity 1is of the order of 80 to 97%. At the same time the
undesired 1somerization of allyl alcohol to propionaldehyde 1s
prevented by selection of a silica support with a low aluminium
content and by the use of rhodium complexes 1n the presence of
excess phosphine.

However, a calculation based on the data presented in ref.
[6] shows the allyl alcohol conversion per pass 1n de Munck et
al.’s work to be of the order of 5% only, whereas the 4-hydro-
xybutyraldehyde productivity attalined the very low value of about
0.02 grams per gram of catalyst per hour.
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The study by de Munck et al. has been continued by van
Milligen [8]. He wused an apparatus totally constructed from
stainless steel. The reactor, internal diameter 2.5 cm and length
5 cm, was filled with the same type of catalyst as used by the
Munck et al., except for the support, which consisted of spheri-
cal alpha-alumina particles (from Rhone-Poulenc, France). This
type of support material meets the demands of i1ndustrial applica-
tign:

- the particle diameters are in between 0.24 and 0.4 cm,

- the BET surface area 1is 18 Em.@lwﬁ the pore volume 1s 0.54

nEu.ﬂlw and the mean pore diameter 1s 83 nm.

This means that we are dealing here with a support material whose
texture minimizes the chance of diffusional retardation of the
rate of reaction, another quality being its high mechanical
strength. Furthermore, the degree of purity 1s extremely high,
the concentration of mu.bmH Fe_ O, and zmmo being 0.02, 0.025 and
0.8 weight %, respectively. This renders the material a very high
degree of chemical 1nertia by which the risk of catalytic en-
hancement of unwanted side reactions into the pores of the
catalyst particles, for instance aldol condensation of the
aldehyde formed, is minimized.

The catalyst preparation technique applied by van Milligen
was largely analogous to the one to be described in this chapter.
Degrees of pore filling wvaried between 0.14 and 0.50 and the
ratio of the number of PFPh., solvent-ligand molecules to the
number of rhodium atoms in the catalyst varied from 43 to 85.

The experiments were conducted in a streaming gas mixture,
consisting of H,, CO and He. Allyl alcohol was continuously added
to this mixture by applying a temperature controlled evaporator.
The partial pressure of allyl alcohol was chosen very low (0.05
atm.) 1n order to prevent the vapour pressure of the produced 4-
hydroxybutyraldehyde to reach saturation. Nearly all measurements

performed by van Milligen were conducted at a total pressure of
one atm. and at 98°C.

|mb.|

From van Milligen’s study 1t follows that gas-phase hydro-

formylation of allyl alcohol over a rhodium SLP catalyst 1s

possible, at least 1in principle. However, a number of chemilcal

and technical problems are still involved which ask for further

investigation and development:

a .

In accordance with the results published by de Munck et al.
[6] a selectivity for 4-hydroxybutyraldehyde of more than 80%
was found. An 1mportant side reaction is the isomerization of
allyl alcohol to propanal, as mentioned already by de Munck.
This 1isomerization appeared not to be due to some catalytic
activity of the support material (as suggested by de Munck et
al.), Jjudging from the fact that, when working with isomeri-
zation-inactive supports like polystyrene-divinylbenzene
propanal was formed just as well. It is therefore very likely
that the 1isomerization 1is <catalyzed by the rhodium complex
itself and that it 1s an 1inevitable side reaction 1in the

hydroformylation of allyl alcohol.

As explained already in Chapter 3, measures must be taken to
replenish the PPh_, which is continuously lost by evaporation.
In van Milligen’s study this was shown to be possible by the
use of a preconnected reactor, filled with a wwwulwom&m&
support. The rate of evaporation of mmﬁu from this auxiliary
reactor can be controlled on the basis of changes 1in the
composition in the product mix due to mwwu loss in the hydro-

formylation reactor.

Flooding or soaking of the catalyst particles may occur as a
consequence of dissolution of (mainly) 4-hydroxybutyraldehyde
in the solvent-ligand. This can be avoided by choosing higher
reaction temperatures, but thlis goes at the expense of the 4-

hydroxybutyraldehyde selectivity.

-65—




d. A major problem which emerged from van Milligen’s work is the In hydroformylation, be it homogeneous or heterogeneous,

occurrence of a number of parallel and consecutive reactions. there 1s always the risk of disturbing aldol condensation reac-
First of all, these reactions may take place as soon as con- tions. But 1n the case of allyl alcohol hydroformylation, addi-
densation of non-converted allyl alcohol and 4-hydroxybuty- tlonal problems arise due to the presence of an extra functional

eidsheds accurs in the piping ‘behind the reactor. It ieiun- group in the olefin and in the product, 4-hydroxybutyraldehyde.

known to what extent stainless steel walls of the piping play Besides ring closure, hemiacetals and acetals may be formed. For

4 catalytic role here. The reactions and products, which were instance, 4-hydroxybutyraldehyde can dimerize:

cally detected 1in relatively small amounts,

gas chromatographi
‘ : - 2 HO=CH_.C o =
are summarized in Figure 2. 2 chHZCHO HO CH2CHZCH2$H-O—CH2CH2CH

OH

(hemiacetal)

,CHO,

or 4-hydroxybutyraldehyde can react with allyl alcohol from the

/CH2=CH—“ feed:
Rh catalyst Rh catalyst Rh catalyst
+CO + H + H + G0 A HO-CH_C
- 2 H, CH_ CHO + HOCH.CH=CH_, — HO- =oH=
,CH,CH,, > - HO-CH,, CH,, CH, CHOCH,, ~CH=CH,
cat. + (hemiacetal)
oHC-CH, CH, CHOF i C-gue O oy
; CHO Likewise, addition of two mole equivalents of the alcohol, with
Y Y the c * :
H.C~CH, ~CHO H, C-CH,,~CH, OH onsequent formation of 1 mole equivalent of water, yields
- H,0 the corresponding acetals.
| L Hemlacetal and acetal formation was encountered indeed in
H.c— CH vV ; ; ’ : :
z] \2 cit, ~c=CH, la:. Milligen’s study. Though in one of his experiments the cata-
—H H ' 17 e
*&9\ /c“ﬂH jffffff”f#ffff CHO ytic activity and selectivity were nearly equal to the values
0 ment i :
el igndensatinn - loned by de Munck [6], a gradual lowering of the activity to
products and formation 58% of the initial value was observed in a period of 120 hours
' he [ /
-~ H,0 of ethers, for instance: after which a stable production rate was observed. Notwith-
a,c L cn H,C — CH, standing the low partial 4-hydroxybutyraldehyde pressure of 0.9
| \‘ \ l:ﬂcﬁ L0 KPa 1n his experiments, an increase of the degree of pore filling
H.C CH H,C e fr : , |
1% 7 zw\ﬂg\\‘ om 0.14 to 0.48 was noticed and this has to be attributed to
\ the accumulation of the hemiacetal of 4-hydroxybutyraldehyde into
= i d lymers T
oligomers  and polym the pores. In our opinion a second cause might be the accumu-
lation of the mixed allyl alcohol/4-hydroxybutyraldehyde hemia-

Fig. 2. Schematic representation of the side, parallel and conse- cetal.

cutive reactions occurring during the hydroformylation of

allyl alcohol (according to van Milligen [8]).
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5.2. Gas-phase Hydroformylation of t-Butyl Allyl Ether

The problems arising from the presence of a reactive
hydroxyl group, as sketched in the introduction, made us decide
to start experiments with a compound 1in which this group is

protected by reaction with 1so-butene:

H+
= — - "= Lr=d — — o=
H2C CH CH20H 5 HJC CI: CH2 HZC CHCHZ O C(CHB)

CH3

3

After hydroformylation of this tertiary allyl ether, and reduc-
tion of the formed aldehyde function, the iso-butene can be
eliminated by hydrolysis, catalyzed by an acid, resulting in the
desired 1,4-butanediol (see Figure 2a). Because ethers 1in general

are relatively 1lnert to most reagents a tertiary butyl ether has

been chosen, such a compound having a less strong ether bond.

CH CH 0
3 | 3 4
H3 C:--(l}-c.‘!—CH2 —CH-CH2+CO+H2 - H:3 !f.'.l'-{I'.I—(CJP—CH‘.2 —CH2 ---CH2 = =
CH3 CH3 H
reduction 1in
H2 (Raney-N1i) B
CH v
HO- (CH.) , —OH acie -
(CH,) , = H,C~C=-0-CH,~CH, -CH, CH,, OH
hydrolysis CH,

+ iso-butene

Fig.2a.
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5.2.1. Synthesis of t-butyl allyl ether

The synthesls was carried out according to ref. [9]. 400
ml. allyl alcohol and 40 g dry Amberlyst 15 resin were placed 1n
a 1000-ml capacity glass flask agitated by means of a magnetic
stirrer. ("Amberlyst" is a Registered Trade Mark for a high-

surface—-area resin with acidic surface groups). A sketch of the

experimental set-up is presented in Figure 3.

manometer C'i)
R

sfopcocks

——qgas cylinder
glass flask | filled with
iso-butene

allyl alcohol

amberlyst @

. : = J
magnetic srirrer |
and heafting —
plate

Fig. 3. A sketch of the experimental set-up for the synthesis of
t-butyl allyl ether.

While stirring, a certain amount of 1iso-butene was
introduced into the flask up to the point where the manometer
mounted on the flask indicates two Atm. Dosing of iso-butene was
then continued, keeping the pressure constant at two Atm. An
exothermal reaction took place, as follows from the increase of
temperature. Also an increase of the volume of the liquid by a

factor of two was observed. This is due to the density of the
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ether being much 1lower than the density of allyl alcohol, but 5.2.2. Preparation of the SLP rhodium catalyst

also as a result of dissolution of iso-butene in the reaction
mixture.

The reaction was completed after approximately 5 hours, The SLP rhodium catalyst used for the hydroformylation of
when no more iso-butene was taken up. After releasing the pres- t-butyl allyl ether had the following composition:
sure the product was decanted from the resin and distilled in -~ Rhodium complex: 0.05 g RhH(CD)(PPh3)3 (one molar part).

order to remove dissolved iso-butene and unreacted allyl alcohol. - Phosphine ligand: 0.232 g 1,4-bis(diphenylphosphino)butane

After drying over anhydrous sodium carbonate the product was (10 molar parts).

analyzed. The NMR spectrum confirmed that t-butyl allyl ether had - Solvent ligand: 1.33 g tri(p-tolyl)phosphine (80 molar parts).

been formed. A Karl Fischer titration showed that, notwithstan- - Support material: 10 g silica 000-3E.

ding the drying operation, still 0.17 mass percent water was

p?esent. From gas chromatographic analysis it was found that The 1,4-bis(diphenylphosphino)butane being present in

minute amounts of allyl alcohol and iso-butene were still pre- excess, an exchange reaction will occur with the PPh3 ligands of

sent; taking this into account the purity of the product was the rhodium complex. The choice of this bidentate ligand 1s based

calculated to be about 97%. on our wish to make the catalyst more stable, especially at
The reaction can be represented as follows: higher temperatures. After exchange, the phosphorus atoms are

cis-coordinated around the rhodium centre. Hence, from a sterical
point of view, it is to be expected that during hydroformylation

+ ?H3 more of the iso-aldehyde will be formed than when working with a
H3C_?=CH2 * H (from Amberlyst) "H3C-$+ PPh,-liganded rhodium complex. This is a disadvantage when
CH3 CH3 finally 1,4-butanediol has to be produced via de n-aldehyde.
Tri(p-tolyl)phosphine has been chosen as a solvent-ligand
(CH3)3—C + HO-CHZCH=CH211 = (CH3)3C"0-CHECH=CH R instead of triphenylphosphine. From research carried out by
2
t-butyl allyl ether Gerritsen et al. [10] it follows that this ligand is more suilt-
able for hydroformylation at higher temperatures than triphenyl-
phosphine, as a consequence of its lower vapour pressure.

The second reaction step being reversible, the ether is A commercial type of silica, silica 000-3E, from Akzo, The
very sensitive to acids; contact with acids results in Netherlands, was chosen as the support. Its specifications were
decomposition into iso-butene and allyl alcohol. Furthermore, the as follows: S(BET) = 203 mz.g-l, pore volume V_ = 0.85 cmg.g_l,
ether should be handled with care as a consequence of its high max. pore radius = 5.7 nm, and particle size En between 0.7 and

volatility combined with poisonousness. 0.84 mm

] From experiments carried out by de Munck et al. [6] it is
known that this type of silica has a very low activity for allyl
alcohol isomerization to propionaldehyde under hydroformylation

conditions.
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Preparation

of the catalyst was carried out in an appara-
tus shown

at 70°C and the total volume of solution was taken equal to the
in Figure 4, according to a procedure first published

total pore volume. The impregnated support still present 1in
by Gerritsen et al. [11], the so-called dry impregnation method.

support holder B Wwas dried at room temperature for 3 hrs. and

2257- finally stored in a vacuum exsiccator. After total evaporation of
nt g
5 /xﬁ the benzene the degree of pore filling was found to be about 10%.
Bl ,/4’ =—— N»(20°C) :
5.2.3. Description of the hydroformylation equipment :
0il (70°C) g
The gas-phase hydroformylation of t-butyl allyl ether was i
vent N2 (70°C) =tudied in a continuous-flow apparatus schematically represented ;
|
in Figure 5. ;
| vent !
q‘f i- I;
l'
/ ﬁ :
; F ]
D B oil (70 C)
assSo006D O \
E L LN s

: e ,r— -

E
rL X ; |
L [ L L] E
Fi1g. 4. Catalyst preparation apparatus. A = vessel contalning the %

s D
. . . . 70) 61 it =
solution of the rhodium complex and the phosphine ligands Hz?,@@

in benzene. B support holder. C = magnetic stirrer. D =

;

oil bath. HE@@ |4 i}
|

l

ES;N§N;)C91-
All preparation steps to be described below were performed

N IR, B o e T =
flowing nitrogen as a shelter gas in order to prevent the
oxidation by

drain of
condensafe

under

alr of the rhodium complex to phosphine oxides and
rhodium oxide and the phosphines to phosphine oxides.

The mixture of the rhodium
indicated above, was

70“0-

Fig. 5. Scheme of the cuntinuous-flow apparatus. PC = pressure

I

controller. PI = pressure indicator. FI flow indicator.

complex and the phosphines
dissolved in a small amount of benzene at
After drying in vacuo at 150°C for 3 hrs., a 10 g portion
of the support was placed

FC = flow controller. A = mixing chamber. B = evaporation
vessel filled with t-butyl allyl ether. C= Pyrex glass

tubular reactor, filled with 1 g of catalyst. D = gas
in vessel B. Next, the solution in

chromatographic analysis section. E = Dback-pressure
vessel A was added dropwise to the magnetically stirred support

regulator. F = condensation vessel. G soap film meter.

| ' A7 B
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The apparatus is suited for total pressures up to 0.6 MPa and

temperatures up to 200°cC. Hydrogen, helium and carbon monoxide

were purified by passing them over BASF catalyst R3-11,

type 3A and sodium hydroxide on asbestos ("Ascarite").

zeolite

The gases

mixed in mixing chamber A before passing evaporator B. 2

schematical drawing of evaporator B is presented 1n Figure 6.

EUszfHE
= (0/Hp/He/ether
B \/ r
C E
(X
A ot
L b D
F-butyl allyl |
ether

Fig. 6. t-Butyl allyl ether evaporator B, constructed from Pyrex

glass. A = thermostatted Jacket. B

Il

funnel for ether
supply. C = inlet tube for carbon monoxide/hydrogen/

helium mixture. D = sight glass. E = outlet tube for the

carbon monoxide/hydrogen/He-gas enriched with ether. F
sprinkler.

By means of the thermostatted Jacket the ether temperature

was kKept constant at 42°c. After having passed the evaporator the

gas mixture was led to the tubular reactor c (Figure 5). The

reactor was placed in an air-fluidized bed oven permitting iso-

thermal operation to within o0.5°C by applying a Eurotherm PID

temperature controller.

=74 =

The reaction products were periodically and automatically
sampled by means of a Carle sampling valve and analyzed by means
of a Packard gas chromatograph, type 429 FID, wilth programmable
temperature control. The products were separated on a polar
column packed with 10 w.% diethylene glycolsucclinate on Chromo-
sorb W. The column was continuously flushed with helium at a flow

3 oo =L
rate of 30 cm™ (STP).m1n.

5.2.4. Synthesis of 4-t-butoxybutyraldehyde (TBBA) and of 3-t-
butoxy-2-methylpropionaldehyde (TBMPA)

In order to determine the gas chromatographic retention
times of the products to be expected from heterogeneous hydrofor-
mylation of allyl t-butyl ether it was necessary to synthesize
these compounds, as they were commercially not available.

A mixture of 10 g of allyl t-butyl ether, 0.5 g triphenyl-
phosphine and 50 mg of RhH(CO)(PPh3)3 T

B o ' u
hydroformylated homogeneously by injection of a CO/H2 gas milx
at 40°C and one Atm. pressure. After 48 hrs. the degree of

conversion of the ether was 100%. The two aldehydes formed were

was prepared. The ether was

separated by distillation under reduced pressure 1n a so—call?d
"'spinning band" apparatus. In accordance with ref. [9] the boi-
ling point of TBBA was found to be 170.5°C at a pressure of 760
mm Hg, whereas the boiling point of TMBPA amounted to 152.3°C at
the same pressure. NMR analysis of TBBA was 1in accordance with
the structure: (CH3)3C-0-0H2CHZCH2CHG. The purity of TBMPA was
not high enough to arrive at an unambiguous NMR spectrum.
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5.2.5. Heterogeneous hydroformylation of allyl t-butyl ether over
the SLP rhodium catalyst

After calibration of the mass flow meters, both the CO and
the H2 stream were adjusted at 15.87 cmB(STP) per minute. The
temperature of the ether evaporator (see Figure 6) was adjusted
at 42°C. Under these conditions the CO/H2 gas mixture, after
being pressurized to 1.4 Atm., is enriched with ether vapour.
This brings the ether flow to 3.2 cmg(STP) per minute. From
Figure 7 it can be seen that the ether flow as a function of the
gas flow through the ether showed a relatively high fluctuation
around the line representing the (expected) linear relationship.
This introduces an unwanted uncertainty in the absolute values of

the ether conversions to be reported below.

i

€ | |
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0 | | | |

40 60 80 100

s gasflow through fthe efher
(cm3 (STP), min™1)

Fig. 7. Calibration of the t-butyl allyl ether flow as a function

of the gas flow through the evaporator. Total pressure
1.4 Atm. Temperature of the ether: 42°cC.
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After a short running-in period, characterized by a small
increase of the conversion followed by a small decrease, the t-
putyl allyl ether conversion was measured at 100, 110, 120 and
130°C. It is important to note that the selectivity to TBBA plus
TBMPA was very high. This is illustrated by the gas chromatogram

in Figure 8.

5
3
o ‘2
Q
=
-
&
(-
A 4 -##J/
SR 1S
| l I | ! l =4
e~ chart speed Smm.min~]

Figure 8. Gas chromatographic analysis of the product stream
during hydroformylation of t-butyl allyl ether over the
rhodium SLP catalyst at 100°C. 1 = iso-butene. 2 =
allyl alcohol. 3 = t-butyl allyl ether. 4 = TBMPA. 5 =

TBBA. 6 = heavy products.

Peaks number 1 and 2 in the chromatogram, allyl alcohol
and iso-butene, are caused by the presence of these compounds as
an impurity in the t-butyl allyl ether. Peaks 4 and 5 represent
the products TBMPA and TBBA, respectively, and peak 6 points to a
very small amount of byproducts, probably aldol condensation
products. It follows from Figure 8 that a (TBBA + TBMPA)-selecti-

vity of about 93% was arrived at. Conversions and normal/iso

ratios are given in Table 1.
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Table 1. t-Butyl allyl ether hydroformylation over the rhodium
SLP catalyst. Total pressure 1.4 Atm. CO/H2 Eatiot L.
CO/ether ratio: about 5.

Temperature 103/T Taotal Selectivity normal to
conversion to (TBBA + 1so ratio
per pass TBMPA)

O it

(°c) (K™ ) (%) (%)

100 2.68 T 7L 83 13.02
110 2+ 6l 8.99 93 10.66
120 2854 1= [eet L1 6 93 5.46
130 2.48 i AT 23 4.95

As a consequence of the 1low conversions per pass the
reactor operated differentially. In such a case the conversions

are a direct measure of the rate of reaction, and hence:
conversion = A. exp. (-E/RT),

where A 1s the pre-exponential constant, E the apparent activa-
tion energy (in kJ.mul_l), R = the gas constant (8.3146 x 10-3

= -
KJ.deg. ".mol ~) and T the absolute temperature (in degrees
Kelvin).
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Arrhenius plots of the rate of (TBBA + TBMPA)-formation

and of TBBA-formation and TBMPA-formation are given in Figure 9.

3.0 | 1 |
"""""'--G'-'--....._._____-‘ T
L o_TBBA+TBMPA
=
i
o~
- 10f =
= *--.‘_‘G
xg TBMPA
l \
0.0 S &
| l I
2.4 2.5 2.6 7 i
— 103 /T

Fig. 9. Arrhenius plots of the total rate of aldehyde-ether

formation and of the rate of formation of the n- and 1iso

ether.

From the Arrhenius plots the following values for the apparent

activation energies have been calculated:

: =1
rate of (TBBA + TBMPA) production: E(app.) = 21.6 kJ.mole
rate of TBBA production: E(app.) = 18.8 kJ.mnle—l
rate of TBMPA production: E(app.) = 31.6 kJ.mnle_l

At first sight these values are relatively low. Gerritsen

et al., for instance, found for hydroformylation of propene over

a rhodium SLP catalyst an apparent activation energy of 79
kJ.mole * [12]. De Munck et al., in studying the hydroformylation

of allyl alcohol under about the same conditions, arrived at 40

=7 Q=
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kJ.lee"l [F6]" These last authors rightly remarked that
introduction of a hydroxyl group on the gamma carbon atom in
propene strongly accelerates the rate of hydroformylation; also a
lowering of the apparent activation energy S from 79 ta 40

kJ.lee_l was observed.

We did not make a very profound study of the reaction
orders 1in the H,, CO and aldehyde-ether pressures. In accordance
with the results of foregoing investigators the impression was
gained that the order in hydrogen pressure is about zero, in
carbon monoxide pressure about 0.1 to 0.2, and in the pressure of
the aldehyde-ether about 1.4. This points to the first step in
the mechanism, the T -addition of the double bond to the rhodium
centre, to be rate-determining in the presence of excess phos-
phine. The weak positive influence of the CO pressure on the
reaction rate is connected with the partial displacement of
phosphine 1ligands around the rhodium centre by carbon monoxide
ligands, by which the catalytic activity slightly increases.

We finally remark that the productivity of our rhodium-SLP
catalyst was relatively high as compared with the productivity
mentioned by de Munck et al. for the case of allyl alcohol
hydroformylation [6]. At 90°C, under conditions comparable with
the conditions of our experiments, these authors arrived at a
productivity of 4-hydroxybutyraldehyde of 52 g per g of rhodium
per hour. At 100°C we found an aldehyde-ether production, star-
ting from t-butyl allyl ether, of 217 g per g of rhodium per
hour. This high productivity, in combination with the low appa-
rent activation energy mentioned above, again points to a high

reactivity of the double bond in the hydroformylation of t-butyl
allyl ether.

Returning to Table 1 it it seen that a 100°C ‘a surpris-
ingly high normal-to-iso ratio was arrived at. In section 5.2.2.

we Just anticipated a low normal-to-iso ratio, the bidentate

bis (diphenylphosphino)butane 1ligand being cis-coordinated around
+the rhodium centre. It 1is, however, generally found that the
longer the chain of the alkene to be hydroformylated the higher
will be the normal-to-iso ratio. After all, the accommodation of
an iso-alkyl group with a long carbon chain to the rhodium centre
is sterically hindered. Apparently the same 1is true for t-butyl
allyl ether, H,C=CHCH _O_(CHB)B’ with its relatively long chailn

2 2

length at the right hand side of the double bond, accompanied by
the bulky, branched tertiary-butyl group.

5.3. Further Processing of TBBA and TBMPA

For the production of 1,4-butanediol, starting from TBBA,
the aldehyde group has to be reduced to an alcohol group. This
can easily be performed by reduction with hydrogen, preferably
with Raney nickel as a catalyst. De-etherification of the t-
butoxy butyl alcohol can be realized by flowing the alcohol,
diluted with an excess of water, over a bed of a heterogeneous
acidic catalyst, for instance Amberlyst (see section 5.2.1.). It
is to be expected that this will be accompanied by dehydration

and ring closure to tetrahydrofuran.

According to ref. [6] TBMPA can be oxidized by air at 70°C
to 3-t-butoxy-2-methyl-propionic acid. This acid, in turn, can be
de-etherified by treatment with a solution of phosphoric acid in
methanol at 80°C. The product, methyl methacrylate, can be

polymerized by free radical polymerization to a stiff transparent

plastic known as Lucite or Plexiglas.
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5.4. Conclusions

It has been shown in this chapter that the problems en-
countered 1n the hydroformylation of allyl alcohol may be circum-
vented efficiently by shielding of the hydroxyl group via
etherification with iso-butene. Hydroformylation of the obtained
t-butyl allyl ether is then possible over a rhodium-SLP catalyst.
At temperatures around 100°C a high selectivity is arrived at and
the normal/iso ratio in the hydroformylation product is high as
well. However, the procedure is hampered by condensation of the
high boiling hydroformylation products in the pores of the
support, accompanied by dissolution of these products in the
solvent-ligand. This problem would be solved if the reaction
temperature could be increased to 160 to 170°C; soaking of the
catalyst would be avoided in this way. However, until now the
highest temperature at which Rh-SLP catalysts have been found to
be capable of functioning has been about 140°C; above that
temperature deterioriation of the catalyst takes place. Moreover,
1t 1is to be expected that at such high temperatures the selecti-

vity to TBBA and TBMPA becomes less favourable, as well as the
normal/iso ratio.

It 1s to be recommended, therefore, to carry out the t-
butyl allyl ether hydroformylation in a slurry reactor in the
liquid phase at temperatures below 100°C. In order to facilitate
the separation of the catalyst in that case, use can perhaps be
made of a heterogeneous catalyst whose surface is covered with
chemically immobilized active rhodium complexes. The synthesis

and performance of such catalysts will be described in the next
chapter.
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6. THE SYNTHESIS AND PERFORMANCE OF A CHEMICALLY IMMOBILIZED
RHODIUM HYDROFORMYLATION CATALYST

6.1. Introduction

Why chemical immobilization?

At Delft University of Technology the attention has been
focussed mainly on hydroformylation by means of SLP catalysts.
The advantages of this type of catalysts are:

- A high selectivity to the linear aldehyde is obtained.

- A stable performance up to 140°C is arrived at.

There are, however, some disadvantages as well, especially when

converting higher alkenes to aldehydes, such as:

- Soaking of the catalyst by capillary condensation of the
products in the pores of the support material cannot always be

clrcumvented.

- Drying up of the catalyst by evaporation of the phosphine
ligand asks for special measures.

— Dimerization of the catalytically active centers, which causes
deactivation at higher temperatures, may occur.

Therefore we thought it to be worthwhile to study chemical

immobilization as well. De Munck [1] applied this method by

chemical immobilization of rhodium complexes on porous
polystyrene/diphenylphosphine resins, but addition of extra

triphenylphosphine was necessary to arrive at a satisfactory
stability and selectivity.

An immobilized rhodium hydroformylation catalyst should

ideally meet the following requirements:

1) There should be no need for addition of extra free

triphenylphosphine, otherwise drying up remains a problem as

is the case with SLP catalysts.

2) The dimerization reaction should be suppressed to a great

extent.

Requlrement 1

From our experiences with bidentate 1ligands, as discussed 1n

Chapter 4, we arrived at the conclusion that the bond between the
rhodium center and the phosphorous atoms 1s much stronger than
the monodentate phosphine-rhodium bond. The wuse of bidentate
ligands might exclude the need for the use of extra
triphenylphosphine. However, the SLP systems operate with a high
P:Rh ratio (100, for instance). It will be clear that a P:Rh
ratio of only 2, as will be present 1in an immobilized bidentate
system, will probably be too low to maintain a good stability.
Therefore we introduced an additional phosphine group, meant for

intramolecular stabilization:

v

/N

SiO2 E\\\\TO PPh2
/// N
/] \\\\
PPh3
PPh2 H

Fig. 1.

This third phosphine ligand will replace one of the other
phosphine groups when it dissociates. From a study of T.E.
Nappier et al. [2] it follows that, for sterical reasons, it will
be impossible to have the three phosphines around the rhodium

center at the same time.
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= /_O\ +FI’Claf;l'alC[3 A o O\ F,{:l?1#.‘2+Jffal-r:eu im@—lﬂ@rﬁu}?
Requirement 2 \—/ - HCl -2HC

T D Wi
In order to prevent the active rhodium centers to interact, the *LIALH, *2BrMgCH=CH,.
followling two conditi ‘ lve:
g onditions are imperative: -2 BrMgO-rBu
- The surface coverage of the proposed tridentate phosphine 8t IE
complex should be low. << :>_ —{ }— '
- The support material should possess large wide pores and a A=
| i
sti1ff backbone structure.
j . +2 Ph,PCH=CH,/ +2PhPH/
The distance between the rhodium complexes will then be too large KO-tBu KO-tBu
for any interaction to take place. Therefore, we selected a o | i
porous low loaded silica, type S 980 A 2.3, from Shell, which Mq |
‘ F
meets these requirements. Bng@ P{CH, CHBRRCL, Sy Br@P(CFbCI-hPPhq)z - ,
7 |
+CL,Si(CH,), +1Bu-Li
~ BrMgCl -BrC(CH,), ‘4
6.2. The Synthesis of the Chemically Immobilized Rhodium Catalyst CH al, =
s H +CLSi(CHs)
. 2 32 :
Cl-‘;?@P[CHZCHZPth)Z -~ Ll _ PCH,LH,PP,);
CH, VA 4 '
surface silanol groups on silica
6.2.1. Synthesis route 1
- HCl
" ' T
S PPh) qﬁ ¢
HR(COX -
' : 0=Si —@—P{CH PPh,), - 40— S|4©—Pf « PPh,
At first our attention was focussed on the following | T vt B ki 75 {ﬂ4 ﬁa%#%i
system: el 3 ‘ :
PPh, CO

* L] [
///// Is taken away by N,N-dimethylanililne.

Fig. 3. The synthesis route of bis (2-diphenylphosphinoethyl) -4-

bromophenylphosphine and its immobilization on silica.

Si -0-S1

\\\\
\\\P\
£
25
5

\\\‘ The compound is an immobilized form of the well-known
PPh | bis(2-diphenylphosphinoethyl)phenylphosphine (triphos) . The
PPh H ? synthesis of this compound has been known for almost 20 years [3]

and the compound is commercially available, but it 1is not
Fig. 2 possible to introduce a para-substituted group selectively, in
order to couple it to the silica surface. Therefore, the compound

The following synthesis scheme was tried:

g = | -87—




was synthesized with a bromine atom at the para position on the
phenyl ring bound to the central phosphorus atom (III).

4= iy
. | e e -tB
The firststep 1s the synthesis of 4-bromophenyl- L e TR S e
dichlorophosphine (I) from bromobenzene and phosphorus- 5
trichloride, catalyzed by aluminiumtrichloride. This is 2 i ]ﬂmza“tﬂ C
2

classical example of a Friedel-Crafts acylation. The ortho-para

= CH
>0
directing activity of the bromine atom, comblned with the bulky HZC==HCff

4
&

trichlorophosphine and bromine groups, results in the almost
exlusive formation of the para compound.

One of the two possibilities to synthesize compound IITI is \

the conversion of I into 4-bromophenylphosphine (IT), followed by szpfmzqﬁl
-—<: :}—Br

s T = -

TR, , =
the addition of two equlvalents of vinyldiphenylphﬂsphine. | \f:fp
However, compound II is extremely difficult to handle (it is -

pyrophoric and very toxic) and the yleld of this reduction ! PPh_,-CH,CH
2

- . 2 2 |
reaction is very low. Therefore we decided to follow the route A- HO-t-Bu HKMP—<<::>_EH' |

D=E-F (see Figure 31 e H2C=HC g

- T ey S e e ™

First we convert I into 4-bromophenyldibutylphosphite (IV)
by means of an alcoholysis reaction [5]. This is necessary

; Ph_P-CH_-CH
because E glves very poor results in the reaction with : i %5——<i:j>—ﬁr !
vinylmagnesiumbromide. IV 1is converted into 4 - % . I

Y | i

H_C=HC
= _ 2

bromophenyldivinylphosphine (V) by means of a Grignard reaction. |
Compound IV gives a much better yield in this reaction than I. The second addition reaction is analogous to the Lirst. i

The next step is a nucleophilic addition reaction in which

potassium teriary butoxide functions as a catalyst. The reaction Fig. 4.
mechanism is shown in Figure 4.

A possible side reaction, the nucleophilic substitution of | The immobilization of IIT

the diphenylphosphide anion on the phenylring carrying the bromo There are a number of methods at our disposal to immobilize III
atom, does

not occur to a great extent, probably because of the on silica:
very low concentration of this jion. | l) The reaction of the Grignard - or lithium compound (VI and

VIa, respectively) with a chlorinated silica. This route 1is
not very attractive because it cannot be controlled whether
the compounds VI or VIa are formed, so the possibility exists
that the compound is coupled in a wrong way or not at all.

2) The reaction of @ VI or  VIa . with .an . excess. of
dichlorodimethylsilane to yield bis(2-diphenylphosphinoethyl) -
(4-chlorodimethylsilylphenyl)phosphine (VII). The structure of

Rt =80=




VII can be cleared up applying, for example, NMR spectroscopy 4-bromophenyldichlorophosphine (T)

ether was slowly added. The reaction mixture was then refluxed

and the coupling of a monochlorosilane compound to the silanol In an all-glass apparatus consisting of a 500 ml threesneciked

groups of the silica is a very common reaction. flask equipped with a thermometer, a condenser and a dropping

funnel, are placed 209 grams (l1l.54 moles) of phosphorus

The formation of the Grignard compound VI, however, proved trichloride (distilled prior to use), 78 grams (0.5 moles) of

to be impossible. After addition of a solution of IIT in THF to bromobenzene and 70 grams (0.52 moles) of aluminiumtrichloride.

magnesium no reaction occurred. After three days boiling in THF The mixture was refluxed during 4 hours and pyridine (42 grams,

the magnesium had reacted and a green colour, characteristic of a 0.52 moles) was slowly added to the reaction mixture. The mixture
Grignard compound, emerged. The colour disappeared when separated 1into two layers. The top layer contained the molten |
dichlorndimethylsilane had been added. The reaction product was a pyridine-aluminiumchloride complex. The layers were separated and 4
white oily 1liquid, only soluble in THF. However, thelH NMR the bottom layer was distilled under reduced pressure, using a 15 3
spectrum showed a much too low number of aromatic protons, so we cm Vigreux column. |
concluded that because of the excessive boiling the magnesium had Boiling point: 90-110°C; p: 0.3-1.0 mm Hg. |
broken one or more of the phosphorus-phenyl bonds, analogous to BERLatyis Sl da e Cipumie Sl Batis bl D s f
the way alkali metals do. Yield: 32 grams (25%) . ﬂ
Therefore we tried a 1lithiation reaction using tertiary E
butyllithium. The reaction of the 1lithiated compound with 4-bromophenvlphosphine (IT) [7] g
dichlurmdimethylsilane, unfortunately, did not give the desired In al all-glass apparatus consisting of a 100 ml three-necked i
product. flask equipped with a thermometer, a condenser and a droppilng H
funnel, a suspension of 810 mg lithiumaluminiumhydride 1in diethyl ﬁ
|

Conclusions concerning synthesis route 1 for 1 hour. Then, under cooling, 5 ml of water was slowly added. ;
It 1s possible to synthesize bis(2-diphenylphosphinoethyl)-4- Attempts to filtrate the hydrolyzed mixture, however, were
bromophenylphosphine in 4 steps. The shorter route - wwia - unsuccessful. The filter was clogged and probably that was the
bromophenylphosphine is not attractive for practical reasons. reason why we were not able to obtain pure II.
Attempts to immobilize the compound were unsuccessful. The
formation of the Grignard compound as well as the lithiation 4-bromido-n-butylphosphite (IV) [8]
proved to be impossible. The reasons for this failure are not A solution of 47.5 grams (0.18 moles) of I and 47.9 grams (0.4
Clear. moles) N,N dimethylaniline in 100 ml diethyl ether were placed 1in
a three-necked flask equipped with a thermometer, a dropping
Experimental | funnel and a condenser. A solution of 28.6 grams (0.3 mols) n-
All experiments were carried out under nitrogen. The solvents butanol in 100 ml of diethyl ether was slowly added at a
were dried over zeolites, and ether and THF were distilled over temperature of -30°C. After that, the mixture was refluxed for 1
lithiumaluminiumhydride prior to use. lH NMR was used to verify | hour. The dimethylaniline hydrochloride formed was separated from
the structures of the compounds. | the solution by filtration and, after removal of the solvent, the
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residue was distilled under reduced pressure, using a 15 cm yield: 8.63 grams (75%)

Vigreux column. Elemental analysis. $C sH
Boiling point: 133-136°C; p: 0.3-0.4 mm Hg Theoretically : 66.6 D ikl
Yield: 66%. Found - 65..1 &
. ' ‘ 1 t showed a slightly impure product, but did
The H NMR spectrum was 1in accordance with the expected The H NMR spectrum

structure. leave little doubt that the compound was the desired one.

4-bromophenyldivinylphosphine (V) [3]

In a 1 1litre three-necked flask, equipped with a condenser, a
thermometer and a dropping funnel, a solution of 40.7 grams (0.12 6.2.2. Synthesis route 2
moles) 1in 150 ml toluene was placed. 400 ml of a one molar

solution of vinylmagnesiumbromide in THF was slowly added. No |

] ; ' o) ther
increase of temperature was detected. The solution was refluxed The failure of synthesis route 1 made us look for o

for 4 days. After that, the mixture was hydrolyzed with a 10% possibilities. This led to the successful synthesls scheme 2:

aqueous solution of ammonium chloride. The water layer was washed pcl. + 2 HN(Et) - Et,N-PCl,  (A)
g 2
three times with diethyl ether and once with hot toluene. The o —— \|
* : : : 2 H_C=CHMgBr
comblned organic fractions were dried on anhydrous sodium -qimmml |
sulphate. After filtration and evaporation of the solvents the ! ?
. . . 2 HPPh ;
residue was distilled under reduced pressure, using a 15 cm (C) Et,N-P(CH,CH,PPh,) , —jag £ —> Et,N-P(CH=CH,), (Bl ]
Vigreux column. |
A : EtOH -Et,NH

Bolling point: 115-125°C; p: 1.6-2.0 mm Hg. |
_ ' y LiAlH, ‘

1

The "H NMR spectrum was in accordance with the desired structure.
u.v {HEC=CH}{HE]2

(OEt)Si
Bis (2-diphenylphosphinoethyl)-4-bromophenylphosphine (III) [3] 7/%_?1}[ ik, 78 L %{//“GH *
In a 100 ml flask, containing a condenser, are placed 4.52 grams /éi;;/; Emj M Pe 22'{/’/42ﬂﬂ (EtO) (Me) ,SiCH,CH,P(CH,CH, PPh, ),
(0.019 moles) of vV, 6.98 grams (0.038 moles) of <;2;ﬁ;;{m (e} & =
diphenylphosphine, and a small amount of potassium tertiary (;;}fumﬁ
butoxyde 1in 30 ml of benzene (or THF). This mixture was refluxed
for 24 hours. After evaporation of the solvent, the residue was '
recrystalized from a mixture of benzene and methanol. The product |
was a white solid with a low melting point (below room _ j;i;// fﬁ £ A e
temperature) . , i 2’//&‘?,:;:3“:““29{C“z‘:“zpphﬂ2 = ﬁu_é;_ CH:"CHE‘P\EE /PPhE
:EE::;/fr~n—si{cH3)j HRh (CO) (PPh,) , /"'| : é HHRH‘PPh3
//4 /—nsi(CH313 PPh,
(H) //J (I)

Fig. s,

-93 -
T




The final

system:

1) The bond between the silica and the

following side reaction in hydroformylation:

? H
I
L - = - —
,~Rh-PPh_ =~ L,-Rh-Ph
PPh,
Ph Ph
|
» [, ~-Rh-CH_CH_R -Rh-P-
o o U, > L, ,~Rh~P-CH,CH,R
PPh, Ph

In the 1initial

breaking between the ligand and the support material.

2) The wuse of ethoxysilane instead of
easier to remove the side products.
ethanol and chlorosilane hydrochloric
addition of pyridine. The
very difficult to

can have a negative effect on the performance of the catalyst.

The first step (see Figure 5) is the synthesis of diethyl-

aminodichlorophosphine (A), a selective aminolysis reaction.

The diethylamino-phosphorus bond is relatively resistant to

Grignard reagents, and hence a selective Grignard reaction to

diethylaminodivinylphosphine (B) 1s possible. Two synthesis

receipts have been investigated (see below) .

The next step is again a nucleophilic addition reaction as

described earlier when discussing synthesis scheme 1, but this

time sodium hydride is used as a catalyst. This results in the

formation of diethylaminabis(21"diphenylphnsphinaethyl)phospine
(C) .

product has the following advantages over the initial

ligand 1s aliphatic
instead of aromatic, which makes the catalyst resistant to the

compound this side reaction may lead to bond

chlorosilane makes it
Ethoxysilane produces
acid, which requires
pyridine hydrochloride formed is

remove from the functionalized silica and

The reduction of compound C to bis (2-diphenylphosphino-
ethyl)phosphine (E) by means of lithiumaluminiumhydride proved to
be incomplete; a very impure product was the result. Compound E
is a ligquid with a very high boiling point, so purification by
neans of either crystallization or distillation was not possible.
Therefore we converted compound C toO ethoxy bis(2-diphenyl-
phasphinmethyl)phmﬁphine (D) by means of an alcoholysis reaction.
Reduction of D with lithiumaluminiumhydride does give compound E
in a fairly high yield and purity.

There are various methods by which organophosphorus-
cubstituted silanes can be prepared. One of them is based on the
addition of secondary phosphilnes, phosphine oxides or phosphine
sulphides to alkenyl silanes, alkenyl alkoxylsilanes, alkenyl
chlorosilanes or polyalkenylpolysiloxanes, under the influence of
irradiation by ultraviolet 1light. This reaction produces the
required products 1n a very high yield [14]. The high yield and
purity 1s necessary because the compound formed 1s an
undistillable liquid and purification would be very gifficult. In
this way we synthesized (2—ethmxydimethylsilylethyl)bis(2—
diphenylphosphinoethyl)phosphine (F). The chemical immobilization
ic a standard reaction which 1is wused very often for the
preparation of well-defined chemically bonded stationary phases
for HPLC [9]. |

Chlorosilanes usually give higher surface coverages, but 1n
our case this 1is not very important, because we want isolated
sites, and consequently a low coverage is necessary. We almed to
realize one site per 25 nm2 (compound G) .

The remaining silanol groups on the surface of the support
material might be able to react (unwanted) with the rhodium
complex HRh(CO)(PPh3)3.

"endcapping" by means of addition of an excess of

Therefore we decided to perform an
ethoxytrimethylsilane to produce compound H. In the last step the

catalyst 1s prepared by a ligand exchange reaction with
HRh (CO) (PPh,) 5.
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Experimental

The lH NMR spectrum shows the methyl signal as a triplet around

1.2 ppm and the CH, group as a sextet around 3.35 ppm, due to the

2
; coupling with the phosphorus nucleus.
Diethylaminodichlorophosphine (A) [10]

In a 500 ml three-necked flask equipped with a condenser, a The proton-decoupled 31P NMR spectrum shows a singlet at
dropping funnel and a thermometer, was placed 110 grams (0.8

162.4 ppm only, implying that only one phosphorus compound 1is
moles) of phosphorus trichloride. Under vigorous stirring 100

present in the product.
grams (1.4 moles) diethylamine was slowly added while the

temperature was kept at -20°C by means of a dry ice/acetone bath.
Afterwards 300 ml of diethyl ether was added and the mixture was
stirred at room temperature. The diethylammoniumchloride formed

was filtered off and washed twice with 100 ml dietyl ether. The

Diethylaminodivinylphosphine (B) [11][12]

Two synthesis methods were applied:
1) 500 ml of a one molar solution of vinylmagnesiumbromide in THF

was slowly added to a vigorously stirred solution of 0.25

solvent was removed and the residue was distilled under reduced moles of A in 400 ml diethyl ether cooled to -78°C. The
pressure using a 15 cm Vigreux column.

Boiling point: 73-75°C; p: 14-15 mm Hg.
B.p (lit): 73-74°C, at 13 mm Hg [10].
Yield: about 50%.

mixture was then allowed to warm slowly to room temperature
and stirred overnight. The reaction mixture was then poured in
a period of 5 minutes into a vigorously stirred mixture of
0.55 moles of EDTA, 2.3 moles of sodium hydroxide, 750 ml of
deoxygenized water, and 500 ml of diethyl ether, held at room

ET2NPCL2 temperature, and after the addition stirring was continued for
236 B2 another 5 minutes. According to the literature [11] two layers
should separate. This, however, proved not to be the case.

Using a considerable amount of diethyl ether some product was
collected, but the yield did not exceed 5%, while the

literature claimed a yield of about 50%. Therefore we

't:éﬂst 24394 abandoned this "sophisticated" receipt and returned to a more
_:;;:f; | 229.65 straightforward method, viz. that of Issleib and Becker [1Z2].
681 81 2) The addition method is about the same. Instead of stirring at
—657.70 room temperature overnight, the solution was refluxed for one |
hour. This method, however, did not include a hydrolysis step.

The magnesiumbromidechloride formed was filtered off and ;

650.58 washed with diethyl ether. The solvents were removed and the
-— J residue was distilled under reduced pressure.
I I 1 I I I I o .
35 3.0 25 20 15 10 05 0 Boiling point: 62-65°C; p: 14-15 mm Hg.
B.p (1lit) : 64-65°C at 15 mm Hg [11].
PPM -

Yield: about 40% .
The 'H NMR spectrum was in accordance with the expected

Pig. 7.
g. 7 structure.
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Diethylaminobis (2-diphenylphosphinoethyl)phosphine (C) 1115

A solution of 11.8 grams (0.0636 moles) of diphenylphosphine, 5.0
grams (0.0318 moles) of B and 75 mg of sodium hydride in 100 ml
of THF was boiled under reflux for five days. The reaction
mixture was diluted with 100 ml of diethyl ether and then washed
with three 25 ml portions of water. The ether layer was dried
over anhydrous magnesium sulphate. Solvent was removed from the
filtered ether solution to give a clear viscous liquid. Addition
of cold ethanol produced a white solid.

Melting point: 54-55°C; 1lit.: 49-51°C.

Yield: about 80%.

Elemental analysis. %C %H 2N
Theoretically - 72.6 7o 2 206
Found - 73y 7/ 6.8 252
The lH NMR spectrum:

CH3 group amine function: triplet 0.8 ppm (6H)
CH2 group amine function: multiplet 2.5-3.0 ppm (4H)
ethylene groups : multiplet 1.2-2.4 ppm (8H)
aromatic protons : multiplet 6.9-7.5 ppm (20H).

Ethoxybis(2—dighenylghcsphinoethyLlphcsphine (D)

A mixture of 13.2 grams (25 mmol) C, 15 ml ethanol and 100 ml
toluene was refluxed for 24 hours. After removal of the solvent
the residue was treated with cold ethanol to yield a white solid
(analogous to the method described in ref. 1L

Melting point: 78-79°C.

Yield: about 90%.

Elemental analysis. %C *H
Theoretically : 727 6.6
Found : 745:3 6.4.

The 'H NMR spectrum of this (new) compound:

CH, group : triplet 1.0 ppm (3H)
ethylene groups : multiplet 1.3-2.4 ppm (8H)
CH2 group : multiplet 3.2-3.8 ppm (2H)
aromatic protons: multiplet 6.8-7.6 ppm (20H).

-g98~
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o
(©) CHy  CHp~CHp  CH3
I l I | |
30 70 6.0 5.0 4.0 3.0 2.0 1.0 0
PPM

Fig. 8

Bis (2-diphenylphosphincethyl)phosphine (E)
The reduction was carried out in analogy to the method described

in ref. [13], except for the fact that we used THF instead of

diethyl ether. At first we attempted the reduction of compound C,
but it hardly reacted. Therefore we applied the same method

starting from compound D:
A solution of 20 mmol (10.04 grams) of D in 40 ml of THF

was slowly added to a stirred suspension of 20 mmol (0.8 grams)
of 1lithiumaluminiumhydride in 20 ml of THF. After the addition
was completed, the mixture was refluxed for 24 hours. The mixture

was diluted with 50 ml of diethyl ether and then hydrolized by

the successive addition of 2 ml of water, 2 ml of a 15% solution

of sodium hydroxide in water, and finally 6 ml of water. After

filtration the solvent was removed and a brownish oily liquid

remained. The product was nearly pure, but some D was still

present. It was removed by extraction with hot ethanol.

Yield: about 65%.
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In the lH NMR spectrum the signals of the ethoxy group were

completely vanished. A small multiplet at 4.7-5.0 ppm had
emerged.
" . 4.7-5.0 ppm (1H) ETUSI[MEIEEHZCHQP;inﬁHQ P®2)7
CH,—CH, : 1.3-2.3 ppm (8H) |71
aromatic protons : 6.9-7.5 ppm (20H).
i
(2-ethoxydimethylsilylethyl)bis(2-diphenylphosphinocethyl) - ~12.973
phosphine (F) [14]
A mixture of 2.3 grams (5 mmol) of E and 0.6 grams (20 mmol) of
vinyldimethylethoxysilane was irradiated by a UV lamp for three
days. After removal of the excess vinyldimethylethoxysilane a
bleak-yellow viscous liquild remained.
Yield: about 100%.
Fig. 9a.: j-ﬁS . A
The proton-decoupled 31P NMR spectrum: l 1 | 1 | | ‘ .
Triplet at -16 ppm (the central phosphorus atom (1P) -10 ~12 i 16 e e 2 h
Doublet at -13 ppm (the outer phosphorus atoms (2P) s PPM
Fig. 9a.

Fig. 9b.:

The lH NMR spectrum shows four "clusters" of signals: the
first, at 0.2-0.5 ppm 1s a combination of the signals of the CH3_
Si groups (singlet) and the Si—CHz-R group (multiplet). The 45 |
second, very complex signal from 1.3-2.6 ppm is a combination of |
the resonances of the PCHZ-CHEP (multiplet), CH3 (of the ethoxy
function, triplet) and the CH2P (multiplet) groups. The third
signal 1s a quartet (the methylene group of the ethoxy function) | 07
at 3.7-4.1 ppm. The fourth signal at 7.2-8.0 ppm can be 76
attributed to the aromatic protons.

The product 1s far from pure, but the impurities can be
removed, after the coupling of the ligand to sillica, by means of 11 Jffﬁw/mJakh__J
a Soxhlet extraction. _FJhJ/d 2 M

| | | | | ! ' ' '
8.0 1.0 6.0 5.0 4.0 30 2.0 1.0 0
PPM
Fig. 9b.




The coupling of compound F to silica [9]

A mixture of 100 ml toluene, 0.18 grams (1impure) of compound F
and 15 grams of silica* was Kkept at 100°C for 48 hours.
Occasionally the mixture was stirred. After filtration the
functionalized silica (G) was extracted with benzene in a Soxhlet
apparatus for a period of 48 hours. The silica was then dried in
vacuo at 150°C for 24 hours. Elemental analysis showed the carbon
content to be 0.01% for the pure silica and 0.483% for the

functionalized silica.

The "endcapping" reaction

A mixture of 100 ml toluene, 8 grams (70 mmol) of
ethoxytrimethylsilane and 10 grams of G was kept at 45°C for 72
hours. The further procedure was identical to that of the
functionalization reaction. Elemental analysis of the product

showed a carbon content of 3.1%.

Coupling of the rhodium complex by ligand exchange (1]

The elemental analysis showed the presence of about 1.2 . 10_5

moles of 1ligand per gram H. Therefore 3 grams of H was stirred

with a sglutimn of 3.6 . 10_5 moles of HRh(CO)(PPh3)

1.08 . 10 j :
moles of PPh3 1n 25 ml of toluene for two hours at

65°C under a hydrogen atmosphere. Addition of PPh3 1S necessary

and

to stabilize the rhodium complex in solution. The silica-
supported catalyst is separated from the solution and carefully
washed with 3x50 ml toluene and 2x50 ml diethyl ether, in order

*

The silica was obtained from Shell, type No S 980 A 2.3.
Particle size: between 0.35 and 0.42 mm.

BET surface area: 205 mz/gram.

Mean pore diameter: 16 nm.

Before use the silica was dried in vacuo at 150°C for 24 hours.

=102~

to remove
4id not contain any rhodium complex, pointing to a total

exchange.

24 hours.
therefore it was stored under nitrogen at -20°C.

excess rhodium complex and PPh3. The filtrate, however,

The catalyst was dried in vacuo at room temperature for

The compound appeared to be extremely air-sensitive and

Conclusions

Synthesis route 2 proved to be successful; a chemically

immobilized intramolecularly stabilized hydroformylation catalyst

has been synthesized in nine reaction steps.

Unfortunately, the concentration of the ligands was too low

solid-phase 3lP NMR, and hence we had to rely

for analysis by
elemental analysis. Therefore we also synthesized a

silica-supported catalyst with a high ligand coverage (a carbon

7.2% was detected). With this sample we succeeded in
which showed some

entirely on

content of
obtaining a 3lP solid-phase NMR spectrum,

impurities to be present.

31P C(P-MAS 6525 HZ SAMPLE PGS

P

| I | l | I
150 100 50 0 -50 -100

— PPM

Fig. 10.
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Flgure 10 shows the spectrum of the highlyv-covered functionalized

silica. (It was not possible to obtain a reproducible spectrum of
the catalyst itself. )

Although the impurities
performance of the catalyst,

spectrum, which, even

probably do 1little harm to the

it makes the interpretation of the

in the absence of lmpurities,

would be a
very complex matter, almost impossible.

One particular phenomenon is worth noticing. HRh (CO) (PPh
as well as the functionalized silica H

air at room temperature,

3)3
are relatively stable in
whereas our silica- -Supported catalyst is
very sensitive to oxygen 1indeed. A possible explanation might be

that at 1low temperatures the

structure of the catalyst is as
follows (Figure 1 )is

-0-(Me) ,Si-CH;CH; P

/
i

f:>PPh
N
v

l

:

|
Rh
r

|
H

According to a study by Taqui Khan and Martell [ 157,

forming this type of
nickel (II) ions.

case for rhodium(I) as well.
a high sensitivity to all kinds of

triphos is capable of
cobalt(I) and
the

complexes with
It might be possible this to be

Due to the extreme ring tension

poisons is present.
At higher temperatures,

however, the
become too large

and dissociation of one
ligands will occur. As

Further evidence for

ring tension will

of the phosphorus
a result an active catalyst is formed.

this will be presented in the discussion in
section 6.3 of this Chapter.

=104=

' 1113 Llica-
3 The Performance of the Chemically Immobllized 81li
6- .

supported Rhodium Catalyst

6.3.1. Experimental

of
The materials and apparatus used to test the performance'
] ' . Agaln
the catalyst have been described already in Chapter 4 g :

A,
butene-1 was chosen as the alkene to be hydroformylate

6.3.2. Results

First we tested the activity, selectivity and stabil;tiizf
the catalyst at standard conditions (total flow 1?0 maitiG;
cO +: H. ¢ butena-1 =1 3 1 ¢ 1; total préssure 1.2 MI.’a,lreStablE
tempergture: 363 K). The catalyst maintailned a relatlzeaitivatEd
performance for a period of about 24 hours and then eerimental
very rapidly. A representative example ?f- our iip s S
results is shown in Figure 12. The activity of . e e
appeared to be relatively high (b?tene—l convi?s:iﬂazezu e
cmB(STP).g Rh_l.s_l) whereas a triphenylphospnin i

] re filling of about 0.5 does not excee
eIyl 3 B The selectivity for the
activity of about 10 cm™ (STP) g Rh ~.s . gpeater
formation of n-valeraldehyde is rather low, the norm Rl
ratio being about 2. An SLP catalyst (with monodentate 1l1ig
usually produces a normal-to-iso ratio of about 10. b, 5%

As found for most other rhodium-based hydroformy 0
catalysts, the selectivity for the formation of aide?zz?z e
close to 100% in the temperature range from 950 *a .ncr;ase
higher temperatures, isomerization to butene-2 aid =%

slightly, as well as the formation of aldol products.
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reaction rate vs time

45 pressure 1 2 MPa
remperature 363 K
gas flow 150 m(/min
CO Ho . butene=1 11

L0
5=
)3
T
= 30—
ok
a
o
LA
“ 25—
@
o
E
~ 20
c

S Time /h

Fig. 12.

Kinetics
The

lght of rhodium ang a, b
hydrogen pPressure, carbon monoxide

=106~

pressure and butene-1 pressure, respectively. E 1s the apparent

activation energy.

The Arrhenius plots are shown in Figure 13:

3.9 n-aldehyde 32 iso-aldehyde

(nr lnr

IIIIIIIIIIIIIII]

e
F b T F e
—

3.0

¥ o)
L
—
r O
un

L2[ n-plus iso-aldehyde

lnr

Flg. 13.

The natural 1logarithm of the conversion rate to n- and iso-
vValeraldehyde, as well as the total aldehyde production, are
plotted against 1000/T.

The apparent activation energy is approximately
56 kJ.mol *T.
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The reaction orders have been determined at 96°C, a
temperature at which a nearly 100% selectivity to the formation
of aldehydes 1is observed. The reaction order for each reactant
was found by halving the partial pressure of that reactant and
bringing the total pressure to 1.2 MPa by the addition of helium
to the gas flow.

The reaction orders found were:

n 1 t
CO 0.0 0.0 0.0
H2 0.0 0.0 0.0
04 sl 1k 18] 16510
n = linear aldehyde production
1 = branched aldehyde production
= total aldehyde production
Discussion

In short, the kinetics, as compared with that of the SLP catalyst
mentioned before, may be summarized as follows (see Table 1).

The first remarkable result is the deactivation occurring
suddenly after a period of about 24 hours. This can possibly be
explained from the formation of aldol products which, due to
their high boiling points, accumulate in the pores of the support
which eventually become totally filled up. Then the reactants are

no longer capable of reaching the catalytically active centers.

=] 0=

Table 1.

SLP [16] §i0,,-
supported
catalyst

E_ (kJ/mol) 79 26
order in H,
n O
t 0.1 .
order 1n CO
n (sl .
i 1 :
t 0.2 0.
order 1n C:
“ 19553 1.0
i 11557 1.
£t 1.4 1.0
reaction rate
atr90ciin 10 30
cm3cz/g.Rh.s
n:i ratio 10 2

The activity of the catalyst is about three times as high
as that of the SLP system. An explanation of this phenomenon

might be the strongly deviating structure of our intramolecularly

stabilized rhodium catalyst:

=09




-O"(ME)ESi—CH —CH2—P

2

1V (o U 1

HRh(CO)(PPh3)3 1s 1inactive in hydroformylation: dlissociation of

one of the triphenyllphosphine ligands is necessary in order to
create a catalytically active complex. This lmplies that in the
presence of a large excess of phosphine ligands (as is the case
in SLP catalysts) only a small amount of the rhodium complexes
will participate in the catalytic cycle. In our system, however,
nearly all rhodium complexes are in the active form.

The selectivity of the catalyst towards the linear aldehyde
is rather 1low, and Figure 14 shows the reason why: the
catalytically active compound has the two phosphorus particles
coordinated in a cis position. Therefore the vacant place where
the alkene addition takes place 1is relatively spacious, which
results 1in a low selectivity (hardly any sterical hindrance). In
the monodentate SLP catalysts the phosphine 1ligands are
coordinated in a trans position, which, for sterical reasons,
favours production of the linear aldehyde.

The apparent activation energy 1s lower than found with
monodentate SLP systems. For the bidentate SLP catalysts (with
l,4—bis(diphenylphesphinn)butane as the solvent-ligand) the value
lies between these extremés, so the larger space for the addition
reaction of the alkene could be an explanation.

Finally, by far the most remarkable observation are the
uncommon reaction orders. In homogeneous hydroformylation with

rhodium complex catalysts a reaction order of 1 in alkene is

=1 10=

usually found; we found the same value for our i1mmobllized
system. The SLP catalysts usually show an alkene order of about
1.4 (see Chapter 4). The explanation presented for this
phenomenon is that, due to the higher alkene pressure, the
solvent-ligand 1is diluted with the aldehydes formed, which 1in
turn improves the solubility of the alkene. Therefore the real
order (1) 1ncreases to 1l.4.

When using a large excess of phosphine ligand the reaction
order 1in hydrogen wusually 1is close to zero. Our system 1s no

exception to the rule, because our effective phosphine

concentration is high due to the intramolecular stabilizer
combined with the chelating effect.

The carbon monoxide order, however, differs appreciably
from that found for other hydroformylation catalysts. Pelt, for
instance [16], found an order of 0.1 in the formatien of the
linear aldehyde and an order of 1 in the formation of the
branched aldehyde. We found an order of zero in both cases!
Perhaps the space around the active site offers an explanation.
In the five-ring chelating system there is little discrimination

between the following intermediates:

i o

Rh-C-CH,-CH,-R

P2
i

P

Fig. 15.
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The addition of CO, preventing the oxidative addition of

hydrogen, could be equally disturbing for both the branched and

the linear compound. In the monodentate systems the active site
1s much smaller, the phosphine ligands being in a trans position.
The more bulky iso-product is considerably 1less affected by

carbon monoxide than the linear product, due to sterical factors

Conclusions

We were able to synthesize and test +the performance of an

intramolecularly stabillized chemically immobilized rhodium

hydroformylation catalyst with isolated sites. IheSfacts thats
notwithstanding the isolated nature of the sites, it produces
aldehydes in a relatively very good yield, makes it improbable
that a bimolecular hydrogenation step 1s 1invelved in the
catalytic cycle, as suggested by Collman and coworkers 74

The sudden deactivation of the catalyst after a period of
about 24 hours has been explained by the accumulation of aldol
products 1in the ©pores of the support material. This can be
avoided by applying our catalyst at the solid/liquid interface.
Further work in this direction is needed.

Gas-phase hydroformylation will probably remain restricted
to the lower alkenes. Despite the fact that the maximum
temperature could be raised to about 140°C (see Chapter 4) such
temperature is much too low to be able to hydroformylate alkenes
larger than pentene in an efficient way.

In our opinion, research in the field of chemically
heterogenized homogeneous catalysis should concentrate on
catalysis at the 1liquid-solid interface. At such interface

accumulation of high-boiling byproducts is less likely than at
the gas-solid interface.

e A
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SUMMARY

The 1ndustrial application of rhodium-phosphine based
catalysts 1n the hydroformylation of the alkenes has increased
dramatically during the last forty years. In order to understand
the performance of the <catalyst a 1lot of research has been
carried out concerning the reaction mechanism. Chapter 2 of this
thesis 1s a review dealing with the various theoretical aspects
of hydroformylation with rhodium-based catalysts, such as the
reaction mechanism, the occurrence of side reactions,
deactlivation of the catalyst etc.

Hydroformylation is a homogeneous catalytic process, and
often a laborious separation of the products from the catalyst is
necessary, 1n most cases attended by some loss of the (very
expensive) rhodium. Immobilization of the rhodium complex on a
support has the advantage of circumventing this undesirable
aspect. In Chapter 3 an outline is given on the way 1n which
immobilization of homogeneous catalysts can be accomplished. Our
attention was mainly focussed on two methods of immobilization:

1) Capillary condensation of a solution of +the complex 1n a
porous support, giving rise to the so-called Supported Liquid
Phase Catalysts (SLPC).

2) Chemical anchoring of an organometallic complex to an organic
Oor inorganic support via chemically bonded ligands.

During the last 15 years the application of SLP-rhodium-
triphenylphosphine catalysts 1n the heterogeneous gas-phase
hydroformylation of various alkenes, wusing a continuous flow
system with a fixed bed reactor, has been a major field of
research 1n the Catalysis Department of Delft University of

Technology. One of the major limitations when using these systems
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is the relatively low maximum operating temperature of about
135" C. When alkenes containing more than 4 C-atoms are
hydroformylated, soaking of the catalyst may take place, unless a
very low (and, therefore, less economlc) conversion per pass 1S
applied. The use of bidentate solvent-ligands 1like 1,4
bis(diphenylphosphino)butane (this thesis) i1ncreases the maximum
operating temperature because the chelating effect of this ligand
creates a much firmer phosphine-rhodium bond. The performance of
these Dbidentate-based SLP catalysts in the hydroformylation of
butene-1, in comparison with the "traditional" triphenyl-
phosphine-based systems, is dlscussed 1in Chapter 4.

In Chapter 5 the hydroformylation of allyl alcohol 1is the
central issue. This hydroformylation may be used as an
alternative route for the production of the 1ndustrially
attractive compound 1,4-butanediol, which 1s formed by the
reduction of the hydroformylation product § -hydroxybutyraldehyde.
Due to the high boiling points of the aldehydes formed, soaking
of the catalyst is a severe problem, as well as the presence of a
reactive OH-group which causes the formation of undesired by-
products 1like, for 1nstance, hemi-acetals and acetals. These
problems can be circumvented to a large extent by applying higher
temperatures and shielding-off of the OH-group of allyl alcohol
by means of reaction with 1sobutene to form tert-butyl allyl
ether. After hydroformylation of the ether and reduction of the
aldehyde formed, the ether bond can be broken by acid hydrolysis
to form the desired product, 1,4-butanediol.

The final chapter, Chapter 6, deals with the synthesis and

performance of a chemically immobilized catalyst. Use was made of

a tridentate phosphine 1ligand, chemically bonded to silica,
capable of forming an intramolecularly stabilized active rhodium
compound. The kKinetics of hydroformylation with this catalyst is
compared with the kinetics found for the SLP systems, again using
butene-1 as the alkene to be hydroformylated. A mechanistic
explanation of the differences arising in the kinetics 1is

Presented.
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SAMENVATTING geweest. Een van de grootste beperkingen van deze systemen 1s de

relatief lage maximum temperatuur die kan worden toegepast (ca.
115°C) = Indien alkenen met meer dan 4 C-atomen worden
gehydroformyleerd kan door ophoping van de reactieprodukten 1in de
porién van de drager de katalysator worden uitgespoeld, tenzij
een betrekkelijk lage (en, derhalve, minder economische)

conversie wordt gehanteerd. Uit ons onderzoek blijkt dat het

gebruik van bidentaat oplosmiddel-liganden, zoals het 1,4
bis(difenylfosfino)butaan, tot gevolg heeft dat deze
De industriele toepassing van rhodium-fosfine maximum temperatuur wordt verhoogd omdat het chelerend effect van
katalysatoren is de laatste veertig jaar sterk toegenomen, met dit ligand een sterkere fosfine-rhodium binding oplevert. In
name voor de hydrmfmrmylering van alkenen. Teneinde de werking Hoofdstuk 4 1is het gedrag van deze bindentaat-SLP katalysatoren
van deze Xkatalysatoren beter te leren begrijpen is er vee] vergeleken met dat van de "traditionele" trifenylfosfine-SLP
onderzoek gedaan naar ©.a. het reactiemechanisme. Hoofdstuk 2 wvan systemen. Inderdaad blijken nu hogere reactietemperaturen
deze dissertatie is een 'review", betrekking hebbend op de mogelijk te zijn.
diverse theoretische aspecten van hydroformylering met deze In Hoofdstuk 5 is de hydroformylering van allylalcohol het
rhodiumkatalysatoren, zoals het reactiemechanisme, het optreden centrale thema. Dit kan een alternatieve route opleveren voor de
van nevenreacties, de desactivering van de Katalysator, etc. produktie van de industrieel aantrekkelijke verbinding 1,4-
Hydroformyleren jis een homogeen katalytisch proces en het butaandiol, welke gevormd wordt door reductie van het
is meestal bewerkelijk om de katalysator van de produkten te hydroformyleringsprodukt Y -hydroxybutyraldehyde. Het uiltspoelen
scheiden. Dit gaat vaak gepaard met enig verlies van het zeer van de katalysator (hetgeen te wijten is aan de hoge kookpunten
kostbare rhodium. Het immobiliseren van het rhodiumcomplex op een van de gevormde aldehyden) en de aanwezigheid van een reactieve
drager heeft het voordeel dat deze ongewenste stap achterwege kan OH-groep, die aanleiding geeft tot de vorming van ongewenste
blijven In Hoofdstuk 3 worden enkele mogelijkheden besproken om nevenprodukten zoals hemi-acetalen en acetalen, zijn grote
een dergelijke immobilisatie tot stand te brengen. Onze aandacht problemen. Deze kunnen voor een belangrijk deel worden omzeild
Jing vooral uit naar de volgende twee opties: door een hogere reactietemperatuur te kiezen en door het
1) Kapillaircondensatie wvan €en oplossing van het Katalytisch afschermen van de OH-groep in allylalcohol door verethering met
actieve complex in een poreuze drager, hetgeen leidt tot de lsobuteen (reactie met isobuteen levert tertiair butylallylether

Zo0genaamde Supported Liquid Phase Katalysatoren.

op). Na hydroformylering van de ether en reductie van het
2) Het chemisch verankeren

van een metaalorganisch complex aan gevormde aldehyde kan de etherbinding door zure hydrolyse

©eén organische of anorganische drager via chemisch gebonden verbroken worden en ontstaat het gewenste 1,4-butaandiol.
Liganden. Het laatste hoofdstuk, Hoofdstuk 6, beschrijft de synthese
Binnen de afdeling Katalyse van de Technische Universiteit en het katalytisch gedrag van een chemisch geimmobiliseerde
Delft is de toepassing van SLP rhodium-trifenylfosfine . rhodium katalysator. Er werd gebruik gemaakt van een tridentaat
katalysatoren in de heterogene gasfasehydrmfurmylering van fosfineligand, chemisch gebonden aan silica. Dit ligand is 1n
diverse alkenen, dynamisch beproefd in een vast-bed reactor, staat tot de vorming van een intramoleculair gestabiliseerd
gedurende de laatste 15 jaar een belangrijk onderzoeksterrein actief rhodiumcomplex. De kinetiek van de buteenhydroformylering
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met deze katalysator werd vergeleken met de kinetiek gevonden bij

gebruik van SLP systemen, waarbilj eveneens buteen-1 als het te

hydroformyleren alkeen werd

verklaring voor de optredende verschillen wordt gepresenteerd.
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toegepast. Een mechanistische
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STELLINGEN

1. Algemeen wordt aangenomen dat homogene katalyse met organo-

metaalkomplexen aanleiding geeft tot produktselektiviteiten die

gunstiger z1jn dan 1n de heterogene katalyse (1).

Men 1s er zich echter

onvoldoende van bewust dat dit alleen

geldt wvoor eenvoudige organische molekulen (met weinig kool-

stofatomen) in de voeding van de katalytische reaktor.

Voor de omzetting wvan bijvoorbeeld hogere alkenen en gesub-

stitueerde alkenen zijn de selektiviteiten wvaak laag (2).

(1) Zie Dbijvoorbeeld: Renato Ugo, in "“Aspects of Homogeneous
Catalysis," ulitgave Carlo Manfredi, Milaan 1970, p. 5.
(2) D1t proefschrift, hoofdstuk 5.

2. Toekomstlge research

op het gebied van katalyse met gehetero-
geniseerde organometaalkomplexen zal zich vooral moeten richten

op reaktles aan de fasegrens vast-vloeibaar.

3. In de katalytische Wacker-oxidatie van alkenen tot aldehyden of

kKetonen Pd(0)

redoxkoppel en zuurstof een belangrijke rol.
In de

van het

speelt de reoxidatie van

met behulp van een

literatuur wordt vaak ten onrechte geen melding gemaakt

feit dat de
bijvoorbeeld

koncentratie van de redoxkomponenten,
van Cu(I) en Cu(II), onder bepaalde omstandigheden

1nvloed kan hebben op de kinetiek van de reaktie (1).

(1) Zie: G.
Catalysis,"
1977

Henrici-0livé en S. 0Olivé, in "Coordination and

uitgave Verlag Chemie, Weinheim en New York,

4. Alvorens 1in de heterogene katalyse of in adsorptiestudies de

adsorptie-isotherm van Langmuir toe te passen is het raadzaam

zich goed te realiseren

dat Langmulr zelf sterk beperkende

voorwaarden Vvoor toepassing van zijn vergelijking heeft ge-

formuleerd.

I. Langmuir, J. Am. Chem. Soc. 40 (1918) 1361.
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10.

Uit het felit dat rhodium-SLP katalysatoren met bidentaat-
fosfineliganden een lagere normaal-iso verhouding van aldehyden
opleveren dan analoge katalysatoren met monodentaatliganden, kan

gekonkludeerd dat het aktieve

worden slechts twee

Komplex
fosfineliganden bevat en niet drie (1).

(1) Z1e echter: W. Drenth, J. Mol. ‘Catal. 24 (1984) “77.

In de opleidingen tot wetenschappelijk onderzoeker of tot
technoloog moet meer aandacht worden geschonken aan wetenschaps-

historische en wetenschapsfilosofische aspekten.

Het onder goed medisch toezicht verstrekken van gratis heroine
aan verslaafden zal de aanwas van nlieuwe verslaafden doen

teruglopen en het sociaal isolement van deze mensen verminderen.

Het positief diskrimineren van minderheden door overheid en
bedrijfsleven zal de negatieve diskriminatie onder de bevolking

doen toenemen en dus helaas zijn doel voorbij schieten.

Het 1s triest te moeten konstateren dat het erg gemakkelijk is

negatieve stellingen te formuleren over de staat van ons huidig

hoger onderwijs.

Daar het aanvaarden of verwerpen van ideologieén een indivi-

duele =zaak behoort te zijn, moet er naast de scheiding wvan kerk

en staat ook een scheiding doorgevoerd worden tussen staat en
wetenschap. De wetenschap is immers een van de meest agressieve
en dogmatilische

religieuze 1instellingen van dit moment. Zo’n

schelding =zou wel eens het enige middel kunnen zijn dat ons

overblijft om menselijker te worden dan tot nu toe het geval
was.

Stellingen bij het proefschrift van P. Groen, 7-12-1989,
TU Delft.
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