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Continuous semihydrogenation of a propargylic alcohol over
amorphous Pdg1Si19 in dense carbon dioxide: effect of modifiers
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The influence of chemical modifiers on the semihydrogenation of a propargylic a cohol, dehydroisophytol, was studied in a continuous-
flow reactor over amorphous Pdgy Si1g, employing dense carbon dioxide as solvent. All organic modifiers were able to improve the se-
lectivity, however, at the expense of a lowered conversion. The extent of the effect depended strongly on the number of heteroatoms and
on the specific structure of the modifier applied. For maximum isophytol yield, a compromise between high selectivity and reasonable
conversion proved to be beneficial, with propyl disulfide and isopropy! disulfide representing the best choices under the applied conditions.
Apart from choosing the appropriate modifier, selectivity could also be tuned by adjusting the modifier concentration. Our observations are
consistent with amodel including competitive adsorption of reactants and the modifier. Different effects of structural isomers imply that,
at least partly, steric effects are involved. Compared to the organic modifiers, the use of alead-modified catalyst could hardly improve the
selectivity at agiven conversion under the applied conditions.
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1. Introduction

Palladium is well known to catalyze the semihydrogena-
tion of alkynesto alkenes (Lindlar reduction). Modifiers are
often employed to increase the alkene selectivity. Histori-
cally, Lindlar suggested a Pd/CaCOs catalyst, poisoned by
lead acetate, and quinoline as an additional modifier [1]. Al-
ternatively, in later studies other organic bases, such as pyri-
dine or ammonia, organic sulfides or CO were suggested as
possible modifiers for the partial hydrogenation of various
alkynes[2-5].

Model reaction in thiswork is the continuous semihydro-
genation of the C—C triple bond in dehydroisophytol (DIP), a
propargylic alcohol, to the corresponding alkenol, isophytol
(IP) (scheme 1), employing an amorphous Pdg1Si1g catalyst
and dense (“supercritical”) carbon dioxide as solvent. This
reaction represents a prominent step in the industrial synthe-
sis of Vitamin E [6]. High space-time yields at reasonable
selectivities (i.e., avoiding overhydrogenation of 1P to dehy-
droisophytol, HzI P; scheme 1) are required for the design of
an efficient and economic process.

Previous studies showed that amorphous metal alloys
(“metallic glasses’), such as Pdg1 Si1g, are particularly suited
for such semihydrogenation reactions, when compared, e.g,
to conventional supported catalysts [7]. Detailed informa-
tion on the preparation and the specific advantages of metal-
lic glasses in heterogeneous catalysis can be found in the
pertinent literature, e.g, [8,9].

* To whom correspondence should be addressed.

Dense (“supercritical”) CO, was employed as solvent,
since supercritical fluids generally combine numerous ad-
vantages, such as process intensification, a favorable com-
bination of heat and mass transfer, and a facile separa-
tion of solvent and product/reactants [10,11]. Moreover,
carbon dioxide is non-flammable, environmentally benign,
and readily available at low cost, when compared to most
other standard solvents [12,13]. Note that the term “su-
percritical” is used here between quotation marks for the
CO,-containing dense phase at temperatures exceeding its
mixture critical point (irrespective of further liquid phases
present). In fluid theory, however, the expression is well de-
fined only for single component systems and has no mean-
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Scheme 1. Hydrogenation of dehydroisophytol (DIP) to isophytol (IP) and
the consecutive hydrogenation of IP to dihydroisophytol (H2IP).
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ing concerning the phase behavior of multicomponent sys-
tems[14].

Inaparale study [15], we investigated the phase behav-
ior of the reaction mixture and the resulting implications on
the catalytic behavior of Pdg1Si1g during continuous semi-
hydrogenation of DIP in a flow reactor using dense CO; as
solvent. These studiesindicated that under the reaction con-
ditions used, the reaction mixture consists of two phases,
a DIP-rich liquid phase and a dense CO,-rich phase, both
mutually saturated under equilibrium conditions.

Here we explored the effect of chemical modifiers on
the selectivity and conversion under such uncommon con-
ditions. Various organic modifiers, as well as lead mod-
ification (as a representative for an inorganic modifier) of
the catalyst, were employed. It will be shown that all or-
ganic modifiers had a significant impact on the selectivity;
the effect, however, strongly depended on the heteroatom(s)
included in the structure of each specific modifier. Subse-
guently, the concerted action of a pair of suitable modifiers
will be focused. Thiswill demonstrate that a precise tuning
of the selectivity/activity can be achieved by choosing the
appropriate modifiers and concentrations. Finally, compari-
son with alead-poisoned catalyst revealsthat this frequently
used inorganic modifier is rather ineffective under the ap-
plied reaction conditions.

2. Experimental

M easurements were conducted in a computer-controlled
continuous-flow reactor of mini plant scale. Thereactor sys-
tem comprised a mixing chamber, a vertically mounted re-
actor section (down stream concept) and a sampling device
at the reactor outlet. The experimental setup has been de-
scribed in detail elsewhere [15].

All feed streams (CO2, H2, and DIP) were combined in
a mixing chamber before entering the reactor section. The
inner diameter of the reactor tube (stainless steel, closed by
steel frits towards both ends) was 10 mm. The catalyst nee-

dles were fixed by quartz wool plugs, resulting in a catalyst
bed length of ca. 30-100 mm depending on the amount of
Pds1Si19 used. Temperature was controlled separately for
the mixing chamber and the reactor section using two inde-
pendent thermostats. Constant pressure was maintained by
a backpressure regulator. DIP was pumped into the reactor
system by a HPL C pump. Organic modifiers were dissolved
in the DIP before feeding to the reactor.

All experiments were performed over a Pdg1Si1g amor-
phous metal alloy (metallic glass), prepared by Degussa
Huels AG. The Pdg;Si1g needles, of ca.0.13 mm diameter,
had a surface area of approximately 0.01 m? g~1, aswas de-
termined using the BET method with krypton.

The Pb-poisoned sample was prepared by stirring 3 g
of Pdg1Si1g flakes in an aqueous solution (ca. 100 ml) of
50 mg lead acetate with traces of conc. acetic acid for 45 min
at 80°C. After filtering, the flakes were dried at 80°C in
100 mbar N2. Subsequent XPS measurements[16] revealed
acomposition of 71% O, 14.7% Si, 13.7% Pd, and 0.6% Pb,
which would correspond to a Pd/Pb ratio of roughly 10: 1
on the surface. In as-prepared catalyst lead was present in
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Figure 1. Increase of activity of the catalyst with time on-stream. Repetitive

experiments under identical reaction conditions: 7 = 86°C, p = 127 bar,

2,2'-(ethylendithio)-diethanol added to the DIP feed (1 : 2000 mol mol—1),
Meaalyst = 99 (*: 39).
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Figure 2. Scanning electron micrographs of the catalyst surface: (A) as received, (B) after 6 h on-stream (DIP without modifier), and (C) at the end of the
experimental series of this study. Images were acquired on a Hitachi S-900 “in-lens” field emission scanning electron microscope operated at 30 kV.
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metallic and ionic form. During reaction, however, lead was
reduced to zero-valent Pb.

Reaction conditionswere: T = 86°C, p = 127 bar, CO2
flow = 160 NI h~%, Hy flow = 20 NI h—2, and DIP flow =
38gh~1, corresponding to amolar ratio of CO, : DIP: H, of
56:1:7. Thetypical w/F ratio (weight of catalyst to DIP
flow) was 25-70 gsmol 1,

Sampling occurred automatically. Samples were ana-
lyzed by a GC (HP 6890, equipped with a J&W FS DB-5-
HT column and flame-ionization detector). A small amount
of by-product formation (<1%) was observed, consisting of
compounds with high boiling points, which will be referred
to as oligomers in this work. Concentrations of DIB, IR,
H2I P, and oligomerswere determined on basis of GC area,
which were previoudy calibrated by samples of known com-
position. Selectivity is defined as [IP]/([IP] + [H2lP] +
[oligomers]). Steady-state was reached after ca. 34 h;
therefore, all presented values were recorded after 46 h on-
Stream.

It should be mentioned that the catalyst activity was
observed to dlowly increase (irreversible) for repetition
experiments conducted under identical conditions in the
course of our study (figure 1). XPS and SEM images
revealed drastic changes in composition and morphology
of the catalyst surface. The fresh catalyst featured some
small scattered particles (assumingly pure Pd) attached to
an otherwise smooth surface (figure 2(A)). After just one
experimental run (6 h), first alterations of the surface struc-
ture became apparent, i.e., agglomerating of the particles
and roughening of the underground (figure 2(B)). Finally,
at the end of all experimental series, the surface had be-
come very rough and larger crystallites were seen on top
(figure 2(C)). Concomitantly, XPS indicated a strong en-
richment in Pd within the surface layer. Furthermore,
a black deposit was clearly visible on the Teflon insert
in the mixing chamber and the mixer after a long experi-
mental series. Molnar et al. observed the same phenom-
enon when hydrogenating terminal alkynes over Pd cata
lysts [7]. It was suspected that part of the metal dissolved
by complexation with the terminal akyne. They found
that some catalysts, which had been inactive for the hy-
drogenation of olefins, could be activated by first running
the hydrogenation of a terminal akyne. Efforts to detect
an R—-C=C—Pd compound in the solution by IR, however,
failed [7]. Likewise, our own AAS analysis could not de-
tect any palladium in the product stream (detection limit
4 ppm).

To cope with this problem the data of each experimen-
tal series was recorded at intervals as short as possible in
order to keep deviations small. Although, measurement se-
ries at the very beginning and at the end of this study may
differ in the absolute conversion values, due to the above
effect, the relative outcome within each serieswas hardly af-
fected. Therefore, our general conclusions are independent
of such long-term changes in catalytic activity (for further
details see [16]).

3. Reaults
3.1. Organic modifiers

For the semihydrogenation of DIP under such uncom-
mon conditions, a recent patent assigned to Hoffmann-La
Roche AG suggested 2,2'-(ethylendithio)-diethanol as a suit-
able modifier in order to increase the selectivity to IP signif-
icantly [17]. Table 1 provides an overview on the modifiers

Table 1
Overview of employed modifiers along with observed conversion, selec-
tivity, and IP yield, respectively. All modifiers were added to the reactant
(DIP) in amole fraction of 1: 2000 mol mol 1,

Modifier X S P
(%) (CONNNCD)
1 None (pure DIP) 100.0 13.0 13.0
2 THF 1000 228 228
:o:
3 Dipropyl sulfide 100.0 26.7 26.7
PV Vas
4 Furan 98.7 325 321
(&)
5 Quinoline 100.0 59.2 59.2
N,
x
/
6 Ethyl-2-hydroxyethyl sulfide 1000 637 637
/\S /\/OH
7  Tetrahydrothiophene 1000 670 670
S
8 Thiophene 98.9 75.9 75.1
:s:
9 Diethylaminoethanol 96.8 843 816
/\N/\/OH
10 Propyl disulfide 96.6 887 857
SN S\s/\/
11 Isopropyl disulfide 88.3 95.5 84.3
S,
Y \SJ\
12 2,2’ -(ethylendioxy)-diethylamine 72.9 90.7  66.1
0. NH;
NHg /\/ \/\0 /\/
13 2,2'-(ethylendithio)-diethanol® 49.4 97.2 480
S. OH
o N NN TN
14 2,2'-(ethylendioxy)-diethanthiol 37 1000 37
0. SH
He /\/ \/\0 N
2Proposed in [17].
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Figure 3. Influence of different modifiers on conversion and selectivity of

the reaction: 1 — no modifier, 2 — THF, 3 — dipropy! sulfide, 4 — furan,

5 — quinoline, 6 — ethyl-2-hydroxyethyl sulfide, 7 — tetrahydrothiophene,

8 —thiophene, 9—diethylaminoethanol, 10— propy! disulfide, 11—isopropyl

disulfide, 12 — 2,2’ -(ethylendioxy)-diethylamine, 13 —2,2'-(ethylendithio)-
diethanol, and 14 — 2,2’ -(ethylendioxy)-diethanthiol.

employed in this work and on the corresponding activities,
selectivities, and IP-yields obtained. Most molecules were
similar to 2,2-(ethylendithio)-diethanol in oneway, viz. con-
taining sulfur heteroatoms, or the other, viz. showing struc-
tural analogies. Additionally, the effects of quinoline, THF
and furan were considered.

For a better overview, conversion and selectivity values,
obtained by the use of the various modifiers, are al'so graphi-
cally compared in figure 3. All experiments were conducted
consecutively with a 4 h run without modifier in between.
Modifier poisoning proved to be completely reversible in
each case. All maodifiers improved the selectivity which
was ca. 13% without modifier. Depending on the specific
modifier, the new selectivities ranged from 23% (THF) to
100% (2,2'-(ethylendioxy)-diethanthiol). The highest selec-
tivities, however, were accompanied by a strong decrease in
activity, being, e.g, as low as 3.7% for 2,2’-(ethylendioxy)-
diethanthiol.

In order to show that the increased selectivity is not only
a consequence of a lowered conversion (as would be ex-
pected for a plug-flow reactor), the above obtained selec-
tivity vs. conversion data were compared to a reference ex-
periment without addition of modifiers (figure 4). The latter
was recorded by subsequently increasing the mass of cata-
lyst, and thusthe w/ F ratio from 5to 70 gsmol 2. Clearly,
adifference of more than 30% remains for a broad range of
conversion values which must be attributed to the effect of
the modifiers.

Infigure 5 the concentration dependence of the selectivity
was investigated for three of the modifiers (quinoline, propyl
disulfide, and 2,2'-(ethylendithio)-diethanol) by increasing
the amount of modifier in the reactant stream each 6-12 h.
For the most effective modifier (2,2-(ethylendithio)-dietha-
nol) even smallest concentrations (as low as 0.005 mol%o)
led to a significant increase in selectivity, whereasfor propyl
disulfide and especially for quinoline larger amounts were
required in order to reach a similar effect. In analogy to
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Figure 4. Comparison of the results obtained by employing different mod-
ifiers with the data from an experiment where the catalyst amount was
varied shows that the influence of the modifiers on the selectivity is sig-
nificant, and not just a result of decreased conversion in presence of the
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Figure 5. Effect of modifier concentration in the feedstream during semihy-
drogenation of DIP.

figure 3, higher selectivity was always accompanied by de-
creasing conversion (not shownin figure 5).

Additionally, the concerted effect of two modifiers
(quinoline, 5, and 2,2-(ethylendithio)-diethanol, 13, each
| : 2000 mol mol —1) was explored. While quinoline alone re-
sulted in asignificant increase of selectivity, it could not fur-
ther improve the selectivity of the pure 2,2'-(ethylendithio)-
diethanol modifier after combined addition of both modifiers
to the DIP feed.

3.2. Lead-modified catalyst

In figure 6 various selectivity vs. conversion data points
for the lead-modified catalyst (pure and in combination with
organic modifiers) are compared to corresponding measure-
ments on the Pb-free catalyst (see figure 4). For a better
comparison, the lines from figure 4 were added. The main
effect of Pb wasto decrease the activity of the catalyst, while
the selectivity improvement at a given conversion was only
minor compared to the effect of the pure organic modifiers.
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Figure 6. Influence of Pb and organic modifiers. 1 —no modifier, 5—quino-

ling, 13 — 2,2'-(ethylendithio)-diethanol, and all in combination with Ph.

Catalyst mass of unmodified Pdg1Si1g: 5 g, catalyst mass of Pd-modified

Pdg; Si1g: 3 g. Additionally, the lines from figure 4 are shown for compari-
son.

4, Discussion

All organic modifiers improved the selectivity, however,
at the expense of alowered conversion. Neverthel ess, the se-
lectivity at a given conversion is improved considerably by
the presence of such additives. From the comparison of the
different modifiers it can be concluded that molecules con-
taining a higher number of heteroatoms exhibit a stronger
effect on selectivity (and al'so conversion). The presence of
conjugated double bonds amplifies the effect of the mod-
ifier, probably because they further strengthen bonding to
the catalyst surface (e.g, tetrahydrothiophenevs.thiophene).
Additionally, a strong dependence of the selectivity on the
nature and position of the heteroatoms (S, O, or N) could
be observed. The latter effect, however, seems also to de-
pend on the specific structure of the modifier and cannot be
generalized (compare, e.g, ethyl-2-hydroxyethyl sulfide vs.
diethylaminoethanol and 2,2'-(ethylendioxy)-diethylamine
vs. 2,2-(ethylendioxy)-diethanthiol). Moreover, even small
changes in the structure, without changing the heteroatom,
can lead to significant effects, asis demonstrated with propy!l
disulfide vs.isopropyl disulfide.

In order to gain a maximum IP yield, a compromise be-
tween high selectivity and reasonable conversion is impor-
tant. Under this aspect, propyl disulfide and isopropy! disul-
fide represent the best choicesfor the applied conditions (fig-
ure 4). However, the selectivity cannot only be tuned by
choosing the appropriate modifier, but also by adjusting the
concentration of the |atter.

Several mechanistic models have been put forward in
order to explain the selective poisoning by organic mod-
ifiers, including a restructuring of the Pd surface induced
by organic modifiers [3,5] or a site-blocking of the most
active (and hence least selective) sites by modifier mole-
cules [18,19]. Alternatively, a recent study by Yu and
Spencer suggested a model which also includes competitive
adsorption of reactants and the modifier, but attributed the
effect to an electronic modification of the neighboring Pd
sites by the adsorbed modifier [20].

In this study we observed that (i) alarge variety of mod-
ifier molecules (differing in structure and heteroatoms) in
each case exhibit a similar effect (of different extent, how-
ever), (ii) the effect was fully reversible after stopping the
modifier addition and continuing with pure DIPR, (iii) the
magnitude of the effect was strongly influenced by the mod-
ifier concentration, yielding a saturation-type curve (fig-
ure 5), and (iv) when adding two modifiers, the one with
the stronger impact clearly governsthe overall effect.

These findings fit very well with a model including
competitive adsorption of reactants and modifier molecules,
where the latter are most strongly adsorbed on the catalyst
surface. Compounds having a higher adsorption energy on
Pd are expected to result in larger modifier coverages, and
hence should show the strongest impact on selectivity (and
activity). This is reflected by the fact that molecules with
alarger number of heteroatoms, which most probably repre-
sent the anchoring point to the catalyst surface, afford higher
selectivities. On the other hand, thelarge chemical variety of
effective modifiers does not comply with a surface restruc-
turing model, since it appears unlikely that each employed
molecule induces similar restructuring. Finally, our results
do not allow to distinguish between a simple site-blocking
and a secondary alteration of the electronic properties of the
surface. The significant differencein the effects of the struc-
tural isomers, propyl disulfide and isopropyl disulfide, how-
ever, impliesthat, at least partly, steric effects are involved.

Nevertheless, it cannot be excluded that an additional
contribution to the modifier effect may arise from the imag-
inable suppression of the palladium hydrideformation which
was shown to be maleficent to the semihydrogenation of,
e.g, acetylene [21]. Further measurements, required in or-
der to fully unravel the true nature of the selective poisoning
by organic modifiers, are currently under investigation.

In numerous studies lead has been employed as an inor-
ganic modifier to increase the selectivity for the semihydro-
genation of acetylenes(e.g.[1,22]). Here, we found that lead
alone does not increase selectivity as much as organic mod-
ifiers (ca. 5% as opposed to as much as 30%). A significant
increase in selectivity can only be observed in combination
with an organic modifier. When lead is combined with 2,2'-
(ethylendioxy)-diethanthiol, the selectivity is about the same
as with 2,2'-(ethylendioxy)-diethanthiol alone, but at signif-
icantly lower conversion (figure 6). Thus, the application of
organic modifiersis crucia for achieving high selectivity in
the continuous semihydrogenation of DIP over amorphous
Pdg1Si1g in dense COs.

The effect of dense CO2 on the catalytic performance
seems to be mainly restricted to enhancing mass transfer,
as emerged from the parallel study of the relationship be-
tween phase behavior and catalytic performance reported
elsawhere [15].
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