Operando Infrared Spectroscopic and Quantum-chemical Studies on
Iridium-catalyzed Hydroformylation

Dieter Hess?, Bernd Hannebauer?, Matthias Konig?, Matthias Reckers?,

Stefan Buchholz?, and Robert Franke®:©

2 Evonik Industries AG, Paul-Baumann-Strafe 1, 45772 Marl, Germany
b AQura GmbH, Evonik Industries, Rodenbacher Chaussee 4, 63457 Hanau, Germany
¢ Lehrstuhl fiir Theoretische Chemie, Ruhr-Universitidt Bochum, 44780 Bochum, Germany

Reprint requests to Prof. Dr. R. Franke. E-mail: robert.franke @evonik.com

Z. Naturforsch. 2012, 67b, 1061 —1069 / DOI: 10.5560/ZNB.2012-0157

Received June 8, 2012

Dedicated to Professor Heribert Offermanns on the occasion of his 75 birthday

Hydroformylation of 1-butene using a triphenylphosphine-modified iridium catalyst was investi-
gated by operando infrared spectroscopy. The spectra were interpreted by comparison with quantum-
chemically calculated vibrational spectra at the density functional theory level. The processes during
activation of the catalyst and hydroformylation were investigated in detail, and the results are dis-
cussed. The recently discovered phenomenon of activity enhancement in iridium-catalyzed hydro-
formylation by a preceding activation step, in which the reaction mixture is treated with synthesis gas
containing an excess of carbon monoxide under pressure, could be correlated with the appearance of
a complex HIr(PPh3)(CO);3. The similarities and differences between iridium- and rhodium-catalyzed

hydroformylation are discussed.
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Introduction

Hydroformylation is the addition of synthesis gas
(a mixture of carbon monoxide and molecular hydro-
gen) to an olefinic double bond in the presence of
a catalyst. This results, in principle, in a 100 % atom-
efficient conversion to aldehydes (disregarding some
side reactions and the required regioselectivity), as
shown in Scheme 1.

Hydroformylation is among the most important
industrial-scale processes for the production of alde-
hydes. These are usually processed further to give al-
cohols, which are used as solvents, and in the pro-
duction of surfactants and plasticizers. The capacity
for oxygen compounds produced by hydroformyla-
tion was 10.4m (10.4 x 10°) metric tons in the year
2008. Typical production plants have annual capac-
ities of several hundred thousand tons. In industrial
processes, the reaction is exclusively homogeneously
catalyzed, with cobalt and rhodium being used as cat-
alysts. As for the cobalt, relatively high temperatures
and pressures are required, typically 140 °C and syn-

CHO
R/\/

n-or linear (/)

CO/H, aldehyde
+

cat.
CHO

R

iso- or branched (b)
aldehyde

Scheme 1. Linear and branched aldehydes formed by hydro-
formylation.

thesis gas pressures exceeding 200 bar. In the early
1970s the first rhodium-catalyzed processes were es-
tablished commercially; these had considerable eco-
nomic advantages in that the reaction could be car-
ried out at relatively moderate temperatures of around
100 °C and pressures below 100 bar. While the cobalt-
catalyzed processes are mostly carried out without lig-
and modification, the rhodium-based processes typi-
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cally use phosphines or phosphites. Since the advent of
the rhodium-catalyzed processes, research has concen-
trated mainly on this area. References [1] and [2], for
example, provide an overview of the field. The reader
is also referred to a recent review on applied hydro-
formylation [3]. The use of rhodium in hydroformyla-
tion always poses an economic risk, however: The ma-
terial is one of the costliest of all precious metals. The
already heavy demand for the metal is expected to in-
crease still further in the future, not the least due to its
use in automotive catalysts. Rhodium is obtained from
only a few mines restricted to a single country (South
Africa currently supplies over 80 % of the rhodium de-
mand), and the rhodium market is generally very small
and narrow, resulting in massive price volatility, and
thus providing incentive for research into the potential
of alternative metals such as the precious metals Ru,
Pd, Ir, and Pt and the commonly occurring Fe. So far,
however, there has been little work in this field. One
possible reason is the prevailing opinion on the activ-
ity of unmodified transition metal carbonyl complexes
in hydroformylation [4]. According to this, the met-
als listed above show activity that is lower than that
of rhodium by several orders of magnitude. General-
ization of this result is clearly unwarranted, however,
because the observation applies only to specific reac-
tion conditions, and modification of the ligands or the
use of special reaction conditions in particular can lead
to different catalytic behavior. This has also been con-
vincingly demonstrated very recently by Beller et al.
for Pd [5] and Ir [6]. In the work on iridium, it was pos-
sible to formulate a generally applicable set of rules by
which the hydroformylation of a wide range of sub-
strates is possible, with activities at most only eight
times lower than for rhodium catalysis. It is of particu-
lar commercial interest that this hydroformylation can
be carried out with an easily accessible and very in-
expensive ligand, triphenylphosphine (TPP). The sol-
vents are those typically used in industrial organic
chemistry, and the conditions are mild, with temper-
atures of around 100 °C and pressures below 50 bar.
A key factor is a special preformation of the catalyst in
either of two ways. In the first method, the mixture is
initially treated with synthesis gas containing an excess
of carbon monoxide, synthesis gas with a 1 : 1 CO/H,
ratio being used only when the reaction mixture has at-
tained the reaction temperature. Alternatively, a prefor-
mation step is performed with pure carbon monoxide
before the hydroformylation reaction, and the resulting

catalyst precursor is then used in a hydroformylation
at the reaction temperature. These measures signifi-
cantly suppress the side reaction of olefin hydrogena-
tion. The regioselectivity of the aldehyde products lies
in the range of values typical for rhodium-catalyzed
hydroformylation with a similar ligand-to-metal ratio.
Neither the nature of the iridium species formed in
this process nor the reaction mechanisms involved in
the advantageous modification of the iridium-catalyzed
hydroformylation are as yet clear. This work there-
fore presents operando infrared spectroscopic studies
and quantum-chemical calculations on the vibrational
spectra, to help clarify these observations.

Results and Discussion

Reference [6] describes a catalyst system that shows
the best known catalytic activity to date for iridium-
catalyzed olefin hydroformylation. The catalyst pre-
cursor used is Ir(COD)(acac) with 8 equivalents of
PPh;3. The iridium catalyst system so generated shows
a catalytic activity with a turnover frequency (TOF, the
amount of reactant converted (turned over) divided by
the amount of catalyst used and the time) of 163 h™~!;
this is lower only by a factor of 8 than the TOF of
a comparable rhodium/triphenylphosphine catalyst for
hydroformylation of 1-octene. The quantity of cata-
lyst used in the reaction was 0.2 mol-% relative to
the amount of 1-octene used. A prerequisite for good
hydroformylation results is a preactivation in which
7 bar CO is applied at room temperature. After heat-
ing to the reaction temperature, 100 °C, synthesis gas
(CO:H; in the molar ratio 1 : 1) is introduced under
pressure. The reaction is carried out in tetrahydrofuran,
which has good dissolving power for CO and Hj. In
the present work, operando infrared spectroscopy sup-
ported by quantum-chemical calculations on the den-
sity functional theory (DFT) level are used to identify
the processes occurring during activation of the cata-
lyst as well as the nature of the corresponding interme-
diates in the activation.

Preliminary experiments were first carried out in
which, by varying the pressure in the range 10—50 bar,
the temperature between 20 and 100 °C, and the CO
partial pressure, changes could be observed in the CO
stretching region of the IR spectrum. 1-Butene, and
not 1-octene as in reference [6], was used as the olefin
for hydroformylation experiments. This was done with
a view to possible industrial implementation: Due to its
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lower activity as compared with rhodium, the iridium
catalyst system, even with the improvements described
in reference [6], would not have come into question for
the relatively challenging branched C8 olefin mixture.
The catalyst system is, however, definitely of industrial
interest for C4 mixtures. To 80 mmol of 1-butene were
added 0.04 mol-% of metal precursor and 8 equivalents
of PPh3. The solvent used was isohexadecane, which is
well suited for IR measurements, having a high boiling
point and little absorption in the CO stretching region of
the IR spectrum. Fig. 1 shows the spectra obtained after
compression of synthesis gas to 10 bar in an autoclave
during the heating phase. Absorption bands developed
at 2073, 2044, 1998, 1981, 1945, and 1936 cm ™!, some
of which appeared on treatment with pressurized syn-
thesis gas even at room temperature. When the pressure
was increased to 20 bar, the absorption bands at 2044
and 1981 cm™'became more intense. We assign these
to a complex HIr(CO)3PPhs (complex A), described by
Drakesmith and Whyman as having absorption bands
at 2046 (mw), 1982 (s), and 1948 cm™! (w) [7]; con-
versely, the bands at 2073, 1998, 1945, and 1936 cm !,
for which we postulate a complex HIr(CO),(PPhs);
(complex B), decrease in intensity. Cooling from 120 to
50 °C does not change the spectra appreciably. On the
other hand, a change in the pressure of the synthesis gas
from 20 to 5 bar led to significant intensification of the
bands of complex B and a weakening of those of com-
plex A. Fig. 2 shows spectra recorded after a change
of CO partial pressure to 16.25 bar at a total pressure
of 25 bar (65 vol.-% CO) and a temperature of 50 °C.
The absorption bands of complex A were significantly
stronger while the intensity of the remaining bands was
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Fig. 1. Preliminary experiment: heating to 100°C under
10 bar synthesis gas.
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Fig. 2. Preliminary experiment: metering of 7.5 bar CO and
compression to 25 bar at 50 °C; CO excess with CO to Hp
ratio of 65 to 35.

reduced, in some cases almost to extinction. A change
of partial pressure to 14 vol.-% CO for a total pressure
of 25 bar at 80 °C led to the opposite effect, an inten-
sification of the bands of complex B and a weakening
of those of complex A (Fig. 3). In reference [6] treat-
ment with CO was carried out before applying pres-
surized synthesis gas. In line with these experiments,
we carried out the following hydroformylation experi-
ments at 100 and 120 °C and total pressure 20 bar, using
0.04 mol-% of iridium, a 2.5-fold excess of triphenyl-
phosphine, 1-butene as the olefin, and isohexadecane
as solvent. In these experiments, 7 bar CO was first ap-
plied. Under this pressure, the mixture was heated to
the reaction temperature and treated with 20 bar synthe-
sis gas, and the reaction was initiated by metering in 1-
butene. Fig. 4 shows first the spectra taken during the

]
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Fig. 3. Followed by H; addition up to 25 bar H, at 80 °C,
resulting in excess Hp with H, to CO ratio of 86 to 14.
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Fig. 4. New experiment: 7 bar CO, heating to 120 °C.

heating phase under CO; in contrast to earlier studies,
no hydrogen was present. Absorption bands were ob-
served at 2073, 2044, 1999, and 1981 cm™!. After feed-
ing in synthesis gas to a final pressure of 20 bar (Fig. 5),
only the absorption bands at 2044 and 1981 cm™! re-
mained. During the period of the reaction with 1-butene
there were no significant variations in the CO stretch-
ing region of the IR spectrum. A notable feature here
is that the absorption bands that were ascribed to com-
plex B in the preliminary experiment did not appear
distinctly when the catalyst was preactivated with CO
and the reaction carried out with a CO:H; ratioof 2 : 1.
Fig. 6 shows the spectrum obtained when synthesis gas
was fed in at 7 bar without CO preactivation, the re-
actants heated to 80 °C at this pressure, and the gas
pressure then increased to 20 bar. Absorption bands ap-
peared at 2073, 2044, 1999, and 1981, with a shoulder
at 1945 cm~!. The complex B of the preliminary ex-
periments was therefore also formed here in significant
amounts.

In order to be able to interpret the complex vibra-
tional spectroscopic results, we use quantum-chemical
calculations at the DFT level. Comparison of the theo-
retical spectra with those from quantum-chemical cal-
culations allows inferences to be drawn on the struc-
ture of the species present in the experiment. We cite
here as an example a study on rhodium complexes with
a new diphosphite that is highly selective in hydro-
formylation [8]. We carried out theoretical investiga-
tions on a number of iridium species as potential candi-
dates from which we will document and discuss below
the structures relevant to the present work.

The band pattern of Fig. 4 (obtained after addition
of 7bar CO at room temperature followed by heat-

Wavenumber om-1

Fig. 5. Treatment with synthesis gas to 20 bar at 120 °C.

Absortance Unils
024 026 028 0.30

022

020

200 2050 ) 201 1560 190
Fig. 6. Additional experiment without CO activation: direct
treatment with synthesis gas to 20 bar at 80 °C.
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Fig.7. IR spectrum of the iridium compound after preacti-

vation with CO at 7 bar and heating to 100 °C (pure com-
ponent spectrum after BTEM analysis) and comparison with
results of DFT calculations for possible complex structures.
“acac™” = singly coordinated acac).
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ing) can be explained by a combination of structures:
One probable complex is Ir(COD)(acac)(PPh;3)(CO),
for which the calculation gives a band position of
1983 cm~!. If the COD is removed, the complex
Ir(acac)(PPh3)(CO); results, for which band posi-
tions are calculated at 2066, 2018 and 1990 cm™!.
Agreement with the experimental spectrum is good
for a combination of the two structures (Figs.7, 8
and 9). An interesting feature of the complex in
Fig. 9 is that one oxygen atom of the acetylacet-
onate is no longer bound to the metal but forms
a bond in the direction of a CO molecule, with de-
formation of the metal C-O axis. After activation of
the catalysts under synthesis gas is complete, three

Oc OH @0 OP @«

Fig.8. Molecular structure of Ir(COD)(acac)(PPh3)(CO)
with singly bonded acac as obtained by geometry optimiza-
tion.

@

Oc OH @0 OFp

Fig.9. Molecular structure of Ir(acac)(PPh3)(CO)s with
singly bonded acac as obtained by geometry optimization.

complexes are essentially observed (Figs. 10 to 12):
first, the complex HIr(PPh3)(CO); (Fig. 10) with ax-
ial coordination of the triphenylphosphine ligand (cal-
culated band positions 2041, 2026 and 1981 cm~ !
this corresponds well to complex A of the prelim-
inary experiment (Fig. 13); the complex with equa-
torial ligand coordination does not fit so well with
calculated band positions at 2082, 2023, 1989, and

Oc Onu @0 Op @+

Fig. 10. Molecular structure of HIr(PPh3)(CO)3; (ax) as ob-
tained by geometry optimization.

OH @0 OpP @O

Fig. 11. Molecular structure of HIr(PPh3),(CO), (eg/ax) as
obtained by geometry optimization.

(@
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Qc
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Fig. 12. Molecular structure of HIr(PPh3),(CO), (eq/eq) as
obtained by geometry optimization.

1966 cm™!); second, the complex HIr(PPh;3),(CO),
with the TPP ligands in eq-eq positions (Fig. 12);
and third, the complex HIr(PPhs3),(CO), with the
TPP ligands in eq-ax positions (Fig. 11). The second
and third complex have calculated band positions at
2071, 1983 and 1945cm~! and at 2045, 1982 and
1947 cm™!, respectively (Fig. 14). Such complexes
have been described by Yagupsky and Wilkinson [9]
with assignment of peaks at 2085 (w), 1992 (s) and
1944 cm™! (s) (“species A”) and 2070 (sh), 1980 (w)
and 1935cm™! (m) (“species B”). Complexes of the
type HIr(PPh3);CO with eg-eq-ax [calculated band
positions 2076 and 1936 cm~! (Fig. 15)] and eq-eq-
eq [calculated band positions 2031 and 1914 cm™!
(Fig. 16)] configurations may also be present (Fig. 17).
The former has been described by Bath and Vaska [10],
bands at 2068 and 1930 cm™! being assigned to the
complex.

For comparison with the work of reference [6],
hydroformylation experiments were carried out with
1-butene using the metal precursor Ir(COD)(acac).
The results of these experiments are collected in Ta-
ble 1. An experiment with 1-butene as reactant and
Rh(acac)(CO), as metal precursor was used for com-

Table 1. Ir- and Rh-catalyzed hydroformylation of 1-butene.

veneee HIF(PPhy){CO); eg
Hir(PPhy )(CO); ax

— EHPL

2200 2180 2160 2140 2120 2100 2080 2060 2040 2020 2000 1980 1960 1940 1920 1900 1880 1860 1840 1820 1800

Fig.13. IR spectrum of the Iridium hydride complex
HIr(PPh3)(CO)3 (pure component spectrum after BTEM
analysis) compared with spectra of possible structures from
DFT calculations.

parison with the analogous rhodium system. Refer-
ence [6] gives, for 120 °C and 20 bar with 0.02 mol-
% iridium, an aldehyde yield of 65 mol-%, an n to
iso ratio for the l-octene starting material of 76 to
24, an n-octane yield from hydrogenation of 19 %, and
a TOF of 163h~!. These values are of the same or-
der of magnitude as the data in Table 1. The TOF for
iridium-catalyzed hydroformylation is lower than that
for the rhodium system by a factor of 52; this means
that the iridium catalyst is nowhere near as inactive
as suggested by the earlier literature, in which an ac-
tivity 1000 to 10000 times lower than for rhodium
was indicated [11]. For the experiment with rhodium,
a ligand excess of about 100 was typically used
to strongly inhibit isomerization to internal olefins.
The reaction curves for 1-butene for experiments 1
and 2 (Table 1) with the iridium catalyst were lin-
earized assuming first-order kinetics. For a reaction
temperature of 100 °C this gives a rate constant of

Entry Catalyst T (°C) Yield® (%) n/iso 2-Butenes (%)  n-Butane (%) TOF (h")
1b Ir(COD)(acac), 2,5eq PPh3 120 48 72/28 17 30 69°¢

2b Ir(COD)(acac), 2,5eq PPhs 100 34 67/33 31 26 484

3¢ 100 eq Rh(acac)(CO), 100 95 72/28 2 0.4 3604f

2 Determined by GC; ® 80 mmol 1-butene, 0.04 mol-% metal precursor, 2.5 eq. PPh3, 20 bar CO/H, =2/1,7 bar CO atr. t. and 13 bar syngas
introduced at 100 °C, 40 g isohexadecane; ¢ 19 h; d17.5h; © 110 mmol 1-butene, 0.018 mol-% metal precursor, 100 eq. PPh3, 20 bar syngas,

40 g toluene; f12h.
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cm

Fig.14. IR spectrum of the Iridium hydride complex
(PPh3),(CO), (pure component spectrum after BTEM anal-
ysis) compared with spectra of possible structures from DFT
calculations.

ocC OH ®0 oP o

Fig. 15. Molecular structure of HIr(PPh3)3CO (eg/eg/ax) as
obtained by geometry optimization.

k=4.8 x 103 min—!, and for a reaction temperature
of 120°C a value of 7.9 x 1073 min~!. An Arrhenius
plot then gives an activation energy of 30 kJmol~!.
Murzin et al. investigated propene hydroformyla-
tion with a rhodium catalyst and a ligand very sim-
ilar to triphenylphosphine, cyclohexyldiphenylphos-
phine [12]. The authors have modelled the catalysis
cycle with a mixture of two catalysts: The complex
with two phosphine ligands leads to linear products
due to stronger steric shielding of the rhodium; the
complex with one phosphine ligand yields also the
internally hydroformylated product 2-methylpropanal.

O
Oc O H @0 OFP

Fig. 16. Molecular structure of HIr(PPh3)3CO (all-eq) as ob-
tained by geometry optimization.
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-

Fig.17. IR spectrum of the Iridium hydride complex
HIr(PPh3)3(CO) (pure component spectrum after BTEM
analysis) compared with spectra of possible structures from
DFT calculations.

By fitting to the kinetic model, the authors obtained
a value of 25.2 kJ mol ! for the activation energy. This
value is also similar to that we obtained for the acti-
vation energy of 1-butene hydroformylation with irid-
ium and triphenylphosphine. In volume [2] edited by
van Leeuwen, Casey and Whiteker the authors discuss
phosphines as ligands for the hydroformylation of ole-
fines with thodium. With regard to influences on activ-
ity and selectivity, they emphasize the problems asso-
ciated with the variety of possible complexes and their
interconversion, which depends on the reaction condi-
tions. For this reason there have been few systematic



1068

D. Hess et al. - Iridium-catalyzed Hydroformylation

investigations at the structural level for the phosphine-
modified rthodium hydridocarbonyl complexes. In ref-
erence [2], Claver and van Leeuwen describe Rh sys-
tems containing triphenylphosphine as a ligand. At
—100°C, 5-20bar, [Rh]=1mM, and PPh3/Rh=5,
the only absorption bands found by in-situ transmis-
sion spectroscopy were those corresponding to the
RhH(PPhj3),(CO); complexes. For the same ligand-to-
metal ratios as in these IR studies and pressures of up to
4 bar, but significantly higher ligand concentrations of
approx. 10 mM, Oswald et al. [13] found in NMR stud-
ies that the predominant complex species is then the
tris-triphenylphosphine complex. Under standard con-
ditions, therefore, the complex RhH(PPh3),(CO), is
the predominant species. The dependence on CO par-
tial pressure generally shows a negative reaction order,
indicating that the formation of a RhH(PPh3)(CO)3
species reduces the catalytic activity.

According to the investigations in reference [6] and
our own experience, it is necessary in any process mod-
ification with triphenylphosphine to work with excess
CO in order to obtain good activity of the iridium com-
plexes. The equilibrium is also shifted by an increas-
ing or decreasing triphenylphosphine concentration for
a given metal concentration relative to the quantity of
CO dissolved; it follows that for a reduction of metal
concentration, an increase in activity can be expected
if the more active complex HIr(PPh3)(CO); is formed.
This could be the subject of a systematic study of the
kinetics of the iridium-triphenylphosphine system, and
goes beyond the scope of the present study.

Conclusion and Outlook

In our hydroformylation studies with iridium cata-
lysts following the findings of Beller et al. [6] we have
contributed toward clarifying the chemistry of the reac-
tion by the use of operando infrared spectroscopy com-
bined with quantum-chemically calculated vibrational
spectra. We have succeeded in showing that hydro-
formylation with iridium and triphenylphosphine dif-
fers significantly from that of the rhodium system. For
rhodium-catalyzed hydroformylation of 1-olefins, it is
known that complexes with two phosphine ligands pro-
duce higher yields of terminal aldehydes. Increasing
the partial pressure of CO shifts the equilibrium toward
complexes with one phosphine ligand and so decreases
the n-selectivity. Further, it is known that an increase
of the CO partial pressures in phosphine-modified

rhodium catalysts retards the reaction rate [14]. Com-
plexes with a single phosphine ligand thus have a lower
hydroformylation activity than those with two phos-
phine ligands. The optimum reaction conditions for
such systems lie in the region of a slight excess of hy-
drogen. In the case of a triphenylphosphine-modified
iridium catalyst, a 2 : 1 excess of CO has a positive ef-
fect on the activity of the catalyst system, as was shown
for the first time in reference [6]. Our investigations
now reveal that in this case, as also for the analogous
rhodium complex, the complex with a single PPh; lig-
and is favored as the CO partial pressure increases.
From this we deduce that, in contrast to the rhodium
system, the complex with a single phosphine ligand is
the more active. We have thus supplemented the empir-
ical findings of reference [6] by a structurally substan-
tiated hypothesis for clarifying activity enhancement
in iridium-catalyzed hydroformylation with the use of
excess CO in the activation stages. A detailed quantita-
tive study with systematic investigation of the kinetics
of iridium-catalyzed hydroformylation would now be
of interest. This would entail, in addition to operando
spectroscopic studies, a mathematical modeling in the
form of kinetic differential equations and a support of
these studies by quantum-chemical calculations for the
catalysis cycle. We will be reporting on such studies in
the future.

Experimental Section

All oxygen- and moisture-sensitive reagents were handled
under argon atmosphere. Syringes and cannulas were purged
with nitrogen before use. The autoclave was subjected to
a leak test using a CO warning device and purging several
times with argon.

Autoclave experiments were performed in Parr 5500 100-
mL microreactors. The autoclave can be operated up to
150°C and 60 bar. In the sampling circuit to the infrared
transmission cell and back to the autoclave a micro annular
gear pump mzr-7255 (HNP Mikrosysteme GmbH, Parchim)
was used. This pump has 48 uL displacement volume. The
maximum volumetric flow rate is 17.28 L h™! at a speed of
6000 min~—!. The pump is controlled by the Faulhaber Mo-
tion Manger software.

The infrared spectrometer is a Tensor 27 (Bruker Optik
GmbH) equipped with a DigiTect-DTGS detector. The spec-
trometer is operated with the OPUS 6.5 software by Bruker.
The infrared transmission liquid cell which can be heated
up to 200 °C was manufacured by Bruker. The windows are
made of silicon. The cell thickness is 400 um. The cell win-
dows are wedged to prevent fringes.
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Ir(COD)(acac) was used as an iridium metal precursor.
The complex was dissolved in isohexadecane after taking
a reference spectrum of the solvent. At 30 °C triphenylphos-
phine was added in a molar excess of 2.5 relative to irid-
ium. In the next step the solution was compressed up to 7 bar
with pure CO, followed by heating to the final temperature
(100 or 120°C). The system was held at this temperature
and pressure until no further change was observed in the IR
spectrum (about 30 min). Then synthesis gas (molar ration
CO:Hp; =1:1) was added at 120 °C until a final pressure of
20 bar was reached. Again the system was allowed to equi-
librate for some minutes. Finally the reaction was started by
addition of 4.5 g 1-butene.

Pure component spectra were extracted from raw data
with the BTEM program (M. Garland, ICES Singapore [15]).

For all quantum-chemical calculations on model
structures in the gasphase the TURBOMOLE program pack-
age [16] was used. The geometry was optimized with the
BP86 functional [17—19] and the def-SV(P) basis set [20].
Computational vibration wave numbers were corrected
by multiplication with the empirical factor 0.99 [21]. The
computational result gives the infrared spectrum of the
complexes in the gasphase.
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