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ABSTRACT: A detailed quantitative study of phosphine-
modified hydrido iridium complexes relevant for the hydro-
formylation reaction has been performed using HP-FTIR and
HP-NMR spectroscopy. The equilibrium composition under
typical reaction conditions has been characterized. Inves-
tigation of the temperature dependency allowed even for a
distinction between both configurational isomers of [HIr-
(CO),(PPh;),]. The trihydride complex [H;Ir(CO)(PPhs),]
is part of the investigated equilibrium depending on the ratio of
p(H,)/p(CO). Single rate constants for the sequence of
corresponding equilibrium reactions have been estimated from
stopped-flow experiments and conventional measurements,
monitoring the concentrations after changing reactant
concentrations.
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Bl INTRODUCTION

The homogeneously catalyzed hydroformylation of alkenes
using catalysts based on rhodium and cobalt is of significant
industrial importance.'™* Large-scale processes for different
feedstocks have been established for producing a range of
aldehydes and alcohols, which are utilized as intermediates or
final products in plasticizers, detergents, surfactants, pharma-
ceutical products, aroma compounds, and as solvents. The
economic relevance of the hydroformylation reaction induced
great efforts in industrial and academic research in the fields of
novel catalysts for improvement of the catalytic performance as
well as kinetic and mechanistic understanding.

There is currently much interest in catalytic systems based on
transition metals other than cobalt and rhodium.>~'* Different
reasons are discussed in the literature. The price of rhodium
metal from which very active and chemo-/regioselective
catalysts can be formed is high and most notably volatile,
because it is strongly correlated with changes in the automotive
industry (~80% of the world Rh production is used for catalytic
converters in automobiles). Catalysts derived from cobalt are
less costly, but Co-based processes are run at more severe
reaction conditions, which lead to higher investment costs. The
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higher reducing activity of cobalt catalysts can be advantageous
for the production of alcohols but especially with phosphine-
modified catalysts, hydrogenation toward the alkanes is a
considerable issue.”® A number of other transition metals (e.g,
Ru, I, Pd, Pt, Fe) are generally capable of forming complexes
active as hydroformylation catalysts.” However, over the years,
most research activities were focused on catalysts based on
rthodium and cobalt. Significantly less information is available
about the hydroformylation with other transition metal
catalysts.

Kinetic and mechanistic studies are important from academic
and industrial viewpoints. The technical basis for these are
provided by in situ spectroscopic measurements at actual
reaction conditions.">'® For the hydroformylation reaction,
which is performed at high pressures and temperatures,
sophisticated devices for FTIR and NMR spectroscopy have
been constructed. Both spectroscopic methods in combination
deliver currently the most comprehensive information about
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the catalytic cycle. In addition, labeling experiments and
chromatographic analysis contribute substantially within the
framework of such kinetic and mechanistic studies.

More often, in situ spectroscopic measurements (especially
FTIR measurements) are accompanied by a chemometric
treatment (factor analysis) of the data, which is necessary to get
the maximum information from the experiments.'”'® In
principle, such a factor analysis can provide pure component
spectra and their associated concentration profiles. In
unmodified hydroformylation and other homogeneous catalytic
reactions, the algorithm BTEM (band target entropy
minimization) developed by Garland has been extensively
applied."”~>* With this tool they are able to identify carbonyl
species present in the ppm to subppm concentration range. A
typical example is the long-sought [HRh(CO),] in the
unmodified rhodium-catalyzed hydroformylation.”® The appli-
cation of BTEM by Garland’s group in fundamental studies of
the bimetallic catalytic binuclear elimination reaction (CBER)
played a decisive role for the spectroscopic identification and
quantification of respective key intermediates relevant for the
analysis of the mechanisms.”* > Another algorithm for factor
analysis is the PCD code (pure component decomposition)
developed by Neymeyr and Sawall. It has been applied to
ligand-modified hydroformylations, equilibrium reactions of
rhodium complexes, and photocatalytic water splitting.**~>*

In order to assign experimental infrared spectra to molecular
structures, the calculation of vibrational spectra via DFT
methods is of crucial value. This is especially important for new
and not isolatable intermediates.>*>%3%~**

B [RIDIUM-CATALYZED HYDROFORMYLATION

Recently, it has been found that iridium complexes with
triphenylphosphine as a ligand catalyze the hydroformylation of
l-alkenes to give aldehydes with considerable activities. A
comparison of the TOF values with a relevant rhodium system
showed that the iridium system is about 8 times slower.”**
Hess et al. found in an in situ spectroscopic study that during
the hydroformylation reaction the catalytic species consist of a
mixture of hydrido complexes.** They could interpret the
infrared spectra, which were extracted from spectral series via
chemometric methods with the help of DFT calculations. In
their study, a quantification of the different iridium complexes
could not be realized.

A detailed structural and quantitative description of the
catalyst system, which often represents a mixture of several
components, is the basis of any kinetic and mechanistic study.
It has to be noted that due to the higher stability of iridium
carbonyl complexes compared to rhodium congeners they have
been frequently used as model complexes in mechanistic
studies.**~>* Many complex structures have been thoroughly
characterized, but mostly no quantitative informations are
available when dealing with mixtures of complexes.

The study presented herein will contain a quantitative
analysis of iridium carbonyl hydrides at practically relevant
reaction conditions and carves out some interesting and new
aspects with respect to iridium carbonyl complexes and their
spectroscopic characterization.

B RESULTS AND DISCUSSION

Characterization of Hydrido Complexes in n-Hexane.
In order to have a detailed knowledge of the catalytically
relevant species under reaction conditions, we performed a
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series of in situ FTIR experiments related to studies of Beller
and Hess.”** We conducted our initial FTIR experiments in #-
hexane as solvent in order to have a reliable comparison with
data from the literature.>™® For the NMR measurements,
toluene has been used as a solvent. A first trial was initiated by
mixing [(acac)Ir(COD)] ([Ir] = 0.9 mM) with 4 equivalents of
triphenylphosphine at 100 °C, p(CO) = 1 MPa and p(H,) = 1
MPa. In accordance with other investigations, we also found
that after the preformation period, one gets a mixture of
hydrido complexes.

Assignments of the spectral contributions to complex
structures have been performed with the help of DFT-
calculated vibrational spectra, deuteration experiments, and
NMR spectroscopy. A full set of experimental and DFT-
calculated infrared spectra of hydrido and deuterido complexes
as well as related NMR spectroscopic data can be found in the
Supporting Information. Our results are in good agreement
with data in the literature.>>"** Figure 1 shows the experimental
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Figure 1. Experimentally obtained infrared spectrum of a mixture of
iridium hydrido complexes and calculated spectra via DFT methods
for different molecular structures. Reaction conditions for the
experiment: [Ir] = 0.9 mM, [PPh;] = 3.6 mM, 6 = 100 °C, p(CO)
= 1 MPa, p(H,) = 1 MPa, solvent = n-hexane.

spectrum of the hydrido complex mixture as well as the
calculated spectra via DFT methods for comparison. Whereas
the assignment of the carbonyl vibrational bands v(CO) = 1982
and 2045 cm™! to a-[HIr(CO),(PPh;)] is directly possible on
the basis of DFT-calculated spectra, the analysis of both
stereoisomers ee-[HIr(CO),(PPh;),] (¢(CO) = 1948, 1996
em™) and ea-[HIr(CO),(PPh;),] (¢(CO) = 1939, 1985
(obscured) cm™) is not straightforward. It was found that
those contributions resulting from hydride vibrations which are
not coupled with a carbonyl vibration (missing H-M-CO-trans
relation) give bands in the calculated spectra (please note the
markings for v(Ir—H) in Figure 1), but they are not detected in
the experimental spectrum under the applied conditions.
Deuteration experiments performed in this study confirmed
the aforementioned assignment.(’l’ss’58 In the case of a H-M-
CO-trans relation, such coupled vibrational contributions are
shifted in the spectrum as a result of the hydride/deuteride
exchange.

Scheme 1 gives an overview of spectroscopic data for relevant
hydrido and deuterido complexes. As a result of our deuteration
experiments and DFT calculations, other stereoisomeric
structures can be excluded.

Hydroformylation Reaction of 3,3-Dimethyl-1-butene
in Toluene. In order to investigate the composition of iridium
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Scheme 1. FTIR Spectroscopic Data for Hydrido and Deuterido Complexes Measured in n-Hexane at 30 °C (see Supporting

Information for Further Experimental Details)
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complexes under hydroformylation conditions, an experiment
with 3,3-dimethyl-1-butene was carried out in toluene. Prior to
the addition of the olefin, the following catalyst preformation
routine has been conducted: At 100 °C [(acac)Ir(COD)] and 4
equivalents triphenylphosphine were treated first with 0.9 MPa
of carbon monoxide. Upon addition of CO, [(acac)Ir(CO),]
(¥(CO) = 1996, 2071 cm™) and an uncharacterized complex
(1(CO) = 1962 cm™) were formed. Then 0.9 MPa of
hydrogen was added starting the formation of hydrido
complexes: a-[HIr(CO),(PPh;y)] (v(CO) = 1977, 2043
cm™), ea-[HIr(CO),(PPh;),] (#(CO) = 1931, 1980 (obsc.)
ecm™), and ee-[HIr(CO),(PPh;),] (¥(CO) = 1941, 1990
cm™"). Figure 2 shows FTIR spectra collected during this
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Figure 2. FTIR spectra collected during the formation of hydrido
complexes: a-[HIr(CO),(PPh,)] (¢(CO) = 1977, 2043 cm™), ea-
[HIr(CO),(PPh,),] (1(CO) = 1931, 1980 cm™) (band at 1980 cm™
was obscured), and ee-[HIr(CO),(PPh;),] (#(CO) = 1941, 1990
cm™") initiated by addition of 0.9 MPa of hydrogen from a mixture of
[(acac)Ir(CO),] (¥(CO) = 1996, 2071 cm™) and a structurally
uncharacterized complex (¢(CO) = 1962 cm™"), which were generated
after treatment with CO of a solution of [(acac)Ir(COD)] and PPh,.
Experimental conditions: [Ir] = 5.0 mM, [PPh,] = 20 mM, 6 = 100
°C, p(CO) = 0.9 MPa, p(H,) = 0.9 MPa, solvent = toluene. Gray
spectra: reaction start to 30.1 s in 0.288 s intervals; black spectra: 35.8
to 237.3 s in 5.76 s intervals.

reaction after different time intervals. The formation of hydrido
complexes with reference to the band position ©(CO) = 1977
cm™ for a-[HIr(CO);(PPh;)] is completed within ca. 12 min.

3,3-Dimethyl-1-butene was selected as a substrate because of
its incapability of double bond isomerization, which would alter
the kinetics. This olefin is frequently used as a model substrate
in kinetic and in situ spectroscopic studies.>***3%%7% The
hydroformylation was started by the injection of the olefin via a
syringe pump. The partial pressures were set to p(CO) = 1
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MPa and p(H,) = 1 MPa, kept constant by a constant pressure
controller with synthesis gas (p(CO)/p(H,) = 1) as the
supplied gas. The reaction was monitored by in situ FTIR
spectroscopy and parallel GC analysis for which liquid samples
were taken by means of an automatic sampling device. For
concentration data of the organic products, see Figure 3a.
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Figure 3. (a) Product concentration profiles for the hydroformylation
of 3,3-dimethyl-1-butene based on GC analysis. Product selectivities:
4,4-dimethylpentanal = 81.1%, 2,3,3-trimethylbutanal = 2.8%, 44-
dimethylpentanol = 0.6%, 2,2-dimethylbutane = 15.5%. (b) Determi-
nation of the pseudo-first-order rate constant of the overall reaction.
Experimental conditions: [Ir] = 5.0 mM, [PPh;] = 20 mM, [olefin]
09 M, 6 = 100 °C, p(CO) = 1 MPa, p(H,) = 1 MPa, solvent =
toluene.

The overall reaction can be considered formally as a pseudo-
first-order parallel reaction with the products 4,4-dimethylpen-
tanal, 2,3,3-trimethylbutanal, 2,2-dimethylbutane, and 4,4-
dimethylpentanol formed with the same reaction order but
different selectivities. Consequently, the selectivities are almost
constant for the whole conversion range. From the sum of all
product concentrations, a pseudo-first-order rate constant was
calculated with k°* = 0.0017 min~" (Figure 3b). Because we
used synthesis gas (p(CO)/p(H,) = 1) as a supplying gas for
the constant pressure controller unit, partial pressures are
slightly changed due to formation of the alkane. Therefore, the
determination of the rate constant was based on data up to 40%
conversion.

We like to mention briefly that the high n-regioselectivity
with 96.7% originates from the steric hindrance of the substrate
3,3-dimethyl-1-butene. This has been already discussed for
modified and unmodified rhodium catalysts.”* The high
chemoselectivity for the alkane with 15.5% is a serious problem
using nonpolar solvents. Better results can be obtained for
reactions performed in polar solvents or by addition of

dx.doi.org/10.1021/cs500368z | ACS Catal. 2014, 4, 2097—2108
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inorganic salts.*” However, because our focus in this study is a
quantitative description of the catalytically relevant iridium
complexes by FTIR and NMR spectroscopy, we did depend on
a suitable solvent for the experiments for which we selected
toluene.

FTIR spectra were collected during the entire reaction (see
Figure 4). From the reaction start until complete conversion,
the composition of the hydrido complexes a-[HIr-
(CO);(PPh;)] and ea/ee-[HIr(CO),(PPhs),] did not change.
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Figure 4. FTIR spectra registered during the hydroformylation of 3,3-
dimethyl-1-butene. Experimental conditions: [Ir] = 5.0 mM, [PPh,] =
20 mM, [olefin] = 0.9 M, € = 100 °C, p(CO) = 1 MPa, p(H,) = 1
MPa, solvent toluene. Spectroscopic assignments: a-[HIr-
(CO),(PPh;)] (1(CO) = 1978, 2043 cm™*), ea-[HIr(CO),(PPh,),]
(¥(CO) = 1931, 1980 (obsc.) cm™), and ee-[HIr(CO),(PPh;),]
(¥(CO) = 1941, 1991 cm™). The band at 2093 cm™ has been
assigned to [HIr(CO),(PPh;),] without a relation to one specific
stereoisomer. The background spectrum used was measured from a
mixture of toluene and 3,3-dimethyl-1-butene under the same
conditions.

No other intermediates such as frequently observed acyl
complexes were found."'®' The overall pseudo-first-order
kinetics and the absence of any substrate complexes are in line
with each other and have been discussed in the literature to
originate from a rate control by the early steps in the reaction
cycle."®

Because there is a mixture of hydrido complexes relevant for
the catalytic reaction we were furthermore interested in a
quantification of the equilibrium composition.

Influence of CO Partial Pressure on the Equilibrium
Composition of Hydrido Complexes. Quantitative charac-
terization of the equilibrium between [HIr(CO),(PPh;)] and
[HIr(CO),(PPh;),] has been performed by in situ IR and
NMR spectroscopy. Our approach was based on the variation
of the partial pressure of carbon monoxide from ca. 3.9 MPa to
approximately 107> MPa bar keeping the partial pressure of
hydrogen constant at 1 MPa. This procedure was carried out
with different ratios of [PPh,]/[Ir] = 4, 10, and 20. For a
representative illustration, in Figure S, the infrared spectra for
[PPh;]/[Ir] = 4 are presented.

With the help of the software tool PCD,”* pure component
spectra and associated concentration profiles in dependence of
the CO partial pressure have been extracted. Therefore, all
spectra series (for the different ratios [PPh,]/[Ir]) have been
taken into account. From the analysis of the vibrational spectra,
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Figure 5. Infrared spectra series of a mixture of iridium hydrido
complexes obtained by variation of the CO partial pressure in order to
get a quantitative characterization of the respective equilibrium.
Experimental conditions: [Ir] = 5.0 mM, [PPh;] = 20 mM, 8 = 100
°C, p(CO) = 107 — 3.9 MPa, p(H,) = 1 MPa, solvent = toluene. ®
v(CO) = 1977, 2043 cm™: a-[HIr(CO),(PPh,)]; M v(CO) = 1930,
1941, 1980 (obsc.), 1990, 2092 cm™: ¢,a-[HIr(CO),(PPh;),] and ee-
[HIr(CO),(PPhy),]; ¥ v(CO) = 1971, 2087 cm™: not attributable,
but see below.

it is important to discuss a few points in more detail, see Figure

6.
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Figure 6. Pure component IR spectra from the treatment with the
software tool PCD of spectra series taken from three experiments in
which the CO partial pressure has been varied. Experimental
conditions: [Ir] = 5.0 mM, [PPh;] = 20, 50, 100 mM, 6 = 100 °C,
p(CO) = 1072 — 3.9 MPa, p(H,) = 1 MPa, solvent = toluene.

The molar absorption coefficients at band positions with the
highest intensity are significantly different between the three
components. That means that although a spectrum of a mixture
shows only small intense bands for a specific component, this
component can be present in significant molar concentrations
when the respective molar absorption coefficients are small.
This underlines that for a quantitative interpretation, the molar
absorption coefficients should be accessible. On the other hand,
such significant differences in the molar absorption coefficients
may lead to large errors in the calculation of the concentration
profiles, especially if vibrational bands overlap strongly as
observed here. We estimated an error with respect to the
initially applied iridium concentration of 2—10% for the

dx.doi.org/10.1021/cs500368z | ACS Catal. 2014, 4, 2097—2108



ACS Catalysis

Research Article

concentration profiles in the range of 3.9-0.5 MPa CO
pressure (see further below).

Another point is that due to a fast equilibrium between the
stereoisomers e,e-[HIr(CO),(PPh;),] and ea-[HIr-
(CO),(PPh;),], the chemometric method only allowed us to
obtain the corresponding infrared spectrum as a sum of both
components. As a consequence, both complexes behave as a
single component within the chemometric factorization.'®

The last point concerns the third spectrum of a hitherto
unknown species. We would like to mention that this spectrum
differs from that of the monocarbonyl complex [HIr(CO)-
(PPh,),], which shows contributions at 1930 and 2073 cm™
and which was expected to be part of the equilibrium
composition at low CO partial pressures. It was found that
by the reaction of ee-/ea-[HIr(CO),(PPh;),] with hydrogen,
the same IR spectrum was recorded characterized by (CO) =
1971 and v(Ir—H) = 2087 cm™". This compound was described
in earlier studies and is presumably the trihydride complex
[H;Ir(CO)(PPh,),] (see Scheme 2a).”°~”> NMR spectroscopy

Scheme 2. (a) Reaction of Dicarbonyl Complexes e e-/e,a-
[HIr(CO),(PPh;),] with Hydrogen Yielding a Mixture of
the Stereoisomeric Trihydride Complexes fac-cis- and mer-
trans-[H;Ir(CO)(PPh;),]. (b) Conversion of ee,e-
[HIr(CO)(PPh;);] with Hydrogen Forms the Same
Trihydride Complexes®

a)

Hy
e,e-/e,a-[HIr(CO),(PPh3),] ‘AT_‘ [H3Ir(CO)(PPh3),] H PPh
co Ph3P/,,,‘|| WH oc,,,,ll ‘\\\?4
S 8
b) H PhsP” |y H” | H
( 2 co PPh,
6,6,6{HI(CO)(PPh);] < ) [HaIr(CONPPha)a] | o6 cistsomer mer-trans-
Isomer
PPh,

“For details of the reactions and a spectroscopic characterization, see
the Supporting Information.

revealed that it is actually a mixture of fac-cis-[H;Ir(CO)-
(PPh;),] and mer-trans-[Hslr(CO)(PPh;),]. Interestingly,
these trihydride complexes are also obtained when eee-
[HIr(CO)(PPh,);] was treated with molecular hydrogen.”
For experimental and spectroscopic details, see the Supporting
Information. The reaction in Scheme 2b is probably the reason
why we could not detect eee-[HIr(CO)(PPhy),] in these
experiments. It can be concluded that the triphenylphosphine
concentrations applied in this study are too low to shift the
equilibrium toward detectable concentrations of hydridocar-
bonyl-tris(triphenylphosphine )iridium ().

There are few reports about other iridium(III) trihydride
complexes in the literature.”***>’*’* One example concerns
[H;Ir(CO),(PPh,)], which was characterized by Malatesta et
al. This complex was not observed in our in situ FTIR
experiments likely due to the applied elevated triphenylphos-
phine concentrations.>

In order to characterize the equilibrium of iridium complexes,
we have to analyze the concentration profiles, see Figure 7.
Such profiles were available by treatment of the spectral data
with the PCD algorithm. Due to an overestimation, the molar
fractions of the trihydrides were corrected so that they
approach zero at higher CO partial pressures. This approach
was based on the NMR spectroscopic investigation (see
below). From the qualitative point of view, the dependency
of the complex concentrations on the partial pressure or
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Figure 7. Concentration profiles resulting from the chemometric
treatment (PCD) of spectra series acquired from experiments under
varying partial pressures of carbon monoxide. Experimental con-
ditions: [Ir] = 5.0 mM, [PPh,] = 20, 50, 100 mM, € = 100 °C, p(CO)
=107% — 3.9 MPa, p(H,) = 1 MPa, solvent = toluene. The error with
respect to the initially applied iridium concentration in the range of
3.9—0.5 MPa was between ca. 2—10%.

concentration of carbon monoxide (solubilit7y data for CO in
toluene have been taken from the literature’®) is comprehen-
sible. At higher CO concentrations and lower triphenylphos-
phine concentrations (Figure 7a), ca. 50% of iridium is present
as [HIr(CO),(PPh,)]. The concentration of the latter is
decreasing continuously with decreasing CO concentrations.
With respect to the applied reaction conditions at 1.0 MPa
carbon monoxide and 1.0 MPa hydrogen (Figure 4), for the

dx.doi.org/10.1021/cs500368z | ACS Catal. 2014, 4, 2097—2108
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main components, the molar fraction of [HIr(CO),(PPh;),] is
ca. 64%, and for [HIr(CO),(PPh,)], it is ca. 33%.

Higher triphenylphosphine concentrations resulted in lower
[HIr(CO);(PPh;)] molar fractions and favored the formation
of [HIr(CO),(PPh;),]. Trihydride complexes are present at
higher ratios of p(H,)/p(CO). Scheme 3 summarizes the
investigated reaction sequence.

Scheme 3. Sequence of Equilibria Involving
Triphenylphosphine-Modified Hydridocarbonyl Iridium
Complexes

PPh3 H,
1 k.
[HIr(CO)3(PPh3)] ‘AT_‘ [HIr(CO),(PPh3),] %* [Halr(CO)(PPh3),]
1 2
Cco co

For a quantitative characterization, the following expression
(eq 1) derived from a kinetic analysis is suitable (a kinetic
derivation is shown in the Supporting Information).

K kk, [H,Ir(CO)(PPh,),][COT
~ k_jk_, [HIx(CO),(PPh,)][H,][PPh,]

(1)

However, because of the fact that the trihydride complex is
present in significant amounts only at larger ratios of p(H,)/
p(CO) and due to numerical inaccuracies, it is more reliable to
confine the characterization to the first partial reaction: K;
ki/k_y = [CO][HIr(CO),(PPhs),]/[PPh;][HIr(CO);(PPhs)].
In the pressure range of 3.9—0.5 MPa, we estimated K; ~ 7.3 as
an average value from all three experiments. We tried to obtain
information about both connected reversible reactions also by a
kinetic approach (see below).

The quantitative investigation of the equilibrium mixture
under variation of the carbon monoxide partial pressure for
[PPh;]/[Ir] = 4 was carried out by NMR spectroscopy in a
similar manner as used for IR investigations. [Ir(acac)(COD)]
with a 4-fold molar excess of PPh; in toluene was subjected to a
syngas atmosphere of varying composition at 100 °C

(experimental details, see Supporting Information). The
composition of the solution was examined in situ with 'H
and *'P NMR.

The generation of the hydrido—carbonyl complexes from the
cyclooctadiene precursor complex occurred stepwise at 100 °C.
Eventually, a mixture of [HIr(CO),(PPhy),] and [HIr-
(CO)4(PPh;)] was observed. When the partial pressure of
CO was changed (keeping p(H,) constant at 1 MPa), the
molar ratio of these two compounds changed according to the
expectation and in a similar manner as observed by IR
spectroscopy. Due to limitations imposed by measurement
sensitivity and experiment time, a detailed kinetic or
thermodynamic interpretation is not possible. However, this
experiment provides a clear proof that, at low partial pressure of
CO and hydrogen excess, Ir(Ill) trihydrides rather than
[HIr(CO)(PPh;);] are formed (Figure 8). This is evident
from both 'H and *'P NMR spectra. The chemical shift 5(*'P)
for [HIr(CO)(PPh,),] is 15.2 ppm, which is not observed
under these conditions.

Such trihydrides can also be easily prepared from [HIr-
(CO)(PPhy);] or [HIr(CO),(PPh;),] under hydrogen pres-
sure (Scheme 2). Their stability is sufficient for a spectroscopic
characterization even after release of the pressure. This allows a
direct comparison and reliable identification of the compounds
under reaction conditions, see Figure 8.

We have shown that for the applied conditions, the
spectroscopically measurable resting state is a mixture of a-
[HIr(CO),(PPhy)], ee/ea-[HIr(CO),(PPhy),], and fac-cis/
mer-trans-[H;Ir(CO)(PPh;),] (see Figure 4). The molar
concentrations of the iridium complexes have been determined.
Those molar concentrations did depend on the exact reaction
conditions. A correlation between the reaction conditions, the
composition of iridium complexes, and the catalytic activity is
obvious. For example, it has been shown in the literature’ that
an excess of CO suppresses the hydrogenation of the substrate.
Furthermore, the concentration of triphenylphosphine had a
significant effect on the reaction rate. A systematic study of the
reaction kinetics in combination with operando spectroscopic

a)
1H
31P{1H}
1H{31P} J |
t t t mtm t m t P
I T T A T 1 [ T T T T I 1
) -9.5 -10.0 -10.5 -11.0 ppm 15 10 5 0 -5 ppm
b
1H 31P{1H}
e rortioert M i (373 K)
P ) WM
t t £t mt T m ™ t mt tm P
I T T T L 1 [ T T T T T 1
95 -10.0 -10.5 -11.0 ppm 15 10 5 0 -5 ppm

Figure 8. "H and *'P{'H} NMR spectra of Ir carbonyl—hydrido complexes. (a) [HIr(CO)(PPh,),] treated with 1.0 MPa H, at 100 °C. (b) Spectra
taken in situ during the experiment described in the text: p(H,) = 1.01 MPa, p(CO) = 0.01 MPa. The letter t designates Ir(III) trihydrido complexes,
m designates Ir(I) monohydrido complexes, and P represents free PPh;. Solvent = toluene.
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measurements could indeed reveal such correlations. However,
such an investigation goes beyond the subject of the present
study.

Estimation of Rate Constants. We were further interested
to determine the single rate constants of the reaction sequence
(Scheme 3) in order to obtain a deeper insight into such
equilibria between iridium complexes. We took advantage of
the fact that both partial reactions can be treated separately
from the experimental point of view.

First, we were investigating the partial reaction between
[HIr(CO),(PPh,)], [HIr(CO),(PPh,),], carbon monoxide,
and triphenylphosphine (see Scheme 4).

Scheme 4. Partial Equilibrium Reaction between Tricarbonyl
Complex [HIr(CO);(PPh;)], Dicarbonyl Complex
[HIr(CO),(PPh;),], Carbon Monoxide, and
Triphenylphosphine

PPhs

Ky
%‘ [HIr(CO),(PPh3),]
-1

CO

[HIr(CO)3(PPh3)]

Taking into consideration that we cannot precisely study fast
reactions with our FTIR apparatus we decided to investigate
the reaction at lower temperatures and used a stopped-flow unit
coupled with a FTIR spectrometer capable of measuring in the
rapid-scan mode. Details for the stopped-flow setup are given in
the Experimental Section. We prepared a solution of a mixture
of [HIr(CO),(PPh,)] and [HIr(CO),(PPh;),] with an iridium
concentration of 10.06 mM and an initial triphenylphosphine
concentration of 20.11 mM. After formation of the iridium
complexes from [(acac)Ir(COD)] at 100 °C, p(CO) = 1 MPa,
and p(H,) = 1 MPa, the solution was cooled to 30 °C. Partial
pressures were set to p(CO) = 4 MPa and p(H,) = 0.5 MPa to
achieve a ratio of p(CO)/p(H,) = 8 and thus to exclude the
formation of trihydrides. Then the pressure was reduced to the
ambient value. The concentrations of carbon monoxide and
hydrogen of the gas-saturated solutions were determined from
the partial pressures as [CO] = 8.1 mM”> (0.086 MPa) and
[H,] = 0.3 mM’® (0.011 MPa). This solution was used for the
first channel of the stopped-flow unit. An additional solution of
triphenylphosphine, [PPh;] = 80.84 mM, which was also
saturated with CO, was provided for the second channel. The
concentration was selected so that after injecting equal
volumina of both solutions to the stopped-flow cell, the
concentration of [PPh;] was 5047 mM and the iridium
concentration was 5.03 mM, resulting in a ratio of [PPh,]/[Ir]
= 10. The reaction led to a conversion of [HIr(CO),(PPh,)]
into [HIr(CO),(PPh;),] and carbon monoxide. The initial
composition of the iridium complexes were concn [HIr-
(CO)4(PPh;)] = 0.74 mM and concn [HIr(CO),(PPh,),]
429 mM.

Figure 9 shows the concentration of [HIr(CO);(PPh,)]
based on intensity ratios between Int. [HIr(CO),(PPh,)] for
v(CO) = 1977.3 cm™" and Int. [HIr(CO),(PPh;),] for £(CO)
=1989.8 cm ™' versus time. Precedingly determined absorption
coefficients have been used for calculating the concentration
from intensity ratios. From the concentration data, the extent of
reaction x has been calculated and used for further analysis.

At this point, we would like to outline the ste_gs for how to
access to the single rate constants in Scheme 4.”” A complete
derivation can be found in the Supporting Information. Because
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Figure 9. Molar concentration vs time of the iridium complex
[HIr(CO);(PPh;)] during the stopped-flow experiment at 30 °C. The
fit-function used was y = a(1 — exp(kgpst))+ b.

both reaction steps are stoichiometrically dependent, only one
extent of the reaction is needed for the kinetic treatment.
Starting from eq 2, one gets eq 3 after expansion, where x,, is
the value of x at equilibrium and «, is the second zero which
has no physical meaning. The value of x, is to be determined
from the experiment, and «x, can be calculated by Vieta’s
formulas. The value Ak is composed with Ak = k; — k_;.

dx

T = kl([A]o - x)([B]o - x) - k—l([c]o + x)([D]o + x) (2)
de = Ak(x — x)(x — x,) 3)

After separation of the variables and integration, eq 4 is
obtained. The slope from a plot of In((x — x.,)/(x — x,))/ (%
— x,) versus time gives Ak, and with the help of the equilibrium
constant, the single rate constants can be calculated.

ln( - )
(%0 — ,) )

We performed this experiment also at 35 and 40 °C in order
to use the activation energy based on the simple Arrhenius
equation for estimation of the rate constants at 100 °C. Due to
technical reasons, experiments at higher temperatures could not
be performed with the stopped-flow apparatus. We conducted a
repetition experiment at each temperature. Results are given in
Table 1.

The second partial reaction (Scheme S) of the sequence
depicted in Scheme 3 was treated slightly different, because it
was not possible to set higher pressures/concentrations of
hydrogen with the stopped-flow apparatus. Because it was
found during preliminary experiments that the second partial
reaction starting from [HIr(CO),(PPh,),] was comparably
slow, this reaction could be studied with the conventional FTIR
setup.

We took advantage of the fact that [HIr(CO),(PPh,),]
(equilibrium mixture consisting of ee- and ea-isomer) can be
prepared easily in solution and used it as a starting material.
The solution with a concentration of [(HIr(CO),(PPh;),)] =
4.99 mM was free of the dissolved gases carbon monoxide and
hydrogen after removing them by flushing the solution with an
argon stream. At reaction temperature, 1 MPa (30.0 mM)76 of
hydrogen was added. The basis for the kinetic analysis was the
concentration profile of [HIr(CO),(PPhs),]. Concentrations

xu

= Akt
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Table 1. Single Rate Constants for Partial Reactions (Schemes 4 and 5)

T (K) k; (L mol™ s71) k_y; (L mol™ s71) ky (L mol™! s71) k_, (L mol™ s71)
303.15 0.170 0.021 0.053 0.207
308.15 0.189 0.029 0.088 0.268
313.15 0.218 0.030 0.136 0.417
(373.15) (0.731) (0.178) (14.0) (12.1)

E, o (KJ mol™) 19.7 28.1 749 55.1

Scheme $S. Partial Equilibrium Reaction Involving
[HIr(CO),(PPh;),], [H3Ir(CO)(PPh,),], Carbon
Monoxide, and Hydrogen

H,

k (
[HIr(CO),(PPh3),] ,Zﬁ
2

CO

[H3Ir(CO)(PPhs),]

were calculated with the help of determined absorption
coefficients. The procedure for the determination of the rate
constants k, and k_, is identical to that described above (see
Table 1 for results).

From this data, it can be concluded that for the first partial
reaction the rate of the forward reaction is higher than the
reverse reaction. The ratio of k;/k_; changes from ca. 8.1 at
303.15 K to 4.1 at 373.15 K. The extrapolation to 373.15 K is
uncertain due to the limited experimental data; therefore, values
are in brackets. The equilibrium constant found in the CO
variation experiment with k;/k_; & 7.3 is in good agreement
with these results. With respect to the second partial reaction,
the rate of the addition of hydrogen to [HIr(CO),(PPh,),] is
slower in comparison to that of the addition of CO to
[H;Ir(CO)(PPhs),]. The ratio of k,/k_, at 303.15 K is 0.25,
and at 373.15 K, it is 1.1 due to the difference in activation
energies. With this, we can calculate the overall equilibrium
constant K = k;k,/k_;k_, with ca. 2.1 for 303.15 K and 4.8 for
373.15 K

Quantification of the Molar Fractions of ee-[HIr-
(CO),(PPh;),] and e,a-[HIr(CO),(PPh;),]. So far we could not
determine the molar fractions of the stereoisomers ee-
[HIr(CO),(PPh;),] and ea-[HIr(CO),(PPh;),]. Both com-
plexes are in equilibrium with each other which must be
relatively fast (see Scheme 6).°*°* By means of 'H and >'P{'H}

Scheme 6. Equilibrium of the Interconversion of Two
Stereoisomeric Forms of

Hydridodicarbonylbis(triphenylphosphine)iridium ()

i i
ocu, PhPu..
Ir—CO 37 r—CO
PhsP” | PhsP” |

hs co

e,a-[HIr(CO),(PPh3),] e,e-[HIr(CO),(PPhj),]

NMR spectroscopy, we only observed one set of signals at
room temperature. The infrared spectrum shows bands of both
complexes. However, because the experimental absorption
coefficients are not known, we cannot analyze it directly in a
quantitative manner. In order to investigate the equilibrium
composition quantitatively for a broad temperature range, we
performed variable temperature IR and NMR spectroscopy
experiments.

For the IR experiment, we have used a variable-temperature
cell holder from Specac with a sealed liquid transmission cell
(path length = 0.1 mm). We applied a solution of a mixture of
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both stereoisomeric hydrido complexes with [Ir] = 5.0 mM and
[PPh;] = 50.1 mM at ambient pressure. The spectrum showed
only bands of both complexes ¢e-[HIr(CO),(PPh,),] and ea-
[HIr(CO),(PPh;),] (see Figure 10). We varied the temper-
ature between 193—363 K (=80 to 90 °C) in 10 K intervals.

1| 2} 2t 1: e,a-[HIr(CO),(PPh,),]

0.40 1) 2: e,e-[HIr(CO),(PPh,),]
0351 363 K

0.30
0.254
0.20
0.154
0.10
0.05 1
0.00 4

1850

absorption / a.u.

193 K
2150

1900 1950 2000 2050 2100

wavenumber / cm’™

Figure 10. Experimentally registered spectra from a mixture of ea-
[HIr(CO),(PPh;),] and ee-[HIr(CO),(PPh,),] for the temperature
range of 193—363 K. Contributions at 303 K are ea-isomer: £(CO) =
1929, 1978 cm™; ee-isomer: (CO) = 1938, 1990 cm ™.

The band intensities from the ee-isomer relative to those of
the ea-isomer are increasing with higher temperature. Band
intensities and frequency positions varied with the temperature
so that a quantitative analysis of the spectroscopic data can only
be performed on relative band intensities. As an approach for
quantification, we used the intensity ratio from DFT-calculated
vibrational spectra as a reference point. Intensities from the
experimental spectra were calculated via curve fitting using the
implemented program in the Bruker OPUS 7.0 software. Figure
11a illustrates the molar fractions of the ee-isomer at the
adjusted temperatures. From that data, equilibrium constants
have been calculated from which a value for the Gibbs free
energy could be estimated with ca. 2.16 k] mol™" (Figure 11b).

We studied the equilibrium composition of both hydrido—
dicarbonylbis(triphenylphosphine)iridium(I) complexes also by
NMR spectroscopy. Although the iridium dicarbonyl complex
must be prepared under synthesis gas pressure, it is sufficiently
stable under an inert gas atmosphere in the NMR tube to allow
further characterization. The e,a- and e,e-isomers interconvert
quickly at room temperature (Scheme 6), so only one set of
signals is present in the 'H and *'P{'H} NMR spectra, but the
latter exhibited a broad resonance line. Upon cooling, further
broadening and decoalescence occurred (Figure 12). For the
'"H NMR spectra, this phenomenon has already been
described.**** The phosphorus spectra provide as additional
information that one of the stereoisomers undergoes further
molecular dynamics, and its signal at 4 ppm broadens again
when cooling from 217 K/=56 °C to 202 K/—=71 °C. Because
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Figure 11. (a) Molar fractions of the bisequatorial isomer ee-
[HIr(CO),(PPh;),] from a variable-temperature IR spectroscopic
experiment. (b) From the analysis of the respective equilibrium
constants in dependence of the temperature, a value for the Gibbs free
energy of the complex equilibrium could be calculated.

297 K A
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Figure 12. *'P{'"H} NMR spectra of the iridium dicarbonyl complex in
toluene, at 297 K/24 °C (top trace) and 202 K/—71 °C (bottom
trace); a represents the ea-isomer, b the ee-isomer, and c
[HIr(CO)(PPh;),]. Further conditions: [Ir] = 5.0 mM, [PPh,]
150 mM, solvent = toluene-ds.

the e,a-isomer should exhibit inequivalent P atoms in the slow
exchange regime, it is reasonable to assume that it is
represented by this broad resonance. The proton NMR spectra
(see literature®® and Supporting Information) are in line with
this interpretation. At 202 K/—=71 °C, we observed two triplets
(*Jpz 18 and 36 Hz) rather than the expected one triplet and
one double doublet (for the ea-isomer with two different
coupling constants). Most likely, the 36 Hz represent an
averaged value for the cis and the trans coupling. On the basis of
this assignment, an equilibrium fraction of 0.62 for ege-
[HIr(CO),(PPh;),] and 0.38 for ea-[HIr(CO),(Ph;),] can
be estimated at 202 K/—71 °C (cf. Figure 12). For the rhodium
analogue, a molar fraction of 0.85 for ee-[HRh(CO),(PPh,),]
and 0.15 for ea-[HRh(CO),(PPh,),] was determined at low
temperatures.78

Because of said chemical exchange and signal averaging, the
molar fractions as a function of the temperature cannot be
determined by varying the measurement temperature.
Yagupsky and Wilkinson®® proposed the averaged coupling
constant *Jpy as a potential indicator for the equilibrium
position, and we are currently exploring the usability of this

approach.
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It should be noted that [HIr(CO)(PPh,),;] does not exhibit
molecular dynamics in toluene solution. Upon cooling, no
changing NMR lineshapes are observed.

B CONCLUSION

In this study, we have presented an extended quantitative
characterization of a mixture of phosphine-modified iridium
complexes applied as catalysts in the hydroformylation of
alkenes. FTIR spectra could be well interpreted, supported by
results from NMR measurements, DFT calculations, and
deuteration experiments. It was found that at common reaction
conditions, the complex [HIr(CO)(PPh,),] is not part of the
catalyst mixture. At higher p(H,)/p(CO) ratios, a mixture of
trihydride complexes are formed in significant molar fractions.
The corresponding sequence of equilibrium reactions involving
all observable iridium complexes, carbon monoxide, triphenyl-
phosphine, and hydrogen could be studied experimentally and
characterized by kinetic parameters. FTIR spectroscopic data
were treated by chemometric methods. Even the single rate
constants of both relevant partial reactions could be
determined. For that purpose, stopped-flow experiments gave
access to the rate constants of the faster partial reaction. The
temperature dependence of the equilibrium between the
stereoisomers e,e-[HIr(CO),(PPh;)] and e,a-[HIr-
(CO),(PPh;)] was studied in the range of —80 to 90 °C
using a variable-temperature unit for FTIR measurements. As
evidenced in this study, especially the combination of different
experimental/analytical tools and approaches can contribute
substantially to a detailed characterization of a mixture of
homogeneous catalysts active in the hydroformylation reaction.
The results represent a sound basis for further operando
spectroscopic studies where the influence of reactant
concentrations on the kinetics of the hydroformylation and
composition of iridium complexes are correlated.

B EXPERIMENTAL SECTION

Materials. Toluene (Acros, >99.8%) has been dried via
distillation over sodium and stored under argon. n-Hexane
(Sigma-Aldrich, >99%) was distilled over Sicapent (Merck) and
stored under argon. Dodecane (Sigma-Aldrich, >99%) which
was used as internal GC-standard was dried by storage over
Sicapent for 1 week and distilled after separation of the drying
agent and stored under argon. 3,3-Dimethyl-1-butene, >99%
(GC), (Sigma-Aldrich, 95%) were distilled over sodium and
stored under argon.

Further chemicals used in the present study: 1,5-
cyclooctadiene(acetylacetonato)iridium(I) (99% Strem),
hydridocarbonyltris(triphenylphosphine)iridium(I) (99%
Strem), triphenylphosphine (99% Sigma-Aldrich), diphenyl
carbonate (used as internal standard for FTIR measurements,
99% Sigma-Aldrich). Gases used in this study: synthesis gas
(CO/H, = 1:1, from carbon monoxide 99.997% and hydrogen
99.999%, Linde), carbon monoxide (99.997%, Linde), hydro-
gen (99.9993%, Linde), deuterium (99.9%, Linde), and argon
(99.999%, Linde).

Devices and Procedures. Reactions for in situ infrared
spectroscopic analysis were performed in a HP-FTIR apparatus
consisting of a 200 mL stainless steel autoclave with a gas
entrainment impeller and an oil bath thermostat (premex
reactor AG, Leimen, Germany) equipped with a pressurizable
and heatable transmission flow-through IR cell (Dr. Bastian
Feinwerktechnik GmbH, Wuppertal, Germany) and an
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automated sampling device for taking GC samples during the
reaction (amplius GmbH, Rostock, Germany).

Transport of the liquid reaction solution through the IR cell
and back to the autoclave was realized by a micro gear pump
(mzr-7255, HNP Mikrosysteme GmbH, Parchim, Germany). A
syringe pump (PHD Ultra 4400, Harvard Apparatus GmbH,
March-Hugstetten, Germany) with a 8 mL syringe made of
stainless steel has been used for olefin injection. For the
infrared spectroscopic measurements, a Bruker Tensor 27 FTIR
spectrometer with a MCT-A detector was used. CaF, (Korth
Kristalle GmbH, Kiel, Germany) was used as window material.
The optical path length was 0.1 mm. Pressurization facilities
were installed for synthesis gas (CO/H, = 1:1) as well as
carbon monoxide, hydrogen, and deuterium. For regulation of
the consumed gas (CO/H, = 1:1) and keeping the pressure
constant during the hydroformylation reaction, a pressure
controller (Brooks Instrument, Hatfield, PA, U.S.A) was used.
A scheme of the HP-FTIR apparatus can be found elsewhere.””

Solutions were prepared from the solids using standard
Schlenk techniques. All liquid components have been trans-
ferred into the autoclave via standard Schlenk techniques. The
speed chosen for the micro gear pump was 2333 rpm
(displacement volume = 48 yL). The residence time in the
periphery between the autoclave and IR cell was ca. S s.
However, because the entire mixing process after adding a
reactant to the system is significantly longer,'” we considered a
mixing time of about 100—120 s. The stirrer speed was set to
600 rpm.

Hydroformylation Reaction. All solutions except the
olefin were transferred into the autoclave. The solution was
heated to 100 °C. Then the system was pressurized with 0.9
MPa of carbon monoxide, and 0.9 MPa of hydrogen was added.
This was taken as the start of the preformation period in order
to form the hydrido complexes from the precursor and
triphenylphosphine. This was coupled with an in situ FTIR
measurement which allowed observation of the status when the
preformation reaction was accomplished. After that, the olefin
was injected with the help of the syringe pump. Partial
pressures were set to 1 MPa of carbon monoxide and 1 MPa of
hydrogen. The olefin injection was taken as the reaction start.

FTIR spectra were recorded between 3950 and 700 cm™
with a spectral resolution of 2 cm™. Ten scans were collected
per FTIR spectrum (double-sided, forward—backward). The
mirror speed was set to 40 kHz.

Gas chromatographic analyses have been performed with a
7890 A GC System from Agilent Technologies with a Petrocol
DH 150 column (Supelco, Inc.).

Stopped-Flow Experiments. The time-resolved infrared
experiments have been carried out on a stopped-flow unit (TgK
Scientific, UK.) combined with a VERTEX 80 (Bruker) with
rapid-scan extension. The solutions and the IR cell have been
thermostated before and during the reaction. The IR cell has
CaF,-windows. The optical path length was specified by the
supplier with 100 ym. The spectra (16 scans per spectrum)
were taken with a resolution of 2 cm™.

High-Pressure NMR Experiments. NMR spectra were
collected on a Bruker Avance 400 spectrometer using a high-
pressure gas flow cell connected to devices allowing for
continuous gas supply and the control of gas flow and
pressure.

Computational Details. Geometry optimizations and
frequency calculations have been performed with the
Turbomole V6.3.1 program package.*” DFT calculations were
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carried out using the BP86®' functional and def-SV(P)® basis
set on all atoms. No scaling factor has been applied to the
calculated frequencies.

B ASSOCIATED CONTENT

© Supporting Information

Detailed description of experiments, experimental FTIR spectra
of hydrido and deuterido complexes, vibrational spectra
calculated by DFT methods, characterization of complexes by
NMR spectroscopy, derivation of kinetic expressions, geo-
metries from DFT calculations. This material is available free of
charge via the Internet at http://pubs.acs.org.
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