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ABSTRACT: A highly robust immobilized [Cp*IrCl,],
precatalyst on Wang resin for transfer hydrogenation, which
can be recycled up to 30 times, was studied using a novel
combination of X-ray absorption spectroscopy (XAS) at Ir L3-
edge, Cl K-edge, and K K-edge. These culminate in in situ XAS
experiments that link structural changes of the Ir complex with
its catalytic activity and its deactivation. Mercury poisoning
and “hot filtration” experiments ruled out leached Ir as the
active catalyst. Spectroscopic evidence indicates the exchange
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of one chloride ligand with an alkoxide to generate the active precatalyst. The exchange of the second chloride ligand, however,
leads to a potassium alkoxide—iridate species as the deactivated form of this immobilized catalyst. These findings could be widely
applicable to the many homogeneous transfer hydrogenation catalysts with Cp*IrCl substructure.

B INTRODUCTION

Mechanistic understanding of the deactivation pathways, and
thus possible reactivation, is vitally important in the application
of catalytic reactions in industry. While many important
heterogeneous catalytic processes have been studied exten-
sively, synthetically useful catalytic reactions are often not
subjected to the same level of scrutiny. Those that are well
studied are invariably the most industrially important reactions:
hydrogenation, hydroformylation, hydrosilylation, polymeriza-
tions, and oxidations. Common deactivation pathways in
homogeneous catalysis include metal deposition, counterion
inhibition, ligand exchange, and ligand consumption. These
have been comprehenswely reviewed by de Vries," van
Leeuwen and Chadwick,” and most recently by Crabtree.®
Transfer hydrogenation is an important class of catalytic
reaction in chemical syntheses, particularly for chiral alcohols
and amines.* Not only do these reactions eliminate the need for
specialized hydrogenation equipment when scaled up, they also
proceed with excellent selectivity under mild conditions.* In
addition, transfer hydrogenation forms part of the “borrowing
hydrogen” mechanism, a highly atom economlcal and versatile
concept in modern synthetic methodology.®> Various highly
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active catalysts (turnover number (TON) > 5000, turnover
frequency (TOF) up to 20000 h™') have been developed
(Scheme 1),° although their elaborated nature means catalyst
recovery is important in industrial apphcatlons Numerous
mechanistic studies on transfer hydrogenation by Ru/Ir half-
sandwich complexes have elucidated predominantly Ru/Ir-
monohydride intermediates, which react with carbonyl/imine
substrates with either concerted or nonconcerted proton
transfer depending on reaction conditions (Scheme 1). .
Nevertheless, insights regarding the deactivation of these
catalysts, Wthh are critical for maximizing TON, are few and
often indirect.” In this paper, we report a mechanistic study into
the deactivation of a common Cp*Ir transfer hydrogenation
precatalyst.

We recently reported an immobilized transfer hydrogenation
precatalyst [Cp**IrCL],, (Cp** = immobilized Cp* ligand)
on a Wang resin support, which was reused up to 3$ times in
the presence of KO'Bu, which will become important in the
catalyst deactivation that follows (Scheme 2), using ‘PrOH as
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Scheme 1. Typical Ru/Ir Half-Sandwich Catalysts and
Transition States in Transfer Hydrogenatlon
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Scheme 2. Catalytic Transfer Hydrogenation Usin
Immobilized [Cp**IrCl,] as Precatalyst in Batch'
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the hydrogen source.'” This was achieved through a novel
immobilization strategy, which links the precatalyst to the
support through the 7>-Cp* ligand. A slow and partial
deactivation of the catalyst was observed over 26 uses (total
TON > 350). Treatment of the deactivated catalyst with dilute
aqueous HCI 1 M in batch mode was found to be effective in
restoring catalytic activity. This “reactivated” catalyst, however,
quickly lost its activity after another three uses. While catalytic
activity of [Cp*IrCL], in transfer hydrogenation is inferior to
the best catalysts in the literature and was further reduced by
immobilization, this catalytic system presents an excellent
opportunity to study catalyst deactivation without interference
from metal leaching.

X-ray absorption spectroscopy (XAS) is one of the few
analytical tools that can provide structural information for
immobilized homogeneous catalysts, that is, coordination
number, bond lengths, and oxidation state of the element of
interest.'" XAS has been previously employed to study
immobilized homogeneous catalysts,"> including multiedge
studies.”> Nevertheless, the only studies that employed both
hard and soft X-ray in the literature have been on Fe—S
enzymes, a Cp*Ru anticancer complex,"> and lanthanide
[MCIg]*~ complexes.'® This is probably due to the technical
challenges associated with in situ studies at soft X-ray energy
range. We envisaged, however, that such an approach, that is,
XAS at both the Ir L-edge and Cl K-edge, will provide a more
complete mechanistic picture of the changes in the catalyst,
given the multiphasic nature of the catalytic system, that is,
solution, polymeric support, and catalyst. Such a study into the
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deactivation of immobilized [Cp**IrCl,], precatalyst in
transfer hydrogenation is reported herein.

B EXPERIMENTAL SECTION

All glassware was dried in the oven (120 °C) overnight prior to use.
The XAS flow-cell was assembled and flushed with nitrogen for 30 min
before experiments. Anhydrous 'PrOH (<S50 ppm water) was obtained
from Sigma-Aldrich and used without further purification.

Solid state XAS measurements of various immobilized iridium
precatalysts and standards at the Ir L-edge were acquired on beamline
B18 at Diamond Light Source using a Si(111) monochromator at 3
GeV and 300 mA. Samples were prepared as 8 mm cellulose pellets
(80 mg of cellulose) with 10 mg of the immobilized precatalyst
samples or S mg for the iridium complexes. Transmission signal was
recorded using an ionization chamber and intensity monitoring.

Ex situ Cl and K K-edge XAS measurements were performed on
beamline BM28 of the European Synchrotron Radiation Facility using
a Si(111) double crystal monochromator at 6 GeV and 200 mA. Cl K-
edge and K K-edge spectra were collected in fluorescence mode using
solid sample mounted on carbon tape under vacuum. Data analysis
was performed using the software package IFEFFIT."

Kinetic modeling was performed using the DynaFit package from
BioKin."®

Typical Batch Reaction. To the immobilized precatalyst
[Cp**IrCl,], (0.057 g 0.035 mmol Ir) in a vial was added KO'Bu
(0.50 mg, 0.004 mmol) and anhydrous PrOH (S mL). The mixture
was stirred at 60 °C for 1 h to allow catalyst activation. Benzaldehyde
(0.05 mL, 0.5 mmol) was then added. The mixture was stirred at 60
°C, and the reaction was monitored by GC. Further runs were
conducted by decanting the solution and recharging the resin with
KO'Bu (0.5 mg, 0.004 mmol), PrOH (5 mL), and benzaldehyde (0.05
mL, 0.5 mmol) immediately.

“Reactivation” of Deactivated Catalyst. The deactivated
catalyst from a typical batch reaction after filtration was stirred with
aqueous HCl 1 M (10 mL) at room temperature for 30 min. The
catalyst was filtered, and washed with water (10 mL) and methanol
(10 mL) before drying to give the “reactivated” catalyst.

In Situ XAS Experiment in Continuous Flow Cell. The reaction
solution was pumped as a thin film (<100 ym) at 10.8 uL-min~" over
the immobilized catalyst, [Cp**IrCl,], (1.0 mg), in a spectroscopic
flow cell at 60 °C using a milliGAT positive displacement pump and
1/8 in. PTFE tubing. A schematic of the experiment setup is shown in
Figure S. At first, the catalyst was activated with a solution of KO'Bu
(0.89 mM) in ‘PrOH for 30 min, before being exposed to the reaction
mixture containing benzaldehyde (0.10 M) and KO'Bu (0.89 mM) in
‘PrOH. Catalytic conversion was monitored by GC with 1,1’-biphenyl
as internal standard. More details of the experiment can be found in
the Supporting Information, section 9.

B RESULTS AND DISCUSSION

Preliminary Studies. Mechanistic insights of immobilized
homogeneous catalysts are normally difficult to obtain due to
the limitations of traditional analytical techniques for
immobilized homogeneous catalysts. Inductive coupling plasma
analysis of the iridium content of the immobilized species after
35 uses indicated only 3% decrease in Ir content, which showed
little catalytic consequence based on the experiments described
below.'® A batch reaction that was poisoned with mercury (300
equiv) after 3 h showed no significant decrease in catalytic
activity (see Figure S1, Supporting Information). Furthermore,
a “hot filtration” experiment, wherein half of the reaction
mixture was filtered and the other half was left unaltered, after 3
h demonstrated that the reaction was stopped after being
filtered through a 0.2 ym syringe filter (Figure 1). These results
rule out the possibility of a very small amount of leached Ir
nanopartlcles in solution being responsible for all the catalytic
act1v1ty

DOI: 10.1021/ja512868a
J. Am. Chem. Soc. 2015, 137, 4151-4157


http://dx.doi.org/10.1021/ja512868a

Journal of the American Chemical Society

15

—
]
;\3 10+
~ [ ]
c
o
Iz
g
§ 51 ko ox o ox X
O
X .
Filtered through
X 0.2 um filter
0 T T T T
0 2 4 6
Time (h)

Figure 1. Catalytic conversion, determined by GC, following “hot
filtration” of the reaction mixture through a 0.2 ym filter (X) and of
the same reaction without “hot filtration” (M) using precatalyst
[Cp**IrCL,],.

Consequently, deactivation must be associated with changes
in the coordination sphere of the immobilized Ir catalyst.
Previous studies suggested that the presence of a small amount
of water can have a significant effect on catalytic performance
and mechanism.®>*8 Accumulation of such effect over 26
cycles may explain the slow decrease in catalytic activity. An
experiment to evaluate the effect of water, however, showed
little difference between reaction profiles in the presence and
absence of added water (S equiv to Ir) (Figure 2).
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Figure 2. Catalytic conversion, determined by GC, vs time for batch
reation using precatalyst [Cp**IrCl,], under anhydrous conditions
(M) and in the presence of S equiv (to Ir) of added water (X) as
determined by GC.

Ex Situ XAS Study of Catalyst Deactivation. Static
samples of the fresh precatalyst, the catalyst after three uses, the
deactivated catalyst (after 30 uses) and a “reactivated” catalyst
were first studied using Ir L-edge extended X-ray absorption
fine structure spectroscopy (EXAFS; 11.2 keV, transmission
mode) and Cl K-edge X-ray absorption near edge structure
spectroscopy (XANES; 2.8 keV, fluorescence mode).

The Ir L-edge EXAFS spectra of the catalysts were compared
with those of [Cp*Ir(u*-Cl);IrCp*]OTf (1), [Cp*IrCL,], (2),
and [Cp*IrCL((Py)] (3) (Py = pyridine) as standards. All
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Fourier-transformed spectra displayed a common pattern in
radial distribution plots (Figure 3a,b), with one peak
representing the Ir—C and Ir—N interactions (R ~ 1.7 A)
and another peak representing the longer Ir—Cl bonds (R ~ 2.2
A). The relative intensity of these two peaks correlates well
with the number of chloride ligands on the Ir catalyst (Figure
3c). Importantly, the fresh catalyst showed a similar ratio
between the intensities of Ir—C and Ir—Cl signals compared
with those of [Cp*IrCL,(Py)] (Figure 3c). This suggests that
there are two chloride ligands on each Ir cation on average in
the fresh precatalyst, In other words, the immobilized
precatalyst exists in a monomeric [Cp**IrCL(S)] (S = neutral
ligand) rather than its dimeric form [Cp**IrCL], in which
each Ir cation has three chloride ligands in its coordination
sphere before immobilization.

Comparing the spectra of the immobilized catalysts at
various stages showed rapid partial loss of chloride ligands
(~50%) after 3 uses (Figure 3b), despite little decrease in
catalytic activity,'® indicating only one chloride ligand in the
activated precatalyst. After 30 uses, no Ir—Cl signal was
observed in the EXAFS spectrum. Furthermore, treatment with
aqueous HCl 1 M to give the ’reactivated’ catalyst did not
reintroduce the chloride ligands, as indicated by a complete lack
of Ir—Cl signal in the Ir K-edge EXAFS spectrum of this species
(Figure 3b). This agrees with the rapid loss of catalytic activity
in this “reactivated” catalyst after 3 uses.

The decrease in Ir—Cl signals above was corroborated by Cl
K-edge XANES spectra where corresponding decreases in the
edge jump, that is, absorption according to Lambert—Beer law,
in the samples after 3 and 30 uses were observed. These suggest
that the chloride anions were lost to the reaction solution and
were no longer associated with the immobilized precatalyst
(Figure 3d). However, normalized spectra, that is, scaled
spectra that remove signal strength difference due to
concentration, suggested little change in the coordination
environment of the remaining chloride after 3 and 30 uses. To
our surprise, the “reactivation” with aqueous HCl 1 M did
increase the chlorine content despite the lack of an Ir—Cl signal
in Ir L-edge EXAFS spectrum (Figure 3c). However, the Cl K-
edge XANES spectrum of this sample is significantly different
from those of others, indicating a new form of chlorine. This
new species was deduced to be KCl (from the KO'Bu in the
batch reaction), and its identity was confirmed by comparison
to the Cl K-edge XANES spectrum of the authentic KCI salt
(Figure 4). Two possible explanations for this formation of KCI
could be proposed: (i) by reaction of HCl with small amount of
KO'Bu trapped in the support or (ii) by reaction of HCl with
the deactivated catalyst, which contains potassium cation.

In Situ XAS Study of Catalyst Deactivation. An in situ
experiment was performed to directly link catalyst deactivation
and the loss of chloride ligands (Figure Sa), using a flow-cell to
house a fixed bed of the precatalyst (see section 11, Supporting
Information). The reaction solution was flowed over the
catalyst as a thin film (<100 um) at 60 °C for 24 h.
Fluorescence XANES spectra at Cl and K K-edge (2.8 and 3.6
keV, respectively) were collected to monitor the changes of the
immobilized catalyst. The solution from the flow-cell was
collected (without X-ray radiation) and analyzed using gas
chromatography (GC) to evaluate the activity of the catalyst
bed.

Catalyst activation in the batch protocol was replicated by
flowing a solution of KO'Bu through the flow cell for 30 min."’
A corresponding ~50% decrease in chlorine content was
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Figure 3. XAS results of ex situ samples and standards: (a) Fourier-
transformed Ir L-edge EXAFS spectra of standards 1 (blue dashed
line), 2 (blue dotted line), and 3 (red dashed line) and the fresh
precatalyst (black solid line); (b) Fourier-transformed Ir L-edge
EXAFS spectra of various stages of the immobilized catalyst, fresh
precatalyst (black solid line), catalyst after three uses (black dashed
line), catalyst after 30 uses (blue dotted line), and “reactivated” catalyst
(red solid line); (c) signal ratio of Ir—Cl/Ir—C vs number of Cl
coordinated to each Ir in standards 1, 2, and 3 (@) and fresh
precatalyst (X); (d) Cl K-edge XANES spectra of the fresh precatalyst
(black solid line), catalyst after three uses (black dashed line), catalyst
after 30 uses (blue dotted line), and “reactivated” catalyst (red solid
line).
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Figure 4. Normalized XANES spectra of KCl (red solid line) and the
“reactivated” catalyst (black dashed line).

observed, with a small increase in potassium content (Figure
Sb). This change is consistent with the replacement of one
chloride ligand with an alkoxide (OPr or O'Bu) to generate
complex [Cp**IrCI(OR)(S)] (R = Pr or Bu, S = neutral
ligand), which is the dominant species before catalytic turnover.
This observation is also in agreement with the spectra of ex situ
samples above (Figure 3b) wherein a rapid loss of the first
chloride ligand did not result in deactivation. This is the first
spectroscopic evidence of such species under catalytically
relevant conditions,” although similar complexes has been
previously synthesized with S = PAr;*' and N-pyridine/
quinoline derivatives,”> A more recent example is a Cp*Ir
catalyst for oxidation of water and C—H activation reported by
Crabtree and co-workers.”®

The reaction solution was then flowed through the cell at 60
°C. A gradual decrease in the chlorine content was observed
with a corresponding increase in the potassium content (Figure
5c). The systematic error of the measurement was larger with
chlorine than with potassium, due to both the lower energy of
Cl K-edge and the diminishing amount of chlorine over time.
Importantly, decreasing conversion of benzaldehyde to benzyl
alcohol by the catalyst was observed on the same time scale
(Figure 6).

The two-step behavior of this plot could be attributed to the
heterogeneous nature of the catalyst. A simple fitting for
catalytic activity over time with first order deactivation
processes confirmed its two-step nature (see section 14,
Supporting Information). A fast deactivation and a slow
deactivation are required to achieve a good fit with
experimental data. Kinetics of immobilized catalysts is often
further complicated by limited mass transfer and physical/
chemical changes to the support, which are difficult to
quantify.”* However, initial deactivation of catalytic centers
on the surface of the polymer support should have a much
more pronounced effect on the observed catalytic activity than
deactivation of catalytic centers deep inside the support matrix.
While acceleration effect of X-ray radiation on chemical
reaction due to local heating effect is known,® the similar
time scales of the changes in the structure of the catalyst and
catalytic activity were reassuring. The steady build up in
potassium content, which was not removed by washing with
"PrOH, indicates that potassium cation forms an integral part of
the deactivated catalyst, rather than simply being trapped in the

polymer support.
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Figure 6. Loss of catalytic activity (A) over 20 h compared with that
of fresh precatalyst by GC and a kinetic fitting of catalyst deactivation
process with two deactivation processes: fast (red dashed line) and
slow (blue dashed line).
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A pulse of aqueous HCI 1 M was pumped through the
catalyst bed to mimic the temporary “reactivation” of the
catalyst. This was followed by washing with PrOH. As expected
from the spectra of static samples, no increase in chlorine
content was observed. However, KCl was not detected in the
immobilized catalyst because it was washed out by PrOH
(Figure Sb). This suggests that the hypothesis that the
potassium cation was structurally part of the deactivated
catalyst is the more likely scenario. Both KCI and KO'Bu were
easily removed from the support matrix of the immobilized
catalyst with sufficient ‘PrOH washing in our flow cell.

The various spectroscopic results at Ir L-edge, Cl K-edge,
and K K-edge clearly suggest an anionic Ir complex with a
potassium counterion as the deactivated form of the catalyst.
This species is formed as the catalyst exchanges its last chloride
ligand with alkoxide to give a potassium iridate complex
(Scheme 3).2° Although trialkoxide-Cp*-iridates are not known
in the literature, examples have been reported for azomethi-
neylides, halides,”” and cyanide.”® Most of the proposed
mechanisms for this type of transfer hydrogenation require
two coordination sites (Scheme 1), for the hydride and the
ketone/ aldehyde8i or for the alcohol and the ketone/aldehyde
in a Meerwein—Ponndorf—Verley mechanism.** Consequently,
the steric hindrance around Ir due to the alkoxide ligands
(‘BuO or PrO) and the strength of the Ir—alkoxide bonds are
likely to be responsible for the decrease in catalytic activity.

The proposed deactivated catalyst also explains the
temporary reactivation by treatment with aqueous 1 M HCL
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This protocol leads to protonation of the alkoxide ligands,
making them more labile and readily replaced by benzaldehyde
to allow catalytic turnover. This is consistent with the reported
activity of Cp*Ir species, for example, [Cp*Ir(OH,);]SO, and
[Cp*Ir(NH;);]X (X = Cl, I), which have been shown to readily
exchange ligands and form active catalysts in transfer
hydrozc;enation.%’30

A comparison of the active catalyst vs the proposed partially
active catalyst suggests that other methods of reactivation may
be successful and that prediction is currently being evaluated by
in situ XAS and other studies.

B CONCLUSION

In summary, we report the first study of an immobilized
homogeneous transfer hydrogenation precatalyst using XAS at
both hard and soft X-ray for Ir, Cl, and K. This novel
combination of techniques allowed us to probe and understand
the catalyst deactivation in detail. Such insight could not have
been achieved with any other technique currently available to
chemists or with single element XAS. Furthermore, the
relevance of the deactivation pathway, through ligand exchange
with alkoxides, is applicable to many homogeneous catalysts for
transfer hydrogenation with similar Cp*IrCl structural motifs.
Studies to more effectively reactivate the immobilized catalyst,
that is, reintroducing a chloride ligand on iridium, are in
progress and will be disseminated in due course.
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