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Abstract. DFT calculations were done to investigate kinetic mechanism of benzaldehyde transfer
hydrogenation using [Cp*IrClz2]> complexes in isopropyl alcohol in the presence of potassium fert-
butoxide. Predicted energy barriers provide an evidence that the inner sphere mechanism (effective

barrier 53.0 kJ/mol) is favoured over the outer sphere and MPV mechanisms.

Reaction kinetics was studied using both homogeneous and immobilized Cp*Ir complexes as
catalysts. A mathematical model was developed to simulate the transfer hydrogenation of
benzaldehyde on these catalysts, accounting possible mass transfer limitations for the immobilized
catalyst. A microkinetic model was constructed both using our density functional theory

calculations and fitting the kinetic parameters of catalyst activation and deactivation reactions.

Simulation results predict that only about a quarter of Ir immobilized complexes are involved into
reaction, and this is the main reason for the observed higher activity of the homogeneous catalyst.
The activity of the immobilized catalyst was found to be related to the hydride species
concentration, which is a function of base concentration. The results suggest that the amount of

base has a drastic effect on immobilized catalyst activity.

Introduction
Catalytic transfer hydrogenation uses solution phase donor molecules as hydrogen sources rather
than gaseous hydrogen. This simplifies the process, is non-hazardous,! and although it produces a

by-product it allows the use of cheap sources such as iso-propanol and formic acid. The catalytic



reaction is applied in the reduction of C=0 and C=N bonds to obtain alcohols and amines and is
of great importance for the pharmaceutical, food and agrochemical industries.? A lot of studies are
devoted to asymmetric transfer hydrogenation, which allows the production of chiral alcohols.>
Homogenous Ir-, Ru- and Rh-containing complexes with effective ligands are effective transfer
hydrogenation catalysts.%” However, in industry supported catalysts are preferred because they can
be easily separated from the reaction mixture and recycled. Furthermore, they provide a fixed-bed
over which reactions can be continuously flowed. Blacker and co-workers reported a strategy for
immobilization of group 9 catalysts via a strong n°-coordinated penta-alkylcyclopentadienyl (Cp*)
ligand which prevents metal leaching that is a problem when traditional mono- or bi-dentate
ligands are used.? The [Cp*IrCl,], complex 1 is known to be active in hydrogen transfer reactions,
and its hydroxyl tethered counterpart 2 can be immobilized on a Wang resin support to give the
immobilized catalyst 3 (Scheme 1). The catalyst 3 is active in transfer hydrogenation and can be

used up to 30 times in batch, or used in continuous flow with lifetimes of 120 hours.??
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Scheme 1. The homogeneous (1), hydroxyl tethered (2) and immobilized (3) [Cp*IrCl:]> catalysts.

It is well known that reactions on immobilized catalysts have low rates compared with
homogeneous catalysts, and this is also the case with IrCp* catalysts.>"!° This may be due to
differences in kinetics, number of active species or due to the presence of mass transfer limitations
for the immobilized catalyst. The lack of explanation of the observed differences hampers process

optimization and scale-up.



Microkinetic modelling has proven to be a powerful tool in heterogeneous catalysis studies, yet
is rarely applied in homogeneous catalysis.'!"!? Single studies employ it in the area of liquid phase
catalysis.!>!* Nevertheless, it can be useful to relate observed features, such as catalytic activity
and deactivation, to key intermediates and rate-limiting steps. The combination of a suitable flow
and mass transfer models with a microkinetic model can be used to simulate reactions both on
homogeneous and on immobilized catalysts. Since the model is based on detailed reaction kinetics,
it should include the main reaction pathways.!>

The transfer hydrogenation of ketones usually proceeds through metal hydride intermediates, '
18 that include inner sphere (IS) and outer sphere (OS) mechanisms. In the IS mechanism, the
substrate coordinates to the metal prior to hydride transfer (Scheme 2a). This mechanism was
found preferable for [Ir(u-OMe)(diolefin)]> complexes with P- and N- donor ligands,!® as well as
for Ir complexes with chelating bis(tNHC) ligands.?° In the OS mechanism, the substrate does not
coordinate to the metal site, but remains in the outer coordination sphere (Scheme 2b).!® The
classical OS hydrogenation mechanism relies on the concept of metal-ligand bifunctional catalysis
with involvement of a ligand.?! A proton is transferred to the substrate using the X-H unit (X=N,

0) of the ligand and the hydride is transferred from the metal.?!
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Scheme 2. (a) Inner sphere and (b) outer sphere transfer hydrogenation.

Some studies show that monohydride pathways are not unique,?>?? or can even be disfavoured
with respect to the Meerwein—Pondorf-Verley mechanism (MPV),?* in which both reactants

coordinate to the metal site prior to the direct hydride transfer between them.



The aim of this work is to create a microkinetic model based on density functional theory (DFT)
calculations, which explain the differences in transfer hydrogenation rate using homogeneous
chloride complex 1 and the immobilized chloride complex 3. For simplicity, we have chosen
benzaldehyde as a substrate, and iso-propanol as both hydrogen donor and solvent.

The study was organised as follows: first, a DFT mechanistic study of IS, OS and MPV
mechanisms with experimental kinetics; then, a DFT-assisted microkinetic model was constructed
and the missing kinetic (catalyst activation and deactivation) and mass-transfer parameters were
fitted using experimental benzaldehyde conversion values. The simulation employs a
mathematical model that allows transfer hydrogenation simulation using both homogeneous and
immobilized catalysts. Conclusions were drawn on the reaction mechanism and on the reasons for
differences in transfer hydrogenation rate for 1 and 3. The results of additional studies on the model
are discussed.

Computational method

DFT calculations on the three mechanisms (IS, OS, MPV) for the homogeneous catalyst 1 with
benzaldehyde were carried out using Orca 5.0.3 software.?> Triple-zeta polarized basis sets def2-
TZVP were employed for all atoms except Ir.2627 For iridium, ECP60MWB effective core
potential (ECP) with the associated triple-zeta quality valence basis set was used.?”-?® The RI-J
approximation for Coulomb integrals with the corresponding auxiliary basis set (def2/J)*° and
COSX integration for Hartree-Fock (HF) exchange implemented in Orca were employed to speed-
up the calculations.

Geometry optimization and vibrational frequency analysis were done using B3LYP-D3(BJ)
exchange-correlation hybrid functional 33132 The climbing image nudged elastic band (CI-NEB)

method following the transition state optimization (NEB-TS) was used to find transition states.33-3*



Each transition state had only one imaginary frequency. DSD-BLYP-D3(BJ)** double hybrid
functional, which is more accurate than B3LYP-D3(BJ) in calculation of reaction barriers,*® was
used to recalculate single point energies on optimized geometries. All calculations were done for
iso-propanol solvent using COSMO implicit solvent model 3738

The Gibbs free energy of reaction AG® and Gibbs free energy of activation AG* at temperature
of 60 °C were computed using the results of frequency analysis with B3LYP-D3(BJ) and corrected
using DSD-BLYP-D3(BJ) electronic energy values. DSD-BLYP-D3(BJ) values are discussed in
the paper, and B3LYP-D3(BJ) values are given in Supporting Information (SI) for comparison.
The details of computational methods, the geometries of all calculated structures and
corresponding free energy values are also provided in Supporting Information (SI), sections 1-3.

Microkinetic modelling was used to simulate reactions with catalysts 1 and 3 and to determine
contribution of each reaction pathway (IS, OS, MPV) to the overall transfer hydrogenation rate.?
Isothermal reaction conditions, the absence of concentration and temperature gradients and phase
changes in the experimental liquid-phase batch catalytic reactor were assumed for catalyst 1. The
reaction mixture was considered an ideal solution.

A continuous stirred tank reactor (CSTR) model was used to describe reactions in the

experimental batch reactor with homogeneous catalyst:

% — RkN Ir (1 )
dt V

dy

s = 2
5P R, (2)

where ¢y is the molar concentration of k™ species in the liquid, kmol/m?3, y; is the molar fraction of

catalyst species s (complex 1 or any Ir-containing species that can be produced from 1 according



to the kinetic model), R is the formation/consumption rate for liquid species &, 1/s, R is the
formation/consumption rate for catalyst species s, 1/s, V' is the volume of liquid, m>.

Species creation and consumption rates were calculated using microkinetic approach as
explained in SI, section 4. Kinetic constants &, were calculated using the Eyring equation with AG*
values taken from DFT results except for catalyst activation/deactivation reactions (see section
“Kinetic modelling”).

Additional assumptions used in the modelling for catalyst 3, with respect to modelling for
catalyst 1, were:

e No external mass transfer limitations, but mass-transfer limitations can be present in the
near-surface layer;

e Some fraction of Ir species is inaccessible to the reaction;

e No Ir leaching;’

e The reaction kinetics for 1 and 3 are the same.

The calculation of the Damkdhler number confirms the absence of external mass transfer
limitations for the immobilized catalyst (SI, section 5). However, the significant linker length of
the immobilized complex can influence the boundary layer structure near the polymer surface of
the Wang resin and slow down the diffusion rate. The mass transfer coefficient in this near-surface
layer is not known a priori, and possibly, it is not equal to the one in the liquid bulk, Souk. To
account this, we have developed a mathematical model, which includes two zones: the liquid bulk
and the near-surface layer. The thickness of this layer (2.5 nm) is estimated as a tethered catalyst
length (SI, section 6). This value has no prominent effect on the results as changing the near-
surface layer thickness from 2.5 nm to 250 nm changes the absolute conversion by less than 4%

(SI, Table S5). For catalyst 3, the model consists of Equations (2)—(4):
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where cj, is the molar concentration of & liquid species in the near-surface layer, kmol/m?, V; is
the volume of liquid in the near-surface layer, m?, V; is the volume of liquid in the liquid bulk, m?,
V="Vy+ Vs p'is the mass transfer coefficient to the near-surface layer where the tethered catalyst
is located, m/s, S’ is the boundary layer surface area, m?, Ny is the total loading of Ir in the reactor,
kmol. In this case, ys in [Eq. (2)] is referred to complex 3 or any Ir-containing species that can be
produced from 3.

Catalyst 1 is initially present as a dimer, whilst catalyst 2 is also dimeric but the coordination
state of the supported catalyst 3 is not known.!? Catalyst 3 is rigidly attached to the surface and it
is hard to predict, which fraction of monomers can interact with each other and dimerize. To
accommodate this into the model, an accessibility coefficient, y, was introduced. It is defined as a
fraction of Ir species involved in reactions for catalyst 3. (1 — y) is the fraction of Ir inaccessible
to the reaction due to dimerization, agglomeration, entanglement of tethers®. The initial state of 3
was taken as monomer.

The following model parameters from the experiment were used: temperature of 60 °C, liquid
volume V' = 10 ml, total iridium loading Nir = 0.02 mmol for the homogeneous catalyst and Ny’ =
0.015 mmol for the immobilized catalyst (0.3 mmol Ir/g, 50 mg). The amount of catalyst 3,
accessible to the reactions, was calculated as Nir = y Ni,”. Vs in [Eq. (4)] was calculated using the
near-surface layer thickness, particle diameter of 120 um (SI, section 7) and assuming the catalyst

layer porosity ¢ = 0.5.



Experimental Section

Details of the catalyst preparation and kinetic experiments are given in the SI, section 8.

Results and Discussion

Experimental results. The experimental results obtained for benzaldehyde transfer
hydrogenation in a batch mode show that the five-carbon chain tether (Cs) does not affect the
reaction rate significantly (Table 1, more data are provided in the SI, Table S6). So, one can assume
the same reaction mechanism for [Cp*IrClz]> dimer 1, its tethered analogue 2 and the immobilized
catalyst 3. The estimated TOF for the immobilized catalyst 3 is 2.8 times lower than the one for
[Cp*IrCl2]2 (SI, section 9).

Table 1. Conversion of benzaldehyde by homogeneous and immobilized Ir complexes 1-3.2

Entry Catalyst Conversion [%]

lh 3h 48 h
1 1 46.1 91.1 97.0
2 2 45.2 96.2 96.2
3 3 12.4 32.8 96.8°

1 or 2 (0.01 mmol), or 50 mg of 3 (0.3 mmol Ir/g, ICP), tBuOK (0.01 mmol), iPrOH (10 mL),
60 °C and 1 h stirring before adding benzaldehyde (1 mmol) = time 0 h. ®Conversion at 12 h.

Catalyst activation and deactivation reactions. The homogeneous catalyst was used as the
[Cp*IrCl2]> dimer 1. The optimized geometry is in reasonable agreement with those obtained from
experimental studies (SI, section 10). It is known that 1 breaks down into two Cp*IrCl, monomers
to become reactive.'” DFT calculations predict free energy barrier of activation for this step AG*
= 59.9 kJ/mol (45.6 kJ/mol for the reverse reaction). The dissociation constant K, is 5.7x1073 at 60
°C. Therefore, in the absence of reaction the dimer should be the predominant species in iso-

propanol.
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Scheme 3. Activation and deactivation reactions for transfer hydrogenation of benzaldehyde using
[Cp*IrCl2]> complex 1. The values of free energy barriers (kJ/mol) are provided under reaction

numbers. The barriers of reverse reactions are given in parentheses. Red numbers are fitted values.

Potassium fert-butoxide base is added to activate the catalyst. The interaction with base is
complex and involves multiple steps. Moreover, potassium tert-butoxide can be present as
tetramer. This leads to a number of possible reaction pathways and makes transition state search
time-consuming and problematic. For this reason, we introduced overall reactions 2a—7a into the
model, and fitted their kinetic parameters (see section “Kinetic modelling”).

It is known that ~half the chloride ligands are lost during activation of the immobilized
[Cp*IrCl2]> complex, which is attributed to the replacement one chloride with alkoxide to give an
Ir-alkoxide intermediate.'® Both iso-propoxide and fert-butoxide anions can form alkoxide species
with the catalyst (reactions 3a—4a, Scheme 3), however, only iPrO- can provide the hydride in the
transfer step, required in all three reaction pathways. So, Cp*IrCIl(iPrO) Intl is the common

intermediate for these pathways. Catalyst deactivation can occur by over-reaction with alkoxide to
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replace both chloride ligands (reactions 5a—6a), and possible further reaction 7a to give the
sterically crowded anionic Ir(IIT) complex with potassium counter-ion.!'°

Inner sphere mechanism. The IS mechanism starts with B-hydride elimination from alkoxide
complex Intl to form Int2 (Scheme 4, reaction 11). A rather high energy barrier, 43.6 kJ/mol, must
be overcome for the hydride transfer to iridium (Figure 1). According to Balcells et al., a similar
B-hydride elimination step with methanol and CplrCl» catalyst has the highest barrier of 69.5
kJ/mol amongst all steps in the mechanism.*® The reverse reaction has an energy barrier of 18.0
kJ/mol (2.5 kJ/mol to form methoxide*’). The discrepancy with our values, are due to the difference
in reaction temperature, H-donor, solvent and solvation model used in calculations.

Int1 Int2  (CH;),CO Int3
Y 43.6 (18.0) -45.6
| 1i | 2i I

/Ir\o \“-‘Jr\ 0] /Ir\H

)\ PhCHO
6i 3i
I PhCH,OH 53.0 (37.7)
6.0 (36.7)
Int4
Int6 iPrOH Int5 #
* 411(64)# 210400)

o /I
/lr\
N l

=

v’

I»

Scheme 4. Inner sphere mechanism of benzaldehyde hydrogenation using [Cp*IrClz]> catalyst.
Dotted lines depict hydrogen bonds. The values of free energy barriers (kJ/mol) are provided under
reaction numbers. The barriers of reverse reactions are given in parentheses. Free energy

differences are given in italics.

The Ir-O bond distance in Intl is 1.968 A. Similar values of 2.015 A24 and 1.921 A% were

reported for the Ir-methoxide bond. The transition state of reaction 1i and the formed Int2 species

11



have syn-periplanar, almost rectangular, geometry, H-Ir-O-C, for the transferred hydrogen, iridium
atom and carbonyl group (SI, section 11). The value of the Ir-O bond distance for Int2 is 2.168 A.
This type of geometry was reported for the B-hydrogen elimination from square planar Ir(I)
alkoxide complex.*!

Removal of acetone in a barrierless step 2i is highly favourable (Figure 1). This leads to the
hydride species Cp*IrCI(H) Int3. The strongest IR frequency for Int3 (2092 cm™) lies in a range
2035-2130 cm! observed for a variety of hydride complexes Cp*IrPPhs(iPrO)(H),

Cp*IrPPhs(EtO)(H), Cp*IrPPhs(nPrO)(H), Cp*IrPPhs(NHPh)(H).2

110 4§

90 1

70 1

50 1

30 1

Relative Gibbs free energy, kJ/mol

10 1

-30 ¢
Figure 1. DFT-calculated free energy profile for the inner sphere (blue), outer sphere (black) and

MPYV (red) pathways of benzaldehyde hydrogenation.
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Substrate coordination to Int3 was studied from different initial positions. Two pathways,
referred to as the main IS pathway (Scheme 4) and the alternative one (SI, section 12), were found.
If benzaldehyde reaches Int3 from one side of Ir-Cl-H(hydride) plane, namely, Re plane of Ir, the
reaction results in Int4. If benzaldehyde reaches Int3 from Si plane of Ir, the reaction results in
Int4’. The main IS pathway goes through intermediates Int4, Int5 and Int6. The alternative IS
pathways goes through intermediates Int4’, IntS’ and Int6’, which are enantiomers of the
corresponding intermediates in the main IS pathway. The two pathways are connected by a low-
barrier ligand rotation reaction 7i (~8 kJ/mol) and are close in energy (SI, section 12), so only the
main pathway, which is a bit lower in energy, is discussed below.

Benzaldehyde coordination to Ir leads to syn-periplanar geometry H-Ir-O-C in Int4, which
resembles the geometry of Int2 (SI, section 11). The value of the Ir-C distance (2.211 A) is close
to the value of Ir-O distance (2.133 A) in Int4, which provides evidence for the n-bound ligand
(Scheme 4). This type of bonding with the metal also occurs for other C=0 containing systems.*’
C=0 distance for the coordinated benzaldehyde (1.296 A) is much higher than for a single
benzaldehyde molecule in a solvent (1.216 A). A high barrier of reaction 3i (53.0 kJ/mol) may be
caused by the high stability of the hydride and by steric effects.

The hydride transfer to benzaldehyde occurs with a barrier via a four-membered transition state
of reaction 4i. The reverse -hydride elimination requires to overcome a free energy barrier of 40.0
kJ/mol. This value is close to that for the ;/PrO-ligand (11). Both hydride transfer steps 1i and 41, of
the IS mechanism, have lower energy barriers than the coordination of benzaldehyde (31, 53.0
kJ/mol, Figure 1).

For the proton transfer, NEB predicts two subsequent steps. The first one is iso-propanol

coordination (51, 41.1 kJ/mol). Int6 is stabilized by the formation of hydrogen bond (Scheme 4).
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The second step is proton transfer and benzyl alcohol removal. It requires only 6.0 kJ/mol (Figure
1).

It is important to consider that the highest energy barrier does not always determine the reaction
kinetics, rather the effective reaction barrier is important. To find this, we followed the procedure
described by Murdoch.** The energy profile is divided into parts, moving from left to right on the
profile. The intermediate, which is lower in energy than all previous intermediates, is the starting
point for the new part. In Figure 1, we have two parts to the profile, starting from Intl and Int3.
For each part, the free energy difference between the highest and lowest point in the profile is
calculated and the maximum difference is the effective barrier.*> For the IS mechanism, the
effective reaction barrier is the difference in energy between TS 3i and Int3 (53.0 kJ/mol).

Outer sphere mechanism. An oxygen atom is usually considered as the active site for proton
transfer in OS mechanism when bound indirectly to the metal. For example, in Shvd’s catalyst the
oxygen atom is embedded in the modified Cp ligand.*** Intl provides the metal-bound oxygen
atom, which may also be the active site for proton transfer. We studied only the concerted TS
because this is facilitated when the oxygen atom is close to the metal site.?!

The catalytic cycle of the outer sphere mechanism begins with iso-propanol H-bonding to
alkoxide oxygen (Int7) in reaction 1o (Figure 1 and Scheme 5). Hydrogen transfer to the catalyst
occurs through a high-energy six-membered concerted transition state (58.2 kJ/mol, reaction 20).

This transfer is asynchronous (SI, section 13). The acetone formed readily detaches in reaction 3o.

14
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Scheme 5. Outer sphere mechanism of benzaldehyde hydrogenation using [Cp*IrClz]> catalyst.

Notation is the same as in Scheme 4.

Benzaldehyde interacts with Int9 forming a hydrogen bond with hydroxyl group of iso-propanol
(reaction 40). Hydride transfer step 5o has a 27.8 kJ/mol free energy barrier, the reverse reaction
being much more difficult. The hydrogen bond between benzyl alcohol and bound iso-propoxide
then breaks with a free energy difference -21.9 kJ/mol in 60 (Scheme 5) to regain Intl.

The effective reaction barrier for the OS pathway is 83.8 kJ/mol. The first part of OS catalytic
cycle, iso-propanol dehydrogenation, is more difficult than benzaldehyde hydrogenation. The six-
membered TS, step 20, involving hydrogen transfer from iso-propanol to iso-propoxide anion has
the highest relative energy in this pathway.

MPYV mechanism. In the MPV mechanism, the lowest energy pathway was found to include
benzaldehyde coordination with the simultaneous direct hydrogen transfer and acetone removal
(Scheme 6). This process is energy demanding (107.7 kJ/mol). However, the reverse reaction is
more difficult to proceed (121.3 kJ/mol). The rest of the pathway coincides with the IS pathway

(reactions 5i and 61). The effective reaction barrier for MPV pathway is 107.7 kJ/mol.

15
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Scheme 6. MPV mechanism of benzaldehyde hydrogenation using [Cp*IrClz]2 catalyst. Notation

1s the same as in Scheme 4.

Comparison of the three mechanisms. Comparing the values of the effective free energy
reaction barriers, it can be concluded that the inner sphere mechanism is the most favourable (53.0
kJ/mol). Its effective barrier is a barrier of coordination of benzaldehyde, the highest barrier in the
IS mechanism. Hydride transfer to Ir has the second highest barrier (11, 43.0 kJ/mol). In contrast
to the hydride transfer, the proton transfer has a low energy barrier (6.0 kJ/mol), which is common
for hydrogen transfer reactions.*® The MPV mechanism has the highest effective energy barrier
and is the least favourable.

Kinetic modelling. The Gibbs free energy reaction barrier values in the Eyring equation were
taken from the DFT results for catalyst 1 (SI, section 3). We augmented the reaction set studied by
DFT (1i-71, 31°-61°, 10—60, 1m, Im’, 1a) with catalyst activation and deactivation reactions (2a—
7a, Scheme 3). The same kinetic model was used to simulate reactions with catalyst 3, except
reaction la.

Free energy barrier values for reactions 2a—7a were fitted in mech_optimiz software*’*® using

the experimental data for catalysts 1 and 3 (SI, Table S6). Reactions 3a and 4a, 5a and 6a, are

16



similar. One of the reactions in each pair is an exchange of Cl" ligand with iPrO, and the other one
is an exchange of CI- ligand with tBuO~. One may expect that the values of reaction barriers are
very close for the reactions in each pair, either in the forward direction (subscript “f”) or in the
backward one (subscript “b”). Thus, the following constraints were imposed on the free energy
barriers: AG¥ar = AGhar, AGHap = AGHap, AGHsar = AGHear, AG*sap = AG¥eap. The objective
function for fitting was a residual sum of squares between the experimental and simulated
benzaldehyde conversion values. This objective function was minimized using an advanced
genetic algorithm with automatic reinitialization when converging to a local minimum (SI, section
14) 4748

In addition, the parameters f’ and y were fitted for catalyst 3; /' in the range between the diffusion
coefficient in the bulk liquid (Boui~5.4x10, SI, section 5) and 10-'° and y between 0.1 and 1. To
calculate benzaldehyde conversion, Equations (1) and (2) for catalyst 1 or Equations (2)-(4) for
catalyst 3 were solved sequentially for the activation period and the reaction period. Conversion
data were calculated only for the reaction period due to the absence of substrate during the catalyst
activation.

The best fit was obtained with y = 0.226. It means that 22.6% of the Ir complexes are accessible
for reaction. The simulated and experimental conversion values agree well for both the

homogeneous and the immobilized catalysts (Figure 2).
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Figure 2. Comparison of simulation results and experimental data for benzaldehyde conversion

over homogeneous and immobilized Ir complexes. Reaction simulation conditions: the same as in

Table 1.

The order of error in DFT values can be quantified using the value of Gibbs free energy change
of overall hydrogen transfer reaction of benzaldehyde with isopropanol. The absolute value of
DFT error in Gibbs free energy change for this reaction is equal to ~ 10.2 kJ/mol (SI, section 15).
This error is comparable to the mean absolute error of DSD-BLYP-D3(BJ) functional for reactions
of large systems using GMTKNS55 database (2.22 kcal/mol*®). We estimated the uncertainty in y
value changing Gibbs free energy values for the transition states of rate-controlling steps 11, 31 and
31’ by 10 kJ/mol. The results show that y lies in a rather narrow [0.226; 0.2425] range (SI, section
16).

The simulated equilibrium conversion 99.98% is predicted by DFT-based equilibrium
calculations (99.06 % using tabulated thermodynamic data, SI, section 15). However, this was not
achieved experimentally both for catalyst 1 (98.0 %) and catalyst 3 (96.8 %), perhaps due to side-
reactions such as the Cannizzaro reaction. For ', interval estimate was obtained, 107 < 8’ < Boui.

In this range, the reaction rate is insensitive to changes in the near-surface layer mass transfer

18



coefficient (SI, section 17). These results confirm the absence of mass transfer limitations, and one
may take £’ = Pouik.

The energy barrier to exchange one Cl ligand for the iso-propoxide anion is estimated as 16.1
kJ/mol, but the reverse reaction has a large barrier over 120 kJ/mol (SI, Table S9). The second
chloride ligand can be exchanged with a similar energy barrier of 18.7 kJ/mol (reverse reaction
98.9 kJ/mol), making it more difficult to exchange than the first. Nevertheless, the low energy
barriers for CI replacement with alkoxide, and high reverse barriers, imply that the catalyst could
be mainly in a deactivated state, particularly with fert-butoxide.

Calculation of the reaction rates with catalyst 1 gives a dimensionless instantaneous reaction rate
(site-time yield) equal to ~0.0036 s after 1 h of reaction for the inner sphere mechanism. This
value is a total contribution of the main and the alternative IS pathways. The values of reaction
rates for the OS and the MPV pathways are below 10 and 1014 57!, respectively. The latter holds
for the catalyst 3. Thus, the results suggest that the inner sphere mechanism is the only one
operating at 60 °C.

The reaction path analysis for catalyst 3 reveals that both the main IS pathway and the alternative
IS pathway contribute substantially to the conversion (SI, figure S8). This results from the close
values of effective barriers of the two (64.3 kJ/mol and 67.8 kJ/mol, respectively, SI, section 12).
Taking into account DFT geometry tolerances and energy errors, one may consider benzaldehyde
binding to Int3 from the different sides of Ir-CI-H plane equally probable.

Degrees of rate control are commonly used as indicators of rate-limiting steps.’>! The greater
the value of degree of rate control for some reaction, the greater the impact has the transition state

energy of this reaction on the overall reaction rate. We have calculated the degree of conversion
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control®! X, for the transfer hydrogenation of benzaldehyde in a batch reactor with complex 3 at

reaction time 1 h (Table 2):

¥ kK, (Ox)
e \ok, ®)

kKo
where x is benzaldehyde conversion, %, k. is a kinetic constant of reaction u, which is changed
whilst keeping the kinetic constants of the other reactions kj, unchanged and preserving the value
of the equilibrium constant K.
Table 2. Dimensionless sensitivity coefficients and degrees of conversion control for the inner sphere

reaction pathway, activation and deactivation reactions after 1 h of reaction using catalyst 3?

Reaction Sy Su.b Xccu
2a 0.67 -0.37 0.30
4a -0.10 1.7x1073 -0.10
Sa -0.57 0.86 0.29
li 0.56 -2.1x1073 0.56
3i 0.30 -6.4x1072 0.23
3 0.12 -4.1x107 0.08

aReaction conditions for simulation: the same as in Table 1. Data are provided only for reactions
with absolute values of sensitivity coefficients higher than 0.1.

One way to calculate the degree of control is changing the forward and backward kinetic

constants of reaction u separately, then summing up the dimensionless sensitivity coefficients [Eq.

(6)1:>2

Y
S~ (ak )
uf. k/’#uaku,b

kyp [ Ox
S =K [ X
ll,b x aku,b

k];&u ’ku,f
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Xecu = Surt Sup (6)
where 0k, is a change in kinetic constant, dx is the corresponding change in benzaldehyde

conversion. We used 0k, =-0.01k, that corresponds to the increase of transition state Gibbs free

energy of reaction u, Gl{S, by 27.8 J/mol at the reaction conditions studied.

TS 1i, TS 3i and TS 31’ noticeably influence the overall rate (Xec. > 0.1, Table 2). These
transition states correspond to the rate-limiting steps in the IS mechanism. Our results show that
both the highest transition state (TS 1i) and the most stable intermediate (Int 3) that determine the
energy span, also determine the reaction rate in the IS mechanism. Transition state TS 1i has the
strongest effect on the overall rate (X.c = 0.56). It is hydride transfer from isopropanol to the
catalyst, which mainly limits the reaction rate.

Int3 Cp*IrCI(H) is the most abundant reaction intermediate amongst intermediates Int1-Int11
both for catalyst 1 and catalyst 3 (Table 3). However, high sensitivity coefficients and degree of
rate control of reaction 5a make deactivated species much more abundant. Clearly, catalyst
deactivation is a very important process because it controls the number of active sites available for
the reaction.

Table 3. Catalyst species mole fraction in transfer hydrogenation of benzaldehyde.?

Catalyst  State (kind of catalyst species)  Species fraction

1h 12h
1 (Cp*IrCl), 0.464 0.464
1 Cp*IrC1(fBuO) 0.498 0.498
1 Cp*Ir(iPrO)(BuO) 1.0x103  1.0x103
1 Cp*IrCL, 0.036 0.036
1 Cp*IrCI(H) 3.5x10°  4.3x10°
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3 Cp*Ir(iPrO)(/BuO)(fBuO)(K)  0.859 0.859
3 Cp*Ir(iPrO)(BuO) 0.141 0.141
3 Cp*IrCI(H) 3.3x10°  1.6x10*

aSimulation conditions: the same as in Table 1.

The resting state for both the catalyst 1 and the catalyst 3 is deactivated species. The
homogeneous catalyst 1 exists mainly as an inactive dimer (Table 3). The fraction of monomer is
below 0.04. Interestingly, the simulation predicts different deactivated species as predominant for
catalysts 1 and 3. About a half of the catalyst 1 exists as deactivated alkoxide species
Cp*IrCl(rBuO). The immobilized catalyst 3 exists mainly as the strongly deactivated species
Cp*Ir(iPrO)(fBuO)(fBuO)(K) with potassium counter-ion, observed experimentally.!® The
fraction of Int3 species increases in time for 1 as well as for 3, indicating that these catalysts are
more active after the 12 h batch reaction than before. An increase in reaction rate for the second
batch was previously observed for catalyst 3.8 This may lead to understanding how to improve
activity of the immobilized catalyst.

Reactions 3a—7a are very important, because they control catalyst activation and deactivation.
Changing the rate of catalyst deactivation will change the concentration of deactivated species,
and also the number of Cp*IrCI(H) species involved into the catalytic turnover. Since potassium
tert-butoxide is involved in the activation and deactivation processes, its concentration is expected
to affect the rate strongly. The results of simulation for catalyst 3 show that there is an optimal
amount of base (Table 4). In our system, it is equal to 0.8-0.9 mM depending on reaction

conditions, and the respective catalyst/base ratio is ~ 1.8.
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Table 4. The effect of base and substrate concentration on benzaldehyde conversion for catalyst

3. Simulation conditions: iPrOH (10 mL), 60 °C, 1 h stirring before the reaction, 12 h.

1 0
Catalyst, Substrate, Base, Conversion, %

mM M mM

lh S5h 7h

1.5 0.1 0.4 183 956 99.85
0.8 233 98.7 99.97
0.85 249 99.2% 9997
0.9 264 989 99.97
095 235 913 99.10
1.0 123 482 645

3.0 0.1 1.0 39.9 99.96 99.98
1.8 71.5 99.98 99.98
2.0 23.6 737 91.0

1.5 0.2 0.8 18.7 95.8 99.90
0.9 209 953  99.80
1.0 7.6 267 36.1

aValues marked with green indicate the best conversion at specific conditions and time

The optimal catalyst/base ratio is almost independent of the substrate concentration and is related
to the change in hydride Int3 concentration (Figure 3). The maximum substrate conversion is in
line with the maximum hydride concentration, which is a function of base concentration. This was
also shown for acetophenone hydrogenation with iso-propanol on [(mesitylene)((R,R)-TsDPEN)-
RuCl] catalyst with KOH base.’® An excess of base is detrimental to the activity because of strong
catalyst deactivation and a decrease in hydride concentration (Figure 3, 1.0 mM base). Too small

amount of potassium fert-butoxide makes the rate too low because of slow hydride generation.
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Usage of the optimal amount of base provides a compromise between catalyst activation and

deactivation processes and the most rapid generation of hydride species under reactive conditions.

0,0014
00012 { | —— 065 mM BUOK
0,001 { | —— 09mM BuOK

1.0 mM tBuOK

Int3 fraction
o
o
o
o
[e=]

0 5 10
Time, h

Figure 3. The effect of base concentration on fraction of catalyst 3 in a hydride state Int3.

Simulation conditions: the same as in Table 1, base concentration varies.

The amount of base is clearly a critical parameter to determine experimentally. From our
previous work, the use of hindered amine rather than alkoxide bases has potential in iso-propanol
mediated transfer hydrogenation.’

Conclusion

The mechanism of benzaldehyde transfer hydrogenation using iso-propanol with the
homogeneous [Cp*IrClz]» catalyst 1 has been investigated. It has been shown that incorporation
of Cs tether into 1 does not significantly change the reaction rate, and it is likely that 1 and 2
undergo under the same mechanism. Also, the same mechanism can be assumed for 3. Our DFT
calculations for catalyst 1 predict that the inner sphere mechanism is totally favoured over the outer
sphere or MPV mechanisms. The estimated effective barrier of the IS pathway is 53.0 kJ/mol.

The proposed variant of the outer sphere mechanism with alkoxide-oxygen mediated proton
transfer, has a large effective barrier 83.8 kJ/mol. The main reason for this is the six-membered
concerted transition state of hydrogen transfer from iso-propanol to Ir is high in energy and

disfavoured. The MPV mechanism has a largest effective barrier of 107.7 kJ/mol, which is
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consistent with the general viewpoint that hydridic mechanisms, and not direct transfer, are usually
favourable for Ru and Ir catalysts in aqueous and organic media.!”->

Amongst the IS mechanism reactions, benzaldehyde coordination to iridium (31) and B-hydride
elimination from alkoxide complex Intl (li) have the strongest effect on the transfer
hydrogenation rate for catalyst 3. These reactions are related to the highest transition state and the
lowest intermediate in terms of Gibbs free energy. Outside the IS pathway, reactions 2a, 4a and 5a
have high values of degrees of conversion control as they control the activation and deactivation
rates.

The results of DFT-assisted microkinetic modelling show that hydride species Cp*IrCI(H)
concentration is related to the activity of the immobilized catalyst and is a function of base
concentration. 0.8-0.9 mM of potassium fert-butoxide is optimal when using 1.5 mM of catalyst
3. Nevertheless, our study suggests that most of the catalysts 1 and 3 exists as non-reactive species:
1 mainly exists as a dimer and Cp*IrCI(BuO) species and 3 mainly exists as a deactivated alkoxide
species without chlorine ligands, Cp*Ir(iPrO)(zBuO)(:BuO)(K).

The best parameter fitting predicts that only about a quarter of Ir complexes 3 are involved into
reaction, and this is the main reason for the observed difference in activity of 1 and 3. The most
probable reasons for the low involvement are entanglement of tethers, dimerization and
deactivation of immobilized catalyst. This is supported by the fact that the mean distance between
species 3 on the polymer surface is estimated to be much less than the length of 3 (SI, section 18).
The simulation supports the fact that mass-transfer limitations are not present for catalyst 3 in a
batch CSTR, and they are not responsible for lower TOF values for 3 with respect to 1.

The results indicate the importance of potassium tert-butoxide base concentration for transfer

hydrogenation of aromatic substrates on homogeneous and immobilized catalysts. The use of
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another base, such as Et;N, which has a lower catalyst deactivation effect, should also be
considered.’

This work is the one of the first examples of the use of microkinetic modelling in liquid phase
catalysis, both homogenous and heterogeneous. We hope that both microkinetic approach and the

reactor models developed will be used to study other liquid phase catalytic reactions.

Supporting Information.

Computational details (section 1), calculated geometries (section 2), free energy of activation for
all reaction steps studied (section 3), equations for calculation of reaction rates (section 4),
assessment of possibility of external mass transfer limitations existence for the immobilized
catalyst in CSTR (section 5), calculation of effect of near-surface layer thickness on benzaldehyde
conversion for the immobilized catalyst (section 6), SEM data for the immobilized catalyst (section
7), catalyst synthesis and experimental kinetics study details (section 8), calculation of TOF
(section 9), comparison of selected experimental and calculated bond distances and angles for
(Cp*IrCl2)2 complex (section 10), 3D geometry of selected species (section 11), the alternative IS
and MPV pathways (section 12), the nature of hydrogen transfer in OS mechanism (section 13),
kinetic parameter fitting details (section 14), equilibrium calculation for the reaction between
isopropanol and benzaldehyde (section 15), study of uncertainty in fitted parameters due to DFT
error (section 16), the dependence of benzaldehyde conversion on mass transfer coefficient in the
near-surface layer (section 17), the estimation of distance between species of immobilized catalyst
on the polymer support (section 18) are available free of charge as PDF file via Internet at
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