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Abstract: Homogeneous catalytic hydrogenations often operate in dynamic conditions. For example,
in hydrogenation of esters reaction medium changes its polarity and becomes protic as reaction
proceeds. As a result, the nature of the catalytic and reactive species in catalysis can change
throughout the reaction, making it impossible to draw a static picture describing the catalyst
performance. Herein we report on the molecular origins of such a complexity in the catalytic
hydrogenation of esters. Using a new bis-N-heterocyclic carbene manganese (l) pincer catalyst we
perform operando FTIR spectroscopy and kinetic studies to reveal the highly dynamic nature of the
Mn intermediates formed in the catalytic mixture. Furthermore, we identify persistent inhibition
phenomena caused by the reversible interaction of catalytically competent species with alcohol
products. Pronounced strongly in Mn-promoted hydrogenation, this inhibitory pathway can principally
affect any transition metal catalyst in ester hydrogenation. Finally, we show that the catalyst inhibition
can be suppressed by using basic alkoxide promotors common for the majority of polar
hydrogenations. We provide the first experimental and computational evidence that alkoxide
promotion can alter the shape of the free energy surface and render catalyst inhibition unfavorable.
At large, it implies a marked change to the values of the standard free energies of the key steps in the
catalytic cycle that are universally assumed to be constant. While allowing to promote transformations
that would otherwise be thermodynamically prohibited, these phenomena make a case for

reconsideration of a traditional static viewpoint on homogeneous hydrogenation reactions.
Introduction

Catalytic hydrogenations comprise a vast class of reactions with high industrial relevance.!
Utilizing molecular hydrogen with appropriate catalyst, these reactions can convert unsaturated
functional groups in a variety of substrates to their saturated counterparts. Out of numerous functional
groups that can be reduced in this way, our work examines hydrogenation of esters, polar substrates
posing significant challenge for direct catalytic hydrogenation.2Conversion of esters to alcohols via
catalytic hydrogenation have been explored for several decades with the most prominent
homogeneous catalysts for this transformation being bifunctional noble metal complexes of
ruthenium?, iridium*, and osmium®. Recent years have seen the focus of catalytic community shifting
towards utilizing early transition metal (TM) catalysts, viewed as sustainable and non-toxic alternatives
for noble metals.® First found for iron and cobalt, ester hydrogenation activity was recently discovered
for manganese complexes that are the focus of our work. While the manganese catalysts offer high
sustainability benefits, their performance rarely matches that of noble metals.” The best examples of
Mn catalysts for hydrogenation of esters still require high catalyst loadings >2000 ppm and often

operate at temperatures and pressures up to 110 Cand 50 bar to achieve high conversion.® The search
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for the new, more reactive Mn complexes with high intrinsic reactivity remain the focal point in this

field.

However, the reactivity alone is not sufficient to forecast catalytic performance since catalysis
is a complex and dynamic phenomenon. A growing evidence suggests that the reactivity of catalytic
species can significantly vary depending on reaction conditions. Our group, for example, demonstrated
that reaction medium composition can directly impact reactivity patterns in homogeneous catalysis.’
Similarly, in heterogeneous catalysis, Liu, Lercher and co-workers demonstrated that local solvation
and ionic strength changes can alter the reactivity of zeolite catalysts.’® In the case of ester
hydrogenation, reaction conditions change dramatically with reaction medium changing from aprotic
to highly protic. Whether this change can steer the catalyst reactivity remained unknown and resolving

this question and its molecular origins was the aim of this work.

Using a combination of operando spectroscopy!!, DFT calculations and stoichiometric
reactivity studies we demonstrate that composition and relative content of catalytic species during
hydrogenation is not constant but dynamic. This dynamics is largely caused by the change in reaction
mixture composition during ester hydrogenation wherein the growing fraction of reaction product
causes catalyst inhibition. We directly demonstrate that kinetically competent catalysts species are in
equilibrium with inhibited catalyst formed through a reaction with hydrogenation product. Strikingly,
we found reaction conditions can directly affect this equilibrium. Specifically, addition of basic
promotors could change the standard thermodynamic parameters of inhibitory equilibrium and make
this inhibition unfavorable. Considering that standard thermodynamic potentials are universally
assumed constant, our discovery of their condition dependence makes a strong case that catalytic

reactions are inherently dynamic on every level: from molecules to environment fundamentals.
Results and Discussion

Catalyst design

To demonstrate the impact of changing reaction conditions we developed new Mn pincer
catalysts for ester hydrogenation that were both catalytically competent and easy to track using
spectroscopic methods. We based our model catalysts design on bis-N-heterocyclic carbene amino
(CNC) pincer ligands that proved to be a versatile motif for transition-metal hydrogenation catalysts.3%
2 The representative ligand 1 readily undergoes complexation with Mn(CO)sBr in the presence of the
phosphazene base BEMP in acetonitrile at 80 °C yielding Mn complexes 2 and 3 (Figure 1) as a mixture
of isomers. As evidenced by X-ray diffraction data, the CNC ligand in these complexes adopts facial and
meridional configurations for 2 and 3 respectively (Figure 2). Exposure to ambient light slowly converts

complex 2 to 3 in solution implying that 2 might be a kinetic product of the complexation.®? Both
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complexes are cationic tricarbonyl species that are readily distinguished by *H NMR and IR

spectroscopy (see section S2 of Supporting Information).
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Figure 1. Synthesis of Mn(l) complexes 2 and 3.

Figure 2. Molecular structure of complexes 2, 3, and 5a in the crystal with thermal ellipsoids drawn at

50% probability. Hydrogen atoms and PFg anions in cationic 2 and 3 are omitted for clarity.

Similar to other amine centered pincers, 2 and 3 exhibit reactivity towards strong bases.5% 6 6d 68 6h, 13

Namely, reaction with KO'Bu in THF (Figure 3) rapidly converts meridional 3 to a corresponding
dicarbonyl complex that apparently exists as a mixture of two species evidenced by IR spectroscopy
indicating the presence of new CO bands at 1886, 1811 and 1858, 1771 cm™, corresponding to
dicarbonyl Mn amido species 5a and its KO'Bu adduct 5b, respectively. A deep blue coloration of 5a
implies a significant change of the electronic structure of this complex that we assigned to a change of
octahedral to trigonal bipyramidal geometry found in some neutral Mn amidocomplexes.** Using IR
spectroscopy we found that deprotonation of fac complex 2 also leads to 5a/b mixtures but proceeds
in a stepwise manner with the transient formation of yellow neutral tricarbonyl complex 4 that loses
CO within hours. Although further treatment of 5a/b mixtures with H, did not yield detectible amounts
of Mn hydride species, we observed the rapid conversion of 5a/b mixture to pure 5a under 5 bar of H,
suggesting that complex 5b is a metastable species and sensitive to weak proton donors (see Figure

S23). Complex 5a, being the end point of this reactivity pathway regardless of Mn complexes used,
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could be isolated and characterized with X-ray diffraction that confirmed the bipyramidal geometry of
5a with N-Mn-CO angles of 141° and 135° typical for dicarbonyl complexes of this geometry (Figure 2).
A comprehensive conformational analysis of the deprotonated Mn(CO),CNC complexes and its adduct
with a model alkoxide base was carried out by DFT calculations (see section S10 of Supporting
Information) to confirm our spectral assignments. Computations reveal that interaction with
potassium alkoxide can indeed stabilize some of the metastable conformers of Mn(CO),CNC produced
upon the deprotonation of the fac-complex 4 to form adducts with computed v(CO) similar to those

experimentally observed for the metastable potassium adduct 5b, therefore supporting its proposed

structure.
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Figure 3. FTIR spectroscopy data for reactions of precatalysts 2 and 3 with alkoxide bases.
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The new MnCNC complexes 2 and 3 are active in ester hydrogenation. As expected, reduction of ethyl
hexanoate benchmark substrate with 2 and 3 gave nearly identical conversion confirming the catalytic
equivalency of these precatalysts (see Table S1) and prompting us to use complex 2 in all further
studies. The most peculiar feature of ester hydrogenation with 2 is its reliance on the base promotor
for remaining active. While the trace amounts of alcohol product were obtained with 1 mol% KO'Bu,
increasing its amount to 10 and 20 mol% significantly increased hexanol yield to 41% and 46%
respectively (Table 1, entries 1-3). An increase in catalyst loading and temperature (Table 1, entries 4—
6) proved beneficial for catalytic performance with 87% yield reached at 90 °C with 0.2 mol% complex
2. Importantly, further increase of reaction temperature to 100 °C proved detrimental and yielded
mere 8% of hexanol product. At this temperature, decreasing the amount of base to 10 mol% restored
the catalytic efficiency (88% yield, entry 7) and rendered the catalytic system sufficiently stable to

reach nearly quantitative hexanol yield in prolonged run (entry 8).

Table 1. Hydrogenation of ethyl hexanoate with 2 under varied reaction conditions.?

(@] Mn Cat. 2
o~ KO'Bu (x mol%
H, (50 bar)
THF, 24 h

Entry T(°C) 2(mol%) x(mol%) Conv.(%) Yield (%)

1 80 0.1 1 <1 <1
2 80 0.1 10 63 41
3 80 0.1 20 67 46
4 80 0.2 20 77 65
5 90 0.2 20 92 87
6 100 0.2 20 22 8

7 100 0.2 10 93 88
8P 100 0.2 10 99 98

2@ Conditions: ethyl hexanoate (1.25 mmol), Mn catalyst 2, KOtBu, THF (0.5 mL), P =50 bar H,, t =24 h.
Conversion and yield determined by GC analysis with dodecane as internal standard. ® Reaction was

run for 48 h

Our screening data highlight the importance of base promoter for catalytic activity of 2 and point that
superstoichiometric amount of base with respect to the Mn catalyst may be necessary to complete the
hydrogenation reaction. This behaviour is not uncommon and a number of Mn hydrogenation catalyst
systems is known to utilize superstoichiometric amounts of alkoxide bases far beyond those necessary

for precatalysts activation per se.”" 7™ 707w, 83, 8c-¢, 15 Thig raquirement is not limited to Mn complexes as
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many noble metal hydrogenation catalysts are also incapable of a purely base free operation. 345
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Mechanistic analysis

The unusual sensitivity of the catalytic hydrogenation to the base promoter prompted us to
perform a series of operando studies monitoring hydrogenation kinetics simultaneously tracking the
composition of the reaction mixture with IR spectroscopy. A typical dataset produced in this study is
depicted in Figure 4. Examining the evolution of the carbonyl ligands in 2 in the course of reaction we
note that the reaction onset is marked by the fast consumption of the base-adduct 5b and the
formation of the amido complex 5a as the major species in the reaction mixture (Figure 4A). As the
hydrogenation progressed and the alcohol product formed we observed a gradual consumption of 5a
and the formation of a new species 6 with v(CO) = 1902, and 1806 cm™ suggesting that 6 is a Mn
dicarbonyl complex. Performing an ex-situ test to assign the structure of 6 we found that this complex
is the product of the metal-ligand cooperative alcohol addition to the amido complex 5a (Figure 4C).
Using methanol as a model alcohol we could obtain reference FTIR and NMR spectra for the alkoxide
6 and establish the reversibility of its formation with the alkoxide being favored at low temperature

and the amido complex 5a favored at elevated temperatures (see Figures S24-27).

Examining the real-time FTIR data we noted that the kinetics of the 5a consumption cohered
well with the changes in the overall catalytic hydrogenation rate during the reaction (Figure 4B). If the
two are indeed correlated, we assumed that the alcohol product formation is responsible for the
consumption of the amido complex 5a thereby diminishing the steady state concentration of the
kinetically competent species. This behavior implies a profound product-induced inhibition throughout
the catalytic reaction. As the IR spectroscopy cannot distinguish between the ethanol and hexanol
adducts of 5a we studied the hydrogenation of hexyl hexanoate — a substrate producing two identical
alcohol molecules upon the hydrogenation, so that all Mn-alkoxide species would be identical. We
additionally incorporated a two-hour activation step of the Mn precatalyst under H, atmosphere at
room temperature to ensure a complete conversion of the 5a/b mixture to 5a at the onset of reaction

to fully eliminate the induction period (see Figures S31, 33, 35 and 37).
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Figure 4. Operando FTIR results for the hydrogenation of ethyl hexanoate with Mn precatalyst 2: A)
Real-time FTIR spectrum in the carbonyl ligand stretching region (1920-1780 cm); B) kinetic FTIR
profile of complex 5a, 5b, and 6 plotted along with the catalytic rate profile; C) the metal-ligand

cooperative activation of an ROH alcohol by the amido complex 5a to form the Mn-alkoxide 6.

Assuming the presence of the product inhibition we probed this phenomenon by performing
hydrogenation in the presence of the hexanol product ([HexOH]o = 1.25 M at t = 0). Addition of alcohol
strongly impacted the catalytic performance and the reaction mixture composition (Figure 5A). Firstly,
we observed Mn alkoxide 6 to become the dominant Mn species from the onset of the reaction (Figure

5E vs. 5D). Secondly, we detected a significant drop in the hydrogenation rate compared to the

8
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standard hexanol-free runs at the same substrate concentration (Figure 5B). These experiments
confirm the detrimental impact of the product formation on catalysis and constitute a typical case of
product inhibition. Interestingly, bulky and less acidic tert-butanol (see Figure 5A and Figures S34-35)
did not inhibit catalysis notably in line with the absence of reactivity of this alcohol with 5a that we

observed ex-situ.
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Figure 5. Operando FTIR spectroscopy studies on the product inhibition. Conditions - standard: hexyl
hexanoate (1.25 M), Mn catalyst 2 (0.1 mol%), KO'Bu (10 mol%) in THF (8.2 mL) at 70°C under 40 bar
Ha; hexanol/'BuOH added: extra alcohol added to 1.25 M; reduced base: KO'Bu loading lowered to 2
mol%. A) substrate uptake vs. time; B, C) comparison of uptake rates at different reaction conditions;
D, E, F) concentration of Mn species vs. time under different reaction conditions. Notes: uptake data
in A-C determined by GC analysis, relative concentrations in D-F obtained from FTIR spectroscopy.

Assuming that the formation of alkoxide complexes is detrimental for catalysis we expected
the magnitude of this effect to depend on the alcohol in question. Monitoring the equilibrium between
5a and 6 with UV-Vis spectroscopy we could track the temperature dependence of the equilibrium

constant and by extension the AG,qgy of this transformation. The blue complex 5a has a characteristic
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absorbance feature at 583 nm while its alcohol adduct 6 has a distinct feature at 428 nm (see section
S9 of Supporting Information). We determined thermodynamic parameters of the alcohol adduct
formation for three representative alcohols, namely, n-hexanol, methanol and benzyl alcohol (Table
2). We confirmed that more acidic alcohols, Me- and BnOH bind more favorably than hexanol with the
measuredAG;%K being -13.5 and -11.3 kJ/mol for MeOH and BnOH, respectively, compared to -4.4
kJ/mol for hexanol. These data mimic the trends that we observed in our substrate scope screening
(see Table S2) where methyl and benzyl esters consistently provided lower hydrogenation yields
compared to their long chain counterparts (substrates A7, A8, and A9). Similarly, hydrogenation of
aromatic esters (A7-A10) that produce benzyl alcohol as one of the products resulted in lower yields
compared to the aliphatic esters (A1-A6) despite the latter being less electrophilic and less susceptible

to the hydride transfer reactions often invoked as the first step in ester hydrogenation.

While it is unusual to observe the product induced inhibition of this magnitude, we find a broad
agreement between our data and the literature examples for a wide range of hydrogenation catalysts.
For example non-pincer MnPN complex reported by our group convert tert-butyl and ethyl esters with
significantly higher efficiency compared to methyl counterparts.® Similarly, RUCNC pincers reported
by our group, RUPNP developed by the Gusev’s group, and Ru-CNH, precatalysts synthesized by Morris
and coworkers feature reduced efficiency towards aromatic esters.3% 345217 At the same time, Zhang’s
group reported a hydrazine group-containing Ru pincer complex which gave profoundly diminishing
yields of ester reduction as the medium changed from 'PrOH to EtOH and MeOH.*® Taken together, our
observations suggest that the product induced inhibition observed above might direct the

performance of a large number of hydrogenation catalysts or at least impact their productivity.

Table 2. Experimental and calculated thermodynamic parameters for the addition of alcohols to Mn

amido complex 5a.

AGyggx (k)-mol™) AH® (kJ-mol?) AS® (J-mol™*-K?)
Alcohol
Experiment Theory Experiment Theory Experiment Theory
MeOH -13.5+0.8° -0.2 -49.8+0.6 -32.9 -121.6+1.9 -113
HexOH -4.4+1.0° 4.0 -36.2+0.7 -29.1 -106.9+2.5 -115
BnOH -11.3+0.6° -12.0 -40.5+0.4 -45.4 -97.9+1.3 -115

2 Error from propagation of the error of AH® and AS°, 055 = +/(0an)? + (IT|oas)?. Errors in the
enthalpy and entropy are from errors in the slope and intercept, respectively. Note: see discussion

below for the details of theoretical analysis.

10
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Figure 6. UV-vis spectra evolution and resulting thermodynamic parameters for the equilibrium of
amido complex 5a and hexanol in THF in the presence of KO'Bu. A) Mn-5a (0.567mM) and hexanol
(55.6 mM); B) Mn-5a (0.567mM), hexanol (113.4 mM), and KO'Bu (28.35 mM, 0.25 eq. to hexanol); C)
Mn-5a (0.567mM), hexanol (113.4 mM), and KO'Bu (56.7 mM, 0.5 eq. to hexanol); D) Experimental
(filled circles) standard reaction Gibbs free energy (black) and enthalpy (blue) changes associated with

this equilibrium compared to theoretical (hollow circles) data (COSMO-RS, see Table S11).

The formation of metal (Ru, Fe, Os, Mn) alkoxide complexes have been frequently observed in
hydride transfer reactions, especially in acceptorless dehydrogenative coupling, although their
involvement in catalysis remains under debate.'® Gusev and co-workers observed that the Ru alkoxide
and hydride species can be present in equilibrium under the reaction conditions.'® On the other hand,
Gauvin and co-workers considered an Mn alkoxide complex as an off-cycle intermediate that cause
lower reactivity.’® The most detailed analysis to date was reported by the Saouma’s group who
investigated the relevance of the alkoxide complexes to the hydrogenation catalysis.*®" The authors
directly measured the equilibria of the formation of Ru-alkoxide and concluded the latter to compete
with the H, addition to Ru amido complex. In the case of Mn-CNC, the alcohol binding can indeed
explain the strong positive effect of elevated temperatures on catalysis. Apart from purely kinetic
effect of rate acceleration, the increase in the reaction temperature suppresses the unfavorable
alcohol binding and effectively changes the composition of the reaction mixture in favor of the
kinetically competent catalyst state. While this implication is crucial for explaining temperature and
substrate dependence of the ester hydrogenation at large, it leaves the role that base promoter in

catalysis unexplained.

The requirement for the superstoichiometric amounts of base in ester and ketone
hydrogenation is well documented. 3 193 1919, 20 Raports from the groups of Bergens, Morris and our
group proposed that basic promoter could facilitate the H, activation.'®* 1* 20 We initially assume the
role of the base (Table 1, entries1-3) to be purely kinetic with the base concentration affecting the

initial rates of the hydrogenation. Our kinetic data, however, sharply contrasts that assumption. The

11
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results presented in Figure 5C reveal nearly identical initial rates for the hexyl hexanoate
hydrogenation in the presence of 2 and 10 mol% or 2 mol % KO'Bu base suggesting no impact of the
base concentration on the intrinsic catalytic kinetics. Instead, we observed a much more rapid decay
of the hydrogenation rate, that was assigned to product inhibition, in the reduced base loading
experiment suggesting that the same extent of inhibition could be reached at a lower conversion. The
FTIR data confirmed that the identical inhibitory process was responsible for the rate decay. However,
in a reduced base experiment a much higher concentration of the inhibited complex 6 was detected
compared to the experiment with a high base loading (Figures 5F vs. 5D). This indicates that the
presence of KO'Bu can suppress the product inhibition, which is a highly unusual behavior that can only
be consistent with thermodynamics if the two sets of reaction conditions are described by different

equilibrium constants.

To verify whether the varied concentration of the base promotor can affect the
thermodynamics of Mn alkoxide formation we tracked this transformation using temperature
dependent UV-vis spectroscopy experiments were carried out. Strikingly, we found that the addition
of substoichiometric amounts of KO'Bu with respect to the alcohol reactant significantly impacts the
standard Gibbs free energy change of the 5a to 6 transformation (Figure 6). Note, that the base
promotor is not involved directly in the equilibrium considered. Compared to the case of pure
5a/alcohol system showing a negative AG,qgy of -4.4 kJ-mol™ the addition of 0.25 equivalents of KO'Bu
with respect to the alcohol elevates the Gibbs free energy by approximately 3 kJ-mol™* to -1.4 kJ-mol?,
which increases further to 4.3 kJ-mol™? upon the elevation of the base contents to 0.5 equivalents.
These values remain valid even when we incorporate a likely exchange reaction between tert-butoxide
and free hexanol in our calculation. Such a correction affects the obtained AG,qgx values by no more
than 1kJ-mol? suggesting a large magnitude of the alkoxide addition effect on the equilibria

responsible for the catalyst inhibition.

These data strongly imply that even standard thermodynamic parameters often assumed
constant are, in fact, condition dependent. Interestingly, this dependence can also be reflected in a
theoretical analysis. We examined the energetics of the alkoxide formation using DFT calculations in
combination with the COSMO-RS implicit solvation model. Initially, we validated this approach (see
section 510 of the Supporting Information) by comparing the experiment and theory for the formation
of Mn alkoxides in pure, base-free THF solvent (Table 2). We found that our analysis is sufficiently
accurate for the larger HexOH and BnOH alcohols and less accurate for a short chain MeOH, that is a
common limitation of the implicit solvation approach.?! Extending this approach to the alkoxide
formation in the presence of base we found that addition of alkoxide base can indeed affect the AG®

of the reaction that formally does not involve this base as a reactant. The magnitude of this effect is
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sufficient to perturb the reaction Gibbs free energy change by 4-8 kJ-mol? in line with our experimental
observations depicted in Figure 6D. Interestingly this perturbation mainly stems from the change of
the standard formation enthalpy and entropy of the alcohol component while metal complexes remain
unaffected by the presence of the alkoxide base (see Table S11). Indeed, in aprotic solvent, one would
expect the alcohol component to be affected stronger by the interaction with ionic alkoxide bases thus
making this effect sensible from the molecular standpoint. Its magnitude and dramatic impact on

catalysis is, however, novel and entirely unexpected.
Conclusion

In summary, this work describes two intrinsic phenomena that have profound influence on the
outcome of the catalytic ester hydrogenation. First is the pronounced product inhibition developing
throughout catalysis, caused by the reversible binding of the alcohol product to the catalyst.
Demonstrating its capacity to severely diminish the steady state concentration of the catalytically
competent species we expect this inhibitory pathway to be highly relevant for the early transition
metal catalysts that tend to form more stable alkoxide complexes compared to their noble metal
counterparts. In addition to showing the dynamic nature of catalyst species during the hydrogenation
reaction, we demonstrate that even the standard thermodynamic parameters of the underlying
elementary chemical transformations, often assumed ironclad, are strongly condition dependent. In
our case, such a condition was the use of basic promotors. While we often rationalize the impact of
the catalytic promoters in terms of stoichiometric reactivity, catalyst activation or acceleration of
specific reaction steps, our work shows that the presence of promoter itself can dramatically affect the
favorability of the catalytic reaction. Since promoters deliver this impact without the direct
involvement in any chemical transformation, we stress the necessity to view them as an integral
component of the reaction medium rather than a stoichiometric reagent. Finally, we conclude by
noting that complexity uncovered in this work can potentially impact any related catalytic
transformation involving reversible alcohol binding. Once reconciled, it can yield a powerful tool for
designing catalytic reactions where favorability of elementary steps is no longer a perceived constant

and can be tuned and manipulated at will.
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