
 
 

Delft University of Technology

Concentration-Dependent Thermodynamics of the Inhibitory Paths in Homogeneous Mn(I)
Hydrogenation Catalysis

Yang, Wenjun; Nieuwlands, Erik; Chernyshov, Ivan Yu; Filonenko, Georgy A.; Pidko, Evgeny A.

DOI
10.1002/cctc.202401237
Publication date
2025
Document Version
Final published version
Published in
ChemCatChem

Citation (APA)
Yang, W., Nieuwlands, E., Chernyshov, I. Y., Filonenko, G. A., & Pidko, E. A. (2025). Concentration-
Dependent Thermodynamics of the Inhibitory Paths in Homogeneous Mn(I) Hydrogenation Catalysis.
ChemCatChem, 17(1), Article e202401237. https://doi.org/10.1002/cctc.202401237

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1002/cctc.202401237
https://doi.org/10.1002/cctc.202401237


ChemCatChem
Research Article
doi.org/10.1002/cctc.202401237

www.chemcatchem.org

Concentration-Dependent Thermodynamics of the Inhibitory
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Wenjun Yang,[a, b] Erik Nieuwlands,[b] Ivan Yu. Chernyshov,[b] Georgy A. Filonenko,*[b]

and Evgeny A. Pidko*[b]

Dedicated to the memory of Prof. Vladimir B. Kazansky

Many catalytic reactions suffer from product inhibition, which
especially hard to control in homogeneous hydrogenation due
to the scaling relation between the inhibited and active states
of the catalyst. We recently reported one such pathway in
Mn(I) hydrogenation and demonstrated that addition of alkox-
ide bases could affect the thermodynamic favorability of this
reaction and selectively suppress the product inhibition. Since
external reaction promotors are formally not involved in reaction
thermodynamics, we set to investigate the explicit molecu-
lar interactions behind these apparently environmental effects.
Herein, we reveal that the thermodynamic landscape of the
inhibitory process exhibits a non-monotonic dependence on

the base concentration. This study related this phenomenon to
the presence of two dominant mechanisms operating at dif-
ferent base concentrations. Specifically, the base additives can
enhance the ionic strength and lower the free energy of the
inhibited state at low promotor concentration. At high base con-
centrations this study suggested the formation of highly labile
alcohol-alkoxide clusters which stabilize the free alcohol and
make its addition to the catalyst unfavourable, thereby sup-
pressing the inhibition. While relatively weak, such noncovalent
interactions between reactants and reaction environment can
cause substantial perturbations to the free energy of catalytic
process, ultimately deciding its fate.

The cost of the catalyst represents one of the major hurdles to
the practical application of homogeneous catalysis.[1] Improving
the performance and lowering catalyst loading required for high
conversion is a central topic in catalyst development field. The
overall catalytic performance is defined by the interplay of activ-
ity and stability of a catalyst with the latter being commonly
overlooked.[2] However, the low catalyst stability can decrease
its effective concentration during catalytic reaction and limit
the catalytic performance, especially at low catalyst loadings.[3]

When deactivation is reversible, it manifests as catalyst inhibition
which is observed in various homogeneous catalysis settings.[4]

Control over catalyst inhibition is critically important in
homogeneous hydrogenation reactions where the lowest pos-
sible catalyst loadings are required.[5] High performance hydro-
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genations are often carried out using bifunctional catalysts
that engage in metal-ligand cooperation (MLC) phenomena.[6]

Upon the activation with base, these catalysts can generate
an acid-base pair that is able to split the hydrogen molecule
heterolytically, thus providing hydrogenation-competent species
(Figure 1A).

Particularly important in the context of MLC catalysts, the
active catalyst form is vulnerable to the attack by acidic com-
pounds (HX), in some cases leading to the inhibition of the
catalyst.[7] The intrinsic factor that dictates catalyst speciation
and extent of inhibition is the thermodynamic stability of the
inhibited state M-X and active state Mn-H. A growing evidence
reveals that this inhibition effect is more profound for earth-
abundant 3D metal complexes (Fe, Co and Mn) than the noble
ones (Ru, Ir, Rh and Os) due to their higher thermodynamic
preference to remain in the M-X state.[6d,8] This might result in
the inferior performance of 3D-metal-based hydrogenation cat-
alysts. For instance, the extensive thermodynamic studies from
Saouma’s group found that the M-X was more stable than the
M-H for Mn-PNP catalysts, while Ru complexes bearing the same
ligand tended to stay in M-H state.[6d,e]

The most common strategy for countering the catalyst inhi-
bition is to elevate the relative free energy of the inhibited
state M-X. This is often not trivial due to the presence of
linear scaling relation between the free energies of inhibited M-
X and active Mn-H for MLC hydrogenation catalysts[7a] which
suggests that suppressing the inhibition would simultaneously
reduce the catalytic activity. As an alternative, one can tailor the
reaction environment to suppress catalyst inhibition— recently,
our group identified the metal-alkoxide formation (M-OR) as
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Figure 1. Catalyst inhibition in homogeneous hydrogenation. (A) The competition between hydride formation and inhibition for MLC catalysts; (B)
Modulating product inhibition for ester hydrogenation catalyst with basic additives.

the product inhibition pathway in Mn-catalyzed homogeneous
ester hydrogenation and utilized basic additives to suppress
this inhibition (Figure 1B).[9] We demonstrated that addition of
KOtBu tunes the thermodynamics of the inhibitory equilibrium
and makes it unfavourable without altering the activity of the
catalyst. In other terms, we found the base to act as an envi-
ronmental promotor without being directly involved in either
bond scission or formation. The explicit nature of molecular
interactions between basic promotor and catalytic species how-
ever remained unclear. In this work, we conducted a detailed
study on the inhibitory equilibrium in the catalytic ensemble of
Mn pincer complexes, and identified the presence of two dis-
tinct principles enabling opposite environmental perturbations
at different concentrations (Figure 1B).

Examining the free energy of the inhibitory equilibrium we
found it to show non-monotonic dependence on the concen-
tration of basic additives (Figure 2). We specifically studied the
free energy of reversible reaction of alcohol product with the
activated amido complex generating metal alkoxide shown in

Figure 2, which was proposed to be the product-inhibition
pathway in ketone hydrogenation.[9] We selected two repre-
sentative Mn hydrogenation catalysts based on bis-phosphine
amino (PNP) and bis-N-heterocyclic carbene amino (CNC) pincer
ligands, and investigated the base concentration dependence
of their inhibitory equilibrium �G◦

298K in reaction with ethanol
(Figure 2A). The amido complexes 1a and 2a, as well as the
respective alcohol adducts 1b and 2b are coloured and their
interconversion can be monitored by temperature-dependent
UV-Vis spectroscopy. The reaction free energies �G◦

298K of 1a-1b
and 2a-2b transformations were estimated through the temper-
ature dependence of equilibrium composition.

As depicted in Figure 2B, Mn-CNC catalyst 2a suffers from a
more pronounced product inhibition with the measured �G◦

298K

being −6.5 kJ/mol, compared to −4.2 kJ/mol for Mn-PNP 1a
in the absence of any base promotor. The free energies were
impacted once KOtBu was added to the mixture. In 1a-1b equilib-
rium, the increase of base concentration to 0.03 equivalents with
respect to ethanol first caused a slight decrease of the Gibbs
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Figure 2. The dependence of the inhibitory equilibria on the concentration of KOtBu in THF. (A) Inhibitory equilibria 1a-1b and 2a-2b; (B) The plot of Gibbs
free energy �G◦

298K versus the X equivanlent of KOtBu with respect to ethanol. All measurements are performed in THF with 0.837 M EtOH and 1.67 mM
metal complex. See Section S3 Supporting Information for conditions.

free energy change down to −4.8 kJ/mol, thereby stabilizing the
inhibited alkoxide state of the complex. Free energy then steeply
rose up to −1.1 kJ/mol upon further addition of the base (0.03-0.2
eq.). The �G◦

298K of 2a-2b transformation exhibits the same non-
monotonic dependence on the base concentration, suggesting
the similar interaction mechanism for both catalysts. While ade-
quate amount of the base can effectively suppress product
inhibition by elevating its reaction free energy, the current
results suggest that the base can also enhance the inhibitory
effect of the alcohol at low base concentrations typically used
for catalyst activation in homogeneous hydrogenation.

Observing two distinct regimes for free energy variation we
assumed that two distinct mechanisms are accessible for the
base additives to perturb the reaction free energy. This should
be reflected in enthalpy-entropy compensation analysis which
is a versatile method for identifying the changes of dominant
mechanism in control of systems thermodynamics, widely used
for describing biological and chemical processes.[10] Our data
plotted as �H° versus T�S° for the 1a/ethanol system with var-
ious amounts of KOtBu (Figure 3A) confirms the presence of
two thermodynamic regimes. Despite the changes of the �G◦

298K

were moderate, especially at low base concentrations (Figure 2),
the enthalpy varied substantially by ∼15 kJ/mol as a function
of base concentration. Similar to the �G◦

298K dependence shown
in Figure 2, there are two linear enthalpy-entropy compensa-
tion regimes with distinct slopes for base loadings in the low
concentration range (0-0.03) and at high concentrations (0.06-0.2
eq. to alcohol). The change of the compensation slope sug-
gests a change of dominant mechanism behind free energy
perturbation.[10b] Two regimes of enthalpy-entropy compensa-
tion are also displayed for 2a-2b pair (Figure 3B), highlighting the
generality of observed phenomenon.

Examining the origin of two compensation regimes we exam-
ined the literature suggesting that the dilute solutions of alkali
alkoxides in their parent alcohol are completely ionized despite

the partial covalent character of the alkali-oxygen bond.[11] We
therefore assume that the low concentration of base enhances
the ionic strength of the environment, which can promote the
dissociation of alcohol molecules and the subsequent addition
to the amido pincers 1a and 2a. This mechanism can indeed be
responsible for the initial decrease of the free energy changes for
1a-1b equilibrium at low base loadings.

The nature of free energy increase at high concentrations
was further investigated by screening the influence of differ-
ent additives on the equilibrium in 1a-1b system (Figure 4A).
The addition of sodium tetraphenylborate (NaBPh4), which can
selectively contribute to ionic strength, resulted in a drop of
the �G◦

298K for 1a-1b within the entire examined concentra-
tion range. This reveals that the increase of ionic strength
does not elevate the free energy of the inhibitory process,
but makes it more favorable. Strong bases like potassium
bis(trimethylsilyl)amide (KHMDS) significantly elevate the reac-
tion free energy similar to KOtBu. A minor increase of the
free energy was also observed with KOEt. In contrast, strong
non-ionic organic base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
brings about much smaller changes of the �G◦

298K for 1a-1b com-
pared to other bases. Notably, the strong donor DBU may bind to
the Mn complex and hinder the interconversion of 1a-1b, which
can also lead to the subtle changes of free energies.

The above screening results find KOtBu and KHMDS, which
are more basic than the conjugate base of EtOH, as the sole addi-
tives that are able to elevate the free energy of the inhibitory
process. Considering that such strong bases can chemically react
with EtOH, one might assume that the deprotonation of the
alcohol, resulting in the drop of ethanol concentration, might
be the reason behind the free energy increase. However, this
is unlikely due to the large excess of alcohol with respect to
the base and catalyst employed in this work. We previously
demonstrated that such changes in alcohol concentration have
negligible effect on �G◦

298K .[9] We therefore assumed that ionic

ChemCatChem 2025, 17, e202401237 (3 of 6) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 3. The enthalpy-entropy compensation analysis. (A) �H° versus T�S° plot for equilibriums of 1a–1b with the addition of KOtBu at Thm (the mean
harmonic temperature) = 309.0 K; (B) �H° versus T�S° plot for equilibria of 2a-2b with the addition of KOtBu at Thm = 314.4 K. The amount of KOtBu was
marked for individual data point as X equivalents.

Figure 4. The effects of different additives on the free energy of 1a-1b equilibrium. (A) The plot of �G◦
298K versus the X equivalents of additives with

respect to ethanol; (B) The plot of �G◦
298K for different additives (0.1 eq. with respect to ethanol). See S3 of the Supporting Information for conditions.

bases might affect the state of the alcohol in the system. This
was hinted by observation that addition of 0.1 equivalents KOEt
/ tBuOH mixture increased the �G◦

298K for 1a-1b from −4.2 to
−2.9 kJ/mol, very close to the value obtained for pure KOtBu
(Figure 4B). The KOEt or tBuOH used separately affected the free
energy by no more than 0.2 kJ/mol suggesting that both alcohol
and alkoxide present at high concentration are needed to affect
reaction thermodynamics.

Our data so far suggest that the interaction between the
base and the alcohol must contribute to the increase of the
inhibition reaction free energy change. Thermodynamic stabi-
lization of alcohol is one of the possible pathways for achieving
this. While it is well known that alcohols and alkoxides inter-
act through proton exchange, we sought to explain the base
concentration dependence of this reactivity. We speculated that
the interaction between alcohol and alkoxide involves the for-
mation of alcohol-alkoxide clusters. The cluster size expands as

the base concentration increases, making the alcohol compo-
nent gradually more stable, thus, prone to disfavour the addition
to amido pincer. Such clustering would result in increased size
reflected by an increase in the diffusion coefficient (D) of ethanol,
according to the Stokes-Einstein Gierer-Wirtz Estimation (SEGWE)
(Equations 1 and 2).[12]

D = kBT
( 3a

2 + 1
1+a

)
6πη 3

√
3MW

4ρef f NA

(1)

a = 3

√
MWs

MW
(2)

where D decreases as the solute size increases
Diffusion coefficients of ethanol in the presence of different

amounts of base are accessible via DOSY NMR measurements.
As shown in Figure S41, the addition of KOtBu or KHMDS both
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Figure 5. Crystal structures of tBuOK/tBuOH associates. The balls represent
potassium (purple), carbon (gray), oxygen (red), and proton (white) atoms.
H─C protons were omitted for clarity. A) Monomeric complex of
tBuOK/tBuOH associate with 18-crown-6 (CSD refcode INUDUS). B) Polymeric
form of tBuOK /tBuOH (SOGKEE). C) Tetramer [tBuOK]4 (SOGKOO).

caused the linear drop of the diffusion coefficient of ethanol
from ∼2.5·10−5•to ∼0.8·10−5 cm2 s. Using the SEGWE equations,
the corresponding effective molecular weights can be calculated.
The ethanol aggregate in pure THF-d8 has an MW of 70 amu,
which raises significantly to 670 amu in the presence of 0.3 equiv-
anlents of the base. A near 10-fold increase of MW confirmed the
substantial expansion of the ethanol aggregate.

Formation of alcohol-alkoxide clusters is well known and
references for the explicit molecular models could be found
from Cambridge Structure Database.[13] As illustrated in Figure 5,
such clusters can be polymeric and have varied ROH/KOR
ration in associates. For example coprecipitation of dilute
tBuOK/tBuOH solution with 18-crown-6 gives an isolated
ionic pair K[tBuOH···OtBu] (Figure 5A).[14] Co-crystallization of
equal amounts of KOtBu and tBuOH generates polymeric
[tBuOK···HOtBu]n chains, containing the bond tBuOH·in the
repeating unit (Figure 5B).[15] One can speculate that K[ROH···OR]
pairs and [ROK···HOR]n chains are the two associate forms form-
ing as the concentration of ROK increases to a level comparable
to that of ROH. Finally, the precipitation of pure tBuOK gives
a cubic cluster with K and O atoms forming interpenetrating
tetrahedra [tBuOK]4, which is anticipated to be the dominant
associate at low alcohol concentrations (Figure 5C).[16] In case of
our system, where the [KOR] < [ROH], we envision the formation
of oligomeric chain-like KOR/ROH clusters, which grow as [KOR]
elevates. This is in agreement with the above diffusion data that
show the expansion of the cluster size. It is worth noting that
the suggested ROH/KOR associates are highly labile and can
have different structures in solution.

We further simulated the thermodynamics for the oligomer-
ization of monomeric to oligomeric KOR/ROH via density func-
tional theory (DFT) computations (for details see Section S6
of the Supporting Information). The free energy changes for
the generation of dimer, trimer and tetramer are −17, −20 and
−22 kJ/mol respectively, confirming the oligomerization as a
thermodynamically favorable process. The clustering results of
KOR/ROH suggest that dynamic composition of catalytic reaction
mixture gradually changes and is, indeed, condition dependent.
The elevated free energies of inhibitory amido complex–alcohol
adduct equilibrium, therefore, should stem from the gradual sta-
bilization of free alcohol in the alcohol-alkoxide clusters which
affect thermodynamics of the inhibitory reaction once base
concentrations become sufficiently high.

In summary, we describe the details of the equilibrium
free energy perturbations which steer the inhibition of 3d-

TM MLC hydrogenation catalysts. We demonstrate that the
gradual agglomeration of alcohol product into alcohol-alkoxide
oligomers is the main mechanism behind free energy tuning
which ultimately protects the catalyst from inhibition. Since the
alcohol clustering can only be affected at high base promotor
loadings, we conclude that it is a strict requirement for prevent-
ing the product inhibition in Mn catalysts prone to formation of
stable metal alkoxide complexes. These trends are a part of more
complex inhibition pattern where alcohol clustering is preceded
by ionic effects detrimental for catalysis that base promotors
show at small concentration. Since our experiments make use
of common Mn pincer catalysts under typical reaction condi-
tions, we point out that analysis of reaction mixture dynamics
has a nearly unexplored potential for studying and improving
the performance of these catalysts and would hopefully become
a standard practice in this field.
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