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Computational Explorationof StereoelectronicRelationships
inManganese-CatalyzedHydrogenationReactions
Alister S. Goodfellow,[a] Matthew L. Clarke,[a] and Michael Bühl*[a]

Stereoelectronic effects governing Mn-catalyzed hydrogenation
reactions have been deconvoluted through the analysis of
a series of in silico catalyst modifications using DFT (PBE0-
D3PCM(EtOH)/def2-TZVP//RI-BP86PCM(EtOH)/def2-SVP level of theory).
Computations were performed on the Mn-catalyzed reduction
of indanone based on a catalyst from the Clarke group, consist-
ing of a tridentate ligand with pyridine, amine, and phosphine
donors and a ferrocenyl linker in the backbone. Enantioselectiv-
ity enhancements were found through two pathways; first, with
the stabilization of aromatic substrates by means of an extended
π -system, enhancing π -stacking noncovalent interactions; sec-
ond, by the introduction of steric bulk around the active site

to destabilize one of the diastereomeric hydride transfer tran-
sition states. Electronic effects were differentiated from sterics
by modification of the phenyl groups at the phosphine, trans-
to the metal-hydride bond. While electron-withdrawing groups
increased the thermodynamic driving force, the highest activity
is predicted with electron-donating groups due to the improved
basicity of the nitrogen lone pair, required for the initiation of
hydrogen activation. Based on these observations, promising
routes for synthetic catalyst design may involve donating groups
which improve activity, coupled with enantiodiscrimination via
steric bulk as a more general strategy than being limited to
π -containing substrates.

1. Introduction

With rising awareness of long-term sustainability, homogeneous
catalysis using earth abundant metals represents a shift away
from traditional 4d and 5d metal catalysis. Platinum group
metals have been used widely in the last 50 years, with the
notable example of Noyori catalysis[1] in the field of asymmet-
ric hydrogenations.[2] These metals are increasingly scarce and
if used in the pharmaceutical industry, necessitate additional
treatment steps to remove traces of these metals due to toxic-
ity concerns.[3] First-row transition metals present an alternative
approach, avoiding these 4d and 5d metals in order to perform
similar or novel transformations. Hydrogenations are widely uti-
lized with both homogeneous and heterogeneous catalysis,[4]

and 3d transition metals have seen widespread research, with
manganese,[5,6] iron,[7,8] and cobalt[9,10] all explored for this pur-
pose in the past decade.

Manganese has been used for the hydrogenation of aldehy-
des, ketones, and esters from 2016 and more recently of C═N
bonds (Figure 1A).[11–18] Initial developments saw catalysts capa-
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ble of reducing esters and ketones, with subsequent improve-
ments enabling enantioselective reductions and the reduction of
more challenging substrates. For example, Mn7 was developed
with a facially-coordinating N,N,P-ligand by the Clarke group
with use for the reduction of esters and ketones.[19] Work involv-
ing our group led to the rational design of a catalyst with
improved selectivity for hydrogenation of cyclic ketones.[20]

Structurally similar catalysts based on phosphino-ferrocenyl-
aminomethyl-heterocycles have been studied by other groups
including; cycloalkane fused derivatives for improved selec-
tivity towards the reduction of aromatic ketones,[21,22] use of
strongly donating 4,5-disubstituted imidazole units (Mn6) for
highly selective reduction of dialkyl ketimines,[18] for asymmet-
ric hydrophosphination using Mn7[23] and for atroposelective
dynamic kinetic resolutions.[24]

Hydrogenations using Mn-catalysts are proposed to proceed
through a Noyori-type bifunctional mechanism (Figure 1B)[26]

with two main steps: hydrogen activation to form the active
metal hydride species and hydride transfer to the electrophilic
substrate site to reduce the substrate (see Figure 2A).[27] The
interplay of these two barrier heights is critical to the ability
of the Mn catalyst to reduce challenging substrates. P,N,P- and
N,N,P-type pincer ligands have been the most popular and with
each system comes a different set of electronic demands across
the two main steps of the reaction. For P,N,P-ligand systems, the
kinetic barrier for H2 activation is generally lower than the bar-
rier for hydride transfer to the substrate.[27,28] This is in contrast to
N,N,P-ligand systems, where it is the other way around.[20,29] The
interplay of barrier heights has been explored further by Kumar
et al.[30] across N,N,P-, P,N,P-, and C,N,C-ligand systems and the
inclusion of strongly σ -donating NHC-containing ligand back-
bones was shown to balance the barrier heights across the two
main steps of the reaction. Due to the comparatively lower bar-
rier for hydride transfer compared to H2 activation, N,N,P-ligand
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Figure 1. A) Development of manganese hydrogenation catalysts.
Mn-hydride species are drawn to compare the reducing species
(corresponding to species v in the reaction profile in Figure 2A). Ar =
3,5-Me,4-OMeC6H2. B) Proposed catalytic cycle of Noyori-type
hydrogenation.[25,26]

systems have been successfully used to reduce more challenging
substrates such as imines.[17,31]

Computational studies have been performed on asymmet-
ric hydrogenations using Mn with successful rationalization and
prediction of enantioselectivities[17,20,21,27,28] and to design novel
ligand backbones.[18,30,32] Assessing effects from different ligand
backbones across these works is challenging due to differ-
ent computational methodologies, different off-cycle resting
states,[33–36] and different substrates or reaction conditions.

In this work we aim to build upon our previous studies, using
the PBE0-D3PCM(EtOH)/def2-TZVP//RI-BP86PCM(EtOH)/def2-SVP level of
theory, chosen from a benchmarking study against 3d transition
metal-hydride heterolytic bond strengths.[37] We will apply this
methodology to study ketone hydrogenation using indanone as
a model substrate across a series of catalysts derived from the
N,N,P-ligand system from the Clarke group (Figure 2B). Through
this series we explore routes to improve stereocontrol with π -
systems and with steric bulk, and improvements to activity

by identifying the electronic demands of the reactivity while
considering some standardized off-cycle species.

2. Results and Discussion

Building upon our previous work, we consider the reduction
of indanone as our model reaction and the reaction profile for
the reaction catalyzed by Mn7[38] is shown in Figure 2A. As we
have shown,[17,20] the barrier for hydrogen activation (TS-i) is
higher than hydride transfer to the substrate (TS-ii) and includ-
ing representative off-cycle species lead to a more reasonable,
albeit underestimated, overall barrier for the reaction (�‡GES =
18.1 kcal/mol, energy span[39] from x to TS-i). Alkoxide species
(ix and x) are computed to be heavily stabilized and related
alkoxides have been observed experimentally[33] though the true
nature of the global minimum remains system dependent and
challenging to accurately identify. After catalyst activation, the
first step in the catalytic cycle begins with the binding of H2

to a vacant coordination site of the catalyst via a nonclassical
η2-binding mode (iii, viii). Heterolytic splitting of the σ -bond
can then proceed with initiation from the nitrogen lone pair
and assistance from a protic relay molecule, modelled with EtOH
solvent (TS-i). This protic relay reduces ring strain through for-
mation of a 6-membered ring, which is 6.3 kcal/mol more stable
than the 4-membered transition state, TS-iii. Following formation
of the metal hydride species (v), the system is primed to reduce
a variety of substrates. For carbonyl-containing substrates, the
reactant molecule approaches from “above” the active site, with
alignment of the δ− site of the hydride and δ+ carbon centre of
the carbonyl, and the δ+ amine proton and δ− carbonyl oxygen.
Hydrogenation proceeds through an asynchronous concerted
process, where the hydride is transferred first to the carbonyl,
followed by a barrierless proton transfer to form the alcohol
product.[20,40,41]

First, we consider the enantioselectivity of the reaction which
arises from the energetic difference in the two diastereomeric
hydride transfer transition states, TS-ii. After the significant
improvement in selectivity found upon the addition of an ortho-
NMe2 group (Figure 3A),[20] here we explore the generality of
introducing steric bulk with substituents of varying sizes, rang-
ing for example, from R═H (Mn7) to R═t-Bu (Mn15). Using a
steric map of the hydrogenated catalyst (v), we can observe
the protrusion of the ortho-substituent into the binding site
of the substrate with the steric bulk placed in the “northern
hemisphere” (Mn9, Figure 3B). Qualitatively, this would lead to
the bulky side of the substrate (sp3-hybridised) preferentially
orientated in the “southern hemisphere” to minimize steric repul-
sion. As drawn in Figure 3B, the carbonyl of the substrate upon
binding is orientated horizontally, east-west. With more cata-
lyst steric bulk in the northern hemisphere, the bulkiest side of
the substrate (sp3-hybridised) will be orientated to the south,
minimizing steric repulsion with the catalyst in the north by ori-
entating the planar sp2-hybridised component of the substrate
above the steric bulk introduced on the catalyst. This can be
quantified using the steric maps[42] and the difference in occu-
pied volume between the northern and southern hemispheres
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Figure 2. A) Computed reaction profile for the reduction of indanone using Mn1.[20] Species v corresponds to the hydrogenated catalyst (containing a
Mn─H bond) shown in Figure 1A. B) This work, investigation of stereoelectronic effects in Mn-catalyzed hydrogenation reactions
(PBE0-D3PCM(EtOH)/def2-TZVP//RI-BP86PCM(EtOH)/def2-SVP level of theory).

Figure 3. Observed enantioselectivity enhancement for the reduction of
indanone through increased steric bulk. A) Steric clash in the minor, pro-R,
TS-ii of Mn9. B) Top-down view of the hydrogenated catalyst, v, with the
ortho-NMe2 substitution orientated in the north-west quadrant. Steric map
constructed using SambVca 2.1.[42] C) Correlation of steric bulk measure to
computed selectivity. Calculation of buried volume performed using
SambVca 2.1.[42]

can be calculated (Figure 3C). The larger difference between the
north and south hemisphere correlates well (R2 = 0.80) to
an increase in selectivity (��‡G between pro-R/S TS-ii). While
the bulkiest catalyst substituents are straightforward to model
computationally, such derivatives may not be synthetically fea-
sible since very bulky pyridines may not fully coordinate to the
manganese centre.

The introduction of steric bulk close to the active site
generally serves to raise the barrier of hydride transfer, dispro-
portionally destabilizing the minor transition state compared to
the major transition state. For the parent system, Mn7, the bar-
rier for hydride transfer towards the pro-S face of the substrate
is 4.4 kcal mol−1 and towards the pro-R face is 5.1 kcal mol−1

(Figure 2A).[17] Introducing the ortho-dimethylamino group (Mn9)
leads to an increase in the barrier height of both transition states,
of +0.3 kcal mol−1 and +1.6 kcal mol−1 respectively, primarily
involving a destabilization of the minor transition state.[20] Sim-
ilarly, introducing an ortho-tert-butyl group (Mn15) leads to a
destabilization of +0.3 kcal mol−1 and +2.5 kcal mol−1 to each
of the diastereomeric transition states. To simply say that the
steric bulk destabilizes the minor transition state is an oversim-
plification. For example, the barriers of ortho-pyrrolidyl (Mn13)
are altered by −0.4 kcal mol−1 and +0.9 kcal mol−1 and ortho-
pyrrolyl (Mn16) by −0.3 kcal mol−1 and +2.1 kcal mol−1. The
substitution does however have a disproportionate effect upon
the minor, pro-R, diastereomeric transition state and the pre-
dicted enhancement in stereocontrol is a combination of weak
non-covalent interactions that are challenging to deconstruct
and isolate from one another.

While modelling the reactivity of the para-NMe2 substituted
Mn8, we found a very slight increase in selectivity compared
to Mn7 (0.1 kcal mol−1). This is likely to be attributable to
numerical noise and is not reflected experimentally[19] but Mn8
does also contain a slightly larger π -region compared to Mn7
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Figure 4. Enhanced enantioselectivity by strengthening non-covalent
interactions. A) Weak stabilization of major, pro-S transition state through
π -type interactions. Visualization of non-covalent interactions by
NCIPlot 4.0.[43] B) Increased enantioselectivity with extended conjugation
and enhanced electrostatics. C) Increased non-covalent interactions of
Mn17 leading to a shorter π -π contact between the substrate and catalyst.
Major, pro-S, TS-ii of Mn17 overlayed in pink on top of Mn7.

due to the added conjugated dimethylamino unit. From this
perspective, there may be an alternative route to improve stereo-
control; while the introduction of steric bulk led to the disparate
destabilization of diastereomeric transition states, a larger π -
region may be a route to stabilize one of the diasteromeric
transition states through attractive noncovalent interactions
(Figure 4A). By manipulation of the π -system through perflu-
oronation (Mn17), we calculated an enhanced stereocontrol of
99:1 (S), significantly increasing ��‡G by stabilizing the favored
diastereomeric transition state through increased noncovalent
interactions in the major, pro-S transition state (Figure 4B). The
stronger interaction is emphasized by a shortened π─π con-
tact between the aromatic rings of the catalyst and the substrate
(Figure 4C). This also contributes towards a lower barrier height
of TS-ii for Mn17, 2.2 kcal mol−1 lower in energy than Mn7. The
change in barrier height is likely to be predominantly due to
the stronger noncovalent interactions rather than the electronics
of the system, as the barrier height of the minor diastereomeric
transition state remains similar for both Mn7 and Mn17, �‡G =
5.1 kcal mol−1 and 5.2 kcal mol−1 respectively (from v to TS-ii).
Alternatively, extension of the π -region through benzannulation
(Mn18) led to an improvement in the computed enantioselec-
tivity to 95:5 (S). This catalyst derivative features a slightly more

electron-donating ring than pyridine (of Mn7), based on pKa val-
ues of pyridine and isoquinoline and no significant change to
sterics. Neither should hinder coordination to the manganese
centre and as a result, may represent an interesting candidate
for catalysis studies in the future.

Of the three experimentally synthesized catalysts Mn7–9, the
ortho-dimethylamino substituted catalyst (Mn9) was the most
selective and the para-dimethylamino substituted catalyst (Mn8)
was the most active.[20] Both experimental iterations included an
electron-rich phosphorus aryl group and a donating dimethy-
lamino group on the pyridine. The strength of the metal-hydride
bond is central to this catalysis and intuitively should be stabi-
lized with an electron-poor metal centre. By varying the para-aryl
phosphine groups, trans- to the hydride, we can probe the elec-
tronic influence of this step-in isolation from any steric effects on
this reactivity (Figure 5A). Correlation of the Mn─H bond length
with Hammett parameters[44] (R2 = 0.99, Figure 5B) reveals that
the metal-hydride bond is shortened with electron-withdrawing
substituents. The introduction of these electron-withdrawing
groups indicates an enhanced stability of the metal-hydride
species and correspondingly the thermodynamic driving force
for the formation of the hydrogenated catalyst is strengthened
(i.e., becomes more negative, R2 = 0.87, Figure 5C). From the
perspective of the Hammond postulate, this would imply that
the barrier is likely to be lower, with a more reactant-like tran-
sition state; however, this is not the case and the barrier for
catalysts hydrogenation (from i to v, via TS-i, Figure 2) gener-
ally appears to be increased with electron-withdrawing groups
(R2 = 0.62, Figure 5D). This implies that, although the quality of
the correlation is reduced, the reaction is sped up with additional
electron density in the system and the transition state is lowered
in energy by electron-donating groups. This may be related to an
increased basicity of the nitrogen lone pair, which is involved in
heterolytic splitting of the σ H─H bond.

According to the energy span model from Kozuch and
Shaik,[39] the rate of reaction will be dependent not only on the
barrier height of TS-i, but on the overall energetic span of the
catalytic cycle between the highest-lying transition state (TS-i)
and the lowest-lying minimum (x) (�‡GES = 18.1 kcal mol−1,
for Mn7 in Figure 2A). The stability of the off-cycle alkoxide
species, an unproductive energetic well on the potential energy
surface is key in dictating the overall rate. For Mn8, with a para-
substituted NMe2 group on the pyridine ring, TS-i is reduced to
�G = 6.5 kcal mol−1 and there is a minimal change to the
energy of x (�G = −10.6 kcal mol−1) resulting a reduction of
energy span to �‡GES = 17.1 kcal mol−1[17] in good qualitative
agreement with the increased activity of Mn8. Computations of
Mn9 revealed a destabilization of TS-i to �G = 8.1 kcal mol−1

and a stabilization of x (�G = −12.2 kcal mol−1), increasing
the energy span to �‡GES = 20.3 kcal mol−1.[20] The impor-
tance of these off-cycle alkoxide species is evident on the overall
activity of catalysts, though simplistic Hammett analysis on the
phosphine series of catalysts (Mn7 and Mn19–Mn27) was unable
to identify key electronic demands relating to the stability of
this species (Figure S1). These relatively long distance electronic
effects appear to be general across different parts of the lig-
and. For example, the presence of the methyl substituent on the
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Figure 5. A) Variation of the electronics of Mn7 by phosphorus aryl
substitution. B) Hammett analysis of bond lengths. C) Hammett analysis of
driving force of metal-hydride formation. D) Hammett analysis of barrier
height of metal-hydride formation. EDG = electron-donating group. EWG =
electron-withdrawing group.

ferrocenyl linker arm was computed to be beneficial compared
to a theoretical unsubstituted example which showed a slightly
higher barrier for H2 activation by 0.6 kcal mol−1 (Mn28, see SI).

A number of design principles based on the Mn7 cata-
lyst emerge from this work. Enantioselectivity can be enhanced
by increasing the strength of interactions in the active site
through two routes; first, by increasing repulsive steric inter-
actions that further disfavor the minor diastereomeric transi-
tion state; and second, by enhancing noncovalent interactions

that further stabilize the major diastereomeric transition state
through increased π -type interactions. These strategies are
exemplified by Mn15–16 and Mn17–18, respectively, each with
noticeable enhancements of selectivities predicted compared to
the known catalysts Mn7–9. It is worth noting however, that
these effects may not necessarily be additive; for example, the
combination of extended conjugation in Mn8 and Mn18 with
perfluorination of the aromatic N-donor (c.f. Mn17) was not pre-
dicted to lead to further enhancements of selectivities (Mn29
and Mn30 in Figure S2 of the Supporting Information).

Computed trends in activity (in terms of H2 activation
energy) can be influenced by varying electronic properties of
the phosphine of the pincer ligand. In addition to the known
enhancement of activity through a strongly electron-donating
para-substituent at the pyridine donor (Mn8), we calculate that
a similar modification of the aryl substituents at the phosphine
donor atom could also produce a noticeable speedup (c.f. Mn19),
despite an apparent reduction in thermodynamic driving force
for H2 activation. Taken together, these principles rationalize
previous catalyst derivations of Mn7 and present routes to
target enhanced selectivity and activity. Importantly however,
the relevance of such catalysts designed computationally may
be influenced by other factors beyond the scope of classical
DFT. For instance, the stability of the complex during turnover
(e.g., too much steric bulk could hinder stable coordination to
the metal or induce hemilability), or a change in conformational
preferences (e.g., meridional- or facial-coordination modes) could
affect the desired performance. Overall, we are convinced that
there is much room for further improvements in chemical space
around the N,N,P-based manganese catalyst introduced by the
Clarke group, and that theory and computation can have a key
role in this design process.

3. Conclusion

In summary, we have applied DFT calculations to explore cata-
lyst derivations surrounding the N,N,P-ligand system introduced
by the Clarke group. Inspired by the development of cata-
lysts Mn7–9, we have found a number of general routes to
improve both selectivity and activity. Enantioselectivity can be
enhanced by increasing the strength of interactions in the
active site; first, by increasing repulsive steric interactions that
disproportionately disfavor the minor diastereomeric transition
state; and second, by enhancing stabilizing noncovalent interac-
tions towards the major diastereomeric transition state through
increased π -type interactions. The barrier of the rate-limiting H2

activation step (i.e., ultimately, catalytic activity) could be mod-
ulated by electronic effects of the aromatic N- and P-donor
ligand fragments. Hammett analysis showed some correlation
between activation barriers for this step and electronic parame-
ters: the barrier height is indicated to decrease with increasing
electron-donating capability of the aromatic donor sites, pre-
sumably related to enhanced basicity of the amido nitrogen
that can facilitate the heterolytic cleavage of H2 in the tran-
sition state. In this case, the thermodynamic driving force for
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the formation of the metal-hydride species shows an oppos-
ing electronic trend. Bringing together these factors, additional
electron-donating groups on the ligand backbone are attractive
routes for improving catalytic activity, which could potentially
extend the substrate scope to classes that are more difficult to
reduce than simple ketones, such as imines, urea derivatives or,
ultimately, olefins. Introducing appropriate groups around the
active site at the pyridine donor, either with extended nitrogen-
containing heterocycles or as steric groups, should also serve to
maintain or further improve enantioselectivity of the system.

4. Experimental Section

The DFT methodology was chosen following a benchmarking study
of heterolytic metal-hydride bond strengths of first-row transi-
tion metal complexes[37] and has been validated in previous work
on ketone reduction.[20] Computations were performed at the
PBE0-D3PCM(EtOH)/def2-TZVP//RI-BP86PCM(EtOH)/def2-SVP level of the-
ory using Gaussian16, C.01 and Gibbs free energies are reported
for a typical reaction temperature of 323.15 K.[45–59] See Supporting
Information for further computational details.
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