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Jason M. Lynam *d and Gerard P. McGlacken *a

Compared to precious metals, manganese has emerged as a more earth-abundant and potentially safer

metal to catalyse important chemical transformations. In contrast to homogeneous Mn catalysts, the use

of heterogeneous Mn catalysts, is rare. Herein we describe the preparation of a Mn catalyst supported

on a simple phosphine-containing polymer, that efficiently provides alcohols from esters and aldehydes,

and facilitates the reduction of amides. Surprisingly, the catalyst gave improved yields upon recycling,

which prompted a short study into the structural and oxidative changes of the catalyst using SEM-EDX

and XAFS. Breakage of the microspheres and increased Mn oxidation states were observed upon

recycling. Ultimately a priming procedure was developed that enabled direct procurement of an active

and viable catalyst system.

Introduction

In recent decades, the field of catalysis has been largely

dominated by complexes of late transition metals, including

palladium (Pd), ruthenium (Ru), iridium (Ir), and platinum

(Pt).1 However, non-precious metals offer greater natural

abundance, often lower toxicity and the potential for new and

exciting catalytic behaviour and reaction outcomes.

Manganese-based catalysts have garnered significant

attention in catalysis due to the earth-abundance of Mn (12th

most abundant in the earth's crust) and the cost-effectiveness

of the raw material.2 Additionally, Mn is usually considered

less toxic compared to many other transition metals.3 Indeed

Mn is essential for numerous biochemical processes in the

human body4 and is potentially a more sustainable and

environmentally friendly choice for catalytic applications.5

Mn has emerged as a versatile and well-studied metal in

homogeneous catalysis, with numerous reports highlighting

its application across a wide variety of reactions.6–10

The reduction of organic molecules is crucial in synthesis,

and manganese has served as an efficient but rather

underutilised catalyst, for these transformations.11 There has

been a notable rise in manganese-mediated reduction reactions

using silanes as a substitute for hydrogen, highlighting a shift

towards safer approaches in catalytic processes.12–17

Heterogeneous catalysis plays a prominent role in

modern organic synthesis and many other areas of the

chemical industry.18 Its widespread application derives

from overall efficiency and recyclability, making it a key

approach for sustainable chemical transformations.19–23

There have been a few reports on the use of polymer-

supported, earth-abundant metals, as catalysts.24 For

example, Vimal et al. reported a novel polystyrene

divinylbenzene-supported Fe(III) catalyst for

hydrogenation.25 Yamada developed a poly(4-vinylpyridine)-

supported Co(II) catalyst for regioselective [2 + 2 + 2]

cyclotrimerization of terminal aryl alkynes.26 In 2025, Lin

et al. reported a unique porous organic polymer-supported

chiral Co catalyst for asymmetric C–H functionalization,27

and the Ding group developed a phosphine oxide

containing porous organic polymer-supported Co catalyst

for 2-octene hydroformylation.28 Polymer supported

manganese catalysts have also displayed some success,29–32

but overall, the area of polymer supported earth-abundant

metals in catalysis is in its infancy.
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Results and discussion

We aimed to develop a manganese-based heterogeneous

catalyst that is easy to synthesize using readily available

materials. By analogy with Angelici and Basolo's work on

the synthesis of homogeneous Mn catalysts,33 we mixed a

commercially available polymer-supported triarylphosphine

ligand with MnBr(CO)5 in 1,2-dichloroethane (DCE) at 85

°C for 16 hours under air (Scheme 1), to generate a novel

heterogeneous Mn catalyst (PS-TPP-[Mn]). The Mn content

determined by ICP-OES for this fresh catalyst (for more

details, see the SI) implies a Mn loading of 7 wt%, which

pleasingly corresponds to binding of 80% of the polymer-

bound triarlyphosphines. This catalyst stands out from the

few existing heterogeneous Mn catalysts29–32 as it can be

synthesized in a single step using readily available

reagents, involves very simple separation and isolation,

and appears bench stable.

Fourier transform infrared spectroscopic analysis (FTIR)

enabled preliminary confirmation of the structure of the

synthesized heterogeneous Mn catalyst (Fig. 1). The FTIR

analysis of the commercially available MnBr(CO)5 complex

(Fig. 1 top) shows the expected carbonyl peaks (2137 cm−1,

2081 cm−1, 2031 cm−1, 1985 cm−1).34 When immobilized on

the polymer-supported triphenylphosphine ligand, forming

PS-TPP-[Mn], carbonyl peaks were observed at 2086 cm−1,

2000 cm−1, 1952 cm−1 (Fig. 1, bottom) which are closely

aligned with the mononuclear (homogeneous)

cis-MnBr(CO)4(PPh3) complex (2088 cm−1, 2020 cm−1, 2003

cm−1 and 1957 cm−1).35 These data are therefore consistent

with the polymer containing a phosphorus-coordinated

cis-MnBr(CO)4(PPh3) group. In addition, solid-state 31P NMR

analysis of the free polymer-supported TPP ligand and

polymer-supported Mn complex was carried out and a shift

in the 31P resonance was observed from −4.3 to 40.5 ppm,35

which aligns with the corresponding resonance in the

(homogeneous) cis-MnBr(CO)4(PPh3) complex (for more

details, see the SI).36

To evaluate the applicability of this catalyst, the

hydrosilylation of esters to alcohols was examined.13

Studies were initiated with PS-TPP-[Mn], using methyl

benzoate 1a as a model substrate and phenylsilane at 100

Scheme 1 Synthesis of heterogeneous Mn catalyst.

Fig. 1 ATR-FTIR analysis for MnBr(CO)5 (top), PS-TTP (centre) and PS-

TTP-[Mn] (bottom). The right-hand panel shows an expansion of the

region between 2200 and 1900 cm−1.

Table 1 Optimization of reaction conditions

Entry Deviation from standard condition Yield (%)

1a Standard conditions 76b

2 MnBr(CO)4PPh3 (homogeneous catalyst) 55c

3 MnBr(CO)5 0
4 MnO or MnO2 instead of PS-TPP-[Mn] catalyst 0
5 MnPc(II) 0
6 Using only PS-TPP (free polymer support) 0
7 Absence of PS-TPP-[Mn] catalyst 0
8 Absence of PhSiH3 0
9 Benzaldehyde instead of 1a 86c

a Unless otherwise noted, reaction conditions are as follows: i) 1a
(0.5 mmol), PhSiH3 (1.0 mmol), PS-TPP-[Mn] (5.1 mol% Mn, 7.0
wt%), [Mn] = cis-MnBr(CO)4 the neat reaction mixture was
magnetically stirred at 100 °C for 7 h under air. ii) 10% NaOH (2 mL)
and MeOH (3 mL) were added to the reaction mixture and stirred for
12 h at RT. b Isolated yields. c NMR yields using 1,3,5 trimethoxy
benzene as an internal standard. PS-TPP = polymer supported Tri
phenyl phosphine. MnPc(II) = manganese(II) phthalocyanine.
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°C for 7 hours in air. Subsequent hydrolytic work-up

yielded benzyl alcohol 2a with a gratifying 76% yield on a

0.5 mmol scale (Table 1, entry 1). Deviating from our

standard reaction conditions using PS-TPP-[Mn], the

homogeneous cis-MnBr(CO)4(PPh3) complex gave a reduced

yield (55%) of 2a (Table 1, entry 2). No product was

observed using commercially available MnBr(CO)5 (i.e. in

the absence of a phosphine ligand), suggesting that the

phosphine ligand is crucial (Table 1, entries 3–5). In

addition, a set of control experiments including the use of

Mn-free polymer (PS-TPP), the absence of PS-TPP-[Mn],

and the absence of phenylsilane (PhSiH3), (Table 1, entries

6–8) resulted in no formation of 2a. In addition, the

catalyst successfully reduced benzaldehyde affording 2a in

86% yield (Table 1, entry 9).

With the optimal conditions established (Table 1, Entry

1), the substrate scope of esters was explored to evaluate

the robustness of the heterogeneous Mn catalyst (Table 2).

Methyl- and ethyl-esters (1a and 1b) were efficiently reduced

to 2a in good yields (76 and 18%). Ester derivatives with a

p-Me group (1c and 1d) were very suitable substrates,

producing corresponding benzyl alcohol product 2c in

decent yields (69 and 40%). Strongly electron-donating

groups were also tolerated, and 1e and 1f were reduced to

give the corresponding benzyl alcohols 2e and 2f in 53 and

89% yields. Halogenated substrates (1g–1j) also worked well

Table 2 Scope of ester and aldehyde reduction to alcohols using a polymer-supported manganese catalysta

a Unless otherwise noted reaction conditions are as follows: i) 1a (0.5 mmol), PhSiH3 (1.0 mmol), PS-TPP-[Mn] (5.1 mol% Mn, 7.0 wt%), the
neat reaction mixture was stirred at 100 °C for 7 h under air. ii) 10% NaOH and MeOH were added to the reaction mixture and stirred for 12 h
at RT. Isolated yield using column chromatography on SiO2.

b PhSiH3 (2.0 mmol) was used. PS-TPP = polymer supported triphenyl phosphine.
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giving the desired products (2g–2j) in good yields (63–76%).

In addition, aliphatic esters 1k and 1l were successfully

reduced to the corresponding alcohols 2k and 2l using PS-

TPP-[Mn] in 52% and 68% yields respectively. Turning to

aldehydes, 4-(trifluoromethyl) benzaldehyde 1h and decanal

1m were successfully reduced to corresponding alcohols 2g

and 2l in 30% and 85% yield under these conditions.

Benzaldehyde was reduced to benzyl alcohol in 80% yield.

Benzaldehyde substituted with Br and NH2 groups 1o could

be transformed to the respective alcohol 2o in 85% yield.

Pyridinyl aldehyde 1p was reduced to 2p in 80% yield.

Interestingly, an acetamide functional group was tolerated

(1q) affording 2q in 26%. Benzyl ether 1r was reduced to 2r

in 50% yield.

Studies were then conducted to evaluate the reusability

of the catalyst using 1a (Scheme 2) at 2.0 mmol scale. We

observed that the catalyst can be recycled and reused up

to three times. Interestingly, the catalyst performance

improved after the second recycle, giving a yield of 2a in

96% yield. This prompted us to consider that a

consequential change in catalyst structure was occurring

during the reaction or on work-up (which involves a

NaOH/MeOH wash).

To test if the catalyst could be ‘primed’ for higher

activity, we took an unused batch of Mn catalyst and

stirred it overnight in a saturated NaOH solution with

MeOH (samples prepared in this manner are referred to

as PS-TPP-[Mn]-Primed). The material was then isolated

and tested in the standard reaction, under optimal

reaction conditions. An improved yield (76%) of the

reduced product, this time on a 2.0 mmol scale, was

observed (Scheme 3).

Using the primed catalyst, a few substrates were re-

examined. In addition to methyl benzoate 1a, subtrates 1x

(p-methoxymethylbenzoate), 1t (p-methoxybenzaldehyde) and

1v (4-hydroxy-3-methoxybenzaldehyde (vanillin)) were used

with both fresh and primed catalyst for comparison. Use of

PS-TPP-[Mn]-Primed (NaOH/MeOH treatment) resulted in

increased yields of product compared to an un-primed

catalyst (2a from 1a, 76 vs. 80%; 2e from 1x, 77 vs. 82%; 2e

from 1t, 83 vs. 96%; 2v from 1v, 30% vs. 50%). While our

results (using recyclized catalyst and primed catalyst) suggest

a role of the base-wash to improve the catalyst efficiency, an

extensive study involving normalised activity metrics is

required to corroborate these observations and pinpoint the

origin of any improved activity.

Primed Mn catalyst, PS-TPP-[Mn]-primed, was then used

to reduce other esters and aldehydes (Table 3). Benzaldehydes

with H, 4-Me, 4-OMe and 3,5-OMe (1n, 1s, 1t and 1u)

substitution were reduced efficiently using the primed

catalyst in excellent yields (85, 93, 96 and 98%) to give 2a, 2c,

2e and 2f respectively. Vanillin 1v was successfully reduced to

give corresponding alcohol product 2v in 50% yield. Esters

1w, 1a, 1x and 1y were reduced to give 2w, 2a, 2e and 2y

respectively in 50, 80, 82 and 92% yield. Naphthalene ester 1z

was reduced to 2z in 85% yield. The naproxen ester 1aa gave

Scheme 2 Recyclability of PS-TPP-[Mn].

Scheme 3 Reduction using ‘primed’ heterogeneous Mn catalyst.
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the corresponding alcohol 2aa in 83% yield and finally

Ibuprofen ester 1ab, gave alcohol 2ab in 85% yield. It is

important to note that substrates 2e (from 1t), 2v (from 1v), 2a

(from 1a), and 2e (from 1x) in Table 3 were also obtained

using the un-primed catalyst and compared with the primed

catalyst, which showed an increase in yield in all cases.

With a consistent trend showing improved yields when

the primed catalyst was used, we turned our attention toward

further analysis of this material. The FTIR spectra of fresh PS-

TPP-[Mn] (Fig. 2, top), primed (NaOH) PS-TPP-[Mn]-Primed

(Fig. 2, centre) and recycled PS-TPP-[Mn] (Fig. 2, bottom) were

acquired. The intensity of the carbonyl peaks were

significantly reduced in the primed catalyst compared to the

fresh catalyst, and there was a change in band positions. No

significant peaks corresponding to metal carbonyl vibrations

were observed in the recycled catalyst (Fig. 2).

ICP-OES analysis revealed there was a minimal loss of Mn

between the fresh and recycled or primed catalysts (for more

details, see the SI). For example, the fresh Mn-based

heterogeneous catalyst retained over 80% of the initial Mn

content after recycling (some of this discrepancy possibly

being in handling losses).37

Given the observation that the primed and recycled

catalysts displayed reduced CO band intensity in the

infrared spectra but enhanced reactivity, we then sought to

understand changes to the Mn core during these processes.

X-ray Absorption Fine Structure (XAFS) Spectroscopy

provides information on the oxidation state and co-

ordination environment of specific elements, in this case

Mn. Fig. 3 shows the XAFS derived Mn K-edge energies of

fresh PS-TPP-[Mn], primed (NaOH) PS-TPP-[Mn]-Primed and

used/recycled PS-TPP-[Mn] catalysts (as vertical dashed lines)

along with reference compounds plotting oxidation state as

a function of edge energy (all spectra given in the SI). It is

commonly reported that the Mn oxidation state can be

reliably estimated from edge shifts (solid foil/oxides

Table 3 Scope of ester and aldehyde reduction to alcohols using a polymer supported manganese catalysta

a Unless otherwise noted reaction conditions are as follows: i) 1a (0.5 mmol), PhSiH3 (1.0 mmol), PS-TPP-[Mn]-Primed (5.1 mol% Mn, 7.0 wt%),
the neat reaction mixture was stirred at 100 °C for 7 h under air. ii) 10% NaOH and MeOH were added to the reaction mixture and stirred for
12 h at RT. Isolated yield using column chromatography on SiO2.

b Unprimed catalyst. PS-TPP = polymer supported triphenyl phosphine.

Catalysis Science & Technology Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

5
 D

ec
em

b
er

 2
0
2
5
. 
D

o
w

n
lo

ad
ed

 o
n
 2

/1
1
/2

0
2
6
 4

:2
7
:3

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01174d


826 | Catal. Sci. Technol., 2026, 16, 821–829 This journal is © The Royal Society of Chemistry 2026

literature trendline shown on Fig. 3).38,39 However, it is

noted from the literature40–42 and our own observations,

that Mn(I) carbonyl compounds do not fit this trend. For

similar materials, it is nevertheless expected that a shift to

increased edge energies will still correspond to electron loss

(oxidation) around the Mn centre, but that the absolute

value of the formal oxidation state may be difficult to

determine. It is clear that both priming and catalytic use

(straight diagonal arrows in Fig. 3) result in a significant

shift of the edge position to higher energies, indicative of

reduced shielding of the core electron levels. The shape of

the near-edge spectrum also changes (for more details, see

the SI), highlighting differences in the electronic structure

(typically associated with core to 4p excitation). The splitting

pattern is sensitive to 3d orbital covalency, and therefore

coordination, but difficult to ascribe precisely.43,44 For our

purposes it is most important to note that this change is

seen in the primed and re-used catalyst and continues to

occur in samples that have been used multiple times. It

should also be noted that the reproducibility of this

approach is attested to by the nearly co-incident values for

two different batches of fresh PS-TPP-[Mn] in Fig. 3. The

observed oxidation of Mn(I) to a slightly higher oxidation

state seen here is unusual, however Beller does report a

Mn(I) to Mn(II) oxidation (a disproportionation event) in the

presence of H2 mediated reduction.45 Further studies to

understand this phenomenon are being carried out in our

laboratory.

SEM and EDX analyses were conducted (for more details,

see the SI) on unused, primed, and recycled PS-TPP-[Mn]

catalysts, revealing key insights (Fig. 4). Fresh and primed

catalysts showed similar morphology with homogeneous

distribution of Mn on the surface of the triphenyl

phosphine polymer. In contrast, recycled catalysts

fragmented into smaller particles, increasing surface area

while maintaining Mn distribution and effectively exposing

more Mn active sites for the reactants to interact. This

structural transformation perhaps contributes to the

Fig. 2 FTIR analysis comparison of unused (top), primed (centre) and

recycled (bottom) catalyst. The right-hand panel shows an expansion

of the region between 2200 and 1900 cm−1.

Fig. 3 A plot showing oxidation state versus the XAFS Mn K-edge position of several reference compounds, along with the position of fresh

(green), primed (red) and used/recycled (orange) PS-TPP-[Mn] catalysts (shown as vertical dashed lines although anticipated to be Mn(I)). As a guide

to the eye trendlines show the commonly reported trend for solid metal foil/oxides (purple), as well as for carbonyl compounds (mustard). The

straight diagonal arrows highlight the primed vs. non-primed path – showing both priming and reuse increase the edge energy. While explicit

oxidation states have been indicated, relative oxidation state changes lead to a more reliable interpretation.
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improved catalytic performance upon recycling. Sodium (Na)

is retained on both the primed catalyst and the recycled

catalyst (for more details, see the SI).

Finally, the heterogeneous Mn catalyst was next evaluated

for the reduction of amides to their corresponding amines

via deoxygenation. In 2017, Kelly et al. reported the reduction

of amide carbonyl using a pre-synthesized homogeneous Mn

catalyst,46 whereas Huang et al. reported deoxygenation of

amides to amines using homogeneous MnBr(CO)5 under

mild reaction conditions.47 Using our heterogeneous catalyst,

the reduction of amide 3 to amine 4 occurred in an excellent

98% yield (Scheme 4). The catalyst was further recycled and

reused twice, achieving isolated yields of product 4 in 89%

and 74% respectively.

Conclusion

In conclusion, we have designed and synthesized a polymer-

supported heterogeneous manganese catalyst for selective

transformation of organic carbonyl compounds (i.e., esters

and aldehydes) to the corresponding alcohols, and an amide

to amine. We observed that the catalyst can be easily

separated, recycled and reused. Unexpectedly, the recycled

catalyst appears more active than that used in the first

iteration, prompting analyses (FTIR, SEM, EDX, XAFS and

ICP-OES) of the Mn catalyst before and after catalysis. The

catalyst undergoes fragmentation, increasing its surface area

and exposing more active Mn sites for hydrosilylation. In

addition, changes in the Mn oxidation state (increasing

upon recycling or priming) were observed from initial use.

These insights led us to develop a priming procedure to

provide a highly active and viable catalyst. At this stage it is

unclear the respective roles that Mn oxidation and catalyst

fragmentation play in catalyst activity. An in-depth

quantitative study is required, and further investigations to

broaden the application of this heterogeneous Mn catalyst

and opportunities for synthesis are currently underway in

our laboratory.
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Fig. 4 Scanning electron microscopy and energy dispersive X-ray analysis.

a) SEM and EDX analysis of fresh PS-TPP-[Mn] catalyst: surface distribution

of Mn, P, and Br. b) SEM and EDX analysis of recycled PS-TPP-[Mn] catalyst

(used once): surface distribution of Mn, P, and Br. c) SEM and EDX analysis

of recycled PS-TPP-[Mn] catalyst (used twice): surface distribution of Mn, P,

and Br. d) SEM and EDX of recycled PS-TPP-[Mn] catalyst (used four times):

surface distribution of Mn, P, and Br. e) SEM and EDX analysis of PS-TPP-

[Mn]-primed catalyst: surface distribution of Mn, P, and Br. Expansion boxes

are not necessarily derived from the precise location shown.

Scheme 4 Deoxygenation of amides to amines.
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