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ABSTRACT: Conversion of readily available feedstocks to valuable platform chemicals via a sustainable catalytic pathway has 
always been one of the key focuses of synthetic chemists. Cheaper, less toxic, and more abundant base metals as a catalyst for 

performing such transformations provide an additional boost. In this context, herein, we report a reformation of readily available 
feedstock, ethylene glycol, to value-added platform molecules, glycolic acid, and lactic acid. A bench stable base metal complex 

{[HN(C2H4PPh2)2]Mn(CO)2Br}, Mn-I, known as Mn-PhMACHO, catalyzed the reformation of ethylene glycol to glycolic acid at 140 
oC in high selectivity with a turnover number TON = 2400, surpassing previously used homogeneous catalysts for such a reaction. 

Pure hydrogen gas is evolved without the need for an acceptor. On the other hand, a bench stable Mn(I)-complex, 
{(iPrPN5P)Mn(CO)2Br}, Mn-III, with a triazine backbone, efficiently catalyzed the acceptorless dehydrogenative coupling of ethylene 

glycol and methanol for the synthesis of lactic acid, even at a ppm level of catalyst loading, reaching the TON of 11,500. Detailed 

mechanistic studies were performed to elucidate the involvements of different manganese(I)-species during the catalysis. 

INTRODUCTION 

Converting widely accessible renewable feedstock into value-

added products and alternative fuel sources is highly relevant in 

terms of synthetic output and sustainable chemical develop-
ment.1-8 In this context, ethylene glycol (EG) is readily available 

and cheaply sourced, both from biomass and fossil fuel-based 
resources, and is an excellent feedstock for such derivatization 

(Figure 1A).9-10 Industrially, EG has been utilized as a coolant, 
heat-transfer, anti-freeze agent, and precursor for blockbuster 

polymers.9-10 Recently, EG has also emerged as a promising 
candidate for hydrogen gas carriers with a theoretical hydrogen 

storage capacity (HSC) of 6.5 wt%.11 Consequently, it has been 
considered a viable candidate for serving as a liquid organic hy-

drogen carrier (LOHC). On the contrary, the valorization of EG 
for synthesizing various value-added products is relatively fi-

nite. 

Glycolic acid (GA) and lactic acid (LA), having both hydroxy 
and acid functional groups, are highly demanded with wide-

spread applications ranging from food, skincare, cosmetics, 
pharmaceuticals, textile, and polymer (Figure 1A).12-15 Further-

more, they are widely used to produce various green solvents 
and commodity chemicals.14 More intriguingly, both these acids 

are precursors of widely used biodegradable and biocompatible 
polymer polyglycolic acid (PGA) and polylactic acid (PLA).16-

17 Owing to their diverse applications, the global market for LA 

in 2022 is estimated to cross 4 × 105 tons per year, and for GA 

to exceed 400 million USD by 2024.14, 18 While the current man-
ufacturing protocol for LA is based on conventional chemoca-

talysis and fermentative methods, the current production of GA 
largely depends on high-pressure formaldehyde carbonylation 

using CO at cryogenic conditions, or hydrolysis of chloroacetic 
acid or methyl 2-hydroxyacetate, cyanidation, transesterifica-

tion, and enzymatic reaction.19-21 Although used industrially, 
these reactions suffer from major sustainability issues like stoi-

chiometric waste generation, multi-step purification, separa-
tion, and toxic reagents requirement. Alternatively, an environ-

mentally benign direct conversion of readily available renewa-
ble biomass, like EG, to GA and LA under mild and atom eco-

nomic conditions is valued as highly desirable.21-25 However, it 

is less explored to date. 

Contextually, Dumesic demonstrated the first reformation of 

aqueous EG to H2, CO2, and short alkanes at elevated tempera-
tures using Pt/Al2O3 and Raney-NiSn (Figure 1B).26,27 Bitter at-

tempted carbon nanofiber (CNF) supported Cu, and Ni nano-
particles promoted conversion of EG to GA and H2.

23 However, 

further decomposition of GA to formic acid, H2, and CO2 was 
observed. Independently, Cole-Hamilton28 and Beller29 dis-

closed the reformation of EG to H2; however, the formation of 
GA was not confirmed. A homogeneous Rh-catalyzed oxidative 

dehydrogenation of alcohols and polyalcohols, including EG, to 
carboxylic acids in the presence of sacrificial hydrogen accep-

tors such as ketones or methyl methacrylate was developed.22  



 

 

Figure 1 (A) Source and Usage of Ethylene Glycol. (B) Previous Reformation of Ethylene Glycol and Lactic Acid Synthesis. (C) 

Manganese Catalyzed Reformation of Ethylene Glycol to Glycolic acid and Lactic Acid. 
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Recently, homogeneous iridium- (turn over number, TON up 
to 28) and ruthenium-catalyzed (TON up to 188) reformation 

of EG to GA were independently developed by Tang,24 and 
Milstein,21 respectively (Figure 1B). However, the need for 

sacrificial hydrogen acceptor, scarce noble metals, poor selec-
tivity, and low TON somewhat limits the scope of these reac-

tions. 

Contemporarily, the reconstruction of C6 (sorbitol)30 and C3 
(glycerol)29, 31-34 sources had offered an appealing chemical 

route for the synthesis of LA (Figure 1B). Nonetheless, low 
selectivity due to undesired C-C bond cleavage and low atom 

economy remain the key issues. As an alternative, a dehydro-
genative coupling (DHC) between EG and MeOH can be car-

ried out to synthesize this platform molecule. The protocol, 

however, comes with the challenge that the catalyst needs to 
be highly selective for EG and MeOH dehydrogenation and 

cross-coupling of in situ generated glycolaldehyde and for-
maldehyde. At the same time, the unproductive homo-cou-

pling of aldehydes, overoxidation, esterification, or polymer-
ization of EG must be suppressed. To the best of our 

knowledge, only one iridium-N-heterocyclic carbene complex 
successfully realized the DHC of EG and MeOH to LA in high 

yields and selectivities (Figure 1B).25 Nevertheless, the syn-
thesis of LA and also GA from readily available natural re-

sources utilizing non-noble metal catalysts with high yield and 

selectivity is the need of the hour.14, 21-24 

Recently, molecularly defined complexes of the third most 

abundant metal manganese have emerged as a powerful 



 

 

catalyst for various hydrogen transfer reactions.35-43 In this as-

pect, several groups, including ours, have also been involved 
in developing manganese-catalyzed hydrogen transfer medi-

ated acceptorless dehydrogenative coupling and borrowing 
hydrogenation reactions.44-53 Manganese catalyzed refor-

mation leading to the generation of value-added products has 
started gathering keen interest.54-59 In our continuous quest to 

develop sustainable manganese-based catalytic systems, 
herein, we report homogeneous manganese(I)-complexes for 

the reformation of EG to highly demanded GA and LA mole-
cules with the generation of pure hydrogen gas (Figure 1C). 

Encouragingly, the catalysts operate at a lower temperature 
and exhibit excellent yields and selectivities for GA and LA, 

suppressing all possible byproducts, with TON up to 2400 for 
GA (highest reported till date) and 11,500 for LA, respec-

tively. To the best of our knowledge, manganese-catalyzed 
reformation of EG to GA and LA has not been reported thus 

far. 

RESULTS AND DISCUSSION 

Manganese-catalyzed reformation of EG to GA. For the 

reformation of EG to GA, we commenced our investigation 
by screening various bench stable manganese(I)-pincer-com-

plexes Mn-I to Mn-VII as catalysts. The complexes have pre-
viously been utilized for diverse waste-free redox transfor-

mations.45-46, 60-63 In a typical reaction, 5 mmol of EG was 
treated with 0.5 mol% of manganese(I)-complex in the pres-

ence of KOH in tAmOH at 140 oC (Scheme 1). Progress of the 

reaction was monitored by measuring the evolved hydrogen.  

Scheme 1. Evaluation of Manganese(I)-Complexes for 

Reformation of EG to GA and Hydrogen.a 
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a Reaction conditions: EG (5 mmol), Mn(I)-complex (0.5 

mol%), KOH (25 mmol), tAmOH (1 mL) at 140 o C for 24 h under 
Ar in a 100 mL reaction tube with sidearm. Conversion, yield, 
and selectivity were determined by 1H NMR analysis using so-
dium acetate as an internal standard. Hydrogen volume was 
measured using an inverted burette. 

Much to our delight, among the tested Mn(I)-complexes, Mn-

I, stabilized by the PhMACHO ligand, gave the highest volume 
of hydrogen (240 mL, TON >198). 1H NMR analysis of the 

reaction mixture indicated complete conversion of EG and ex-
clusive formation of glycolate (>99% yield). Although Mn-

II, Mn-III, and Mn-VII resulted in full conversion of EG, the 
selectivity for GA was measured to be slightly less (up to 89% 

yield and TON = 178). Complexes Mn-IV with a bulky tBu 
phosphine ligand and Mn-VI were noticed to be less active 

for this reaction (up to 23% yield and TON = 46). 

Encouraged by these promising results, we screened various 
reaction parameters to improve the reaction’s efficiency (Ta-

ble 1). Monitoring the reaction time indicated that the reaction 
was completed at 9h (Entries 1-3). The use of bases other than 

KOH was found to be detrimental to the reaction (entries 4-
5). The equivalency of the base used was also crucial, and 

lowering the equivalency resulted in a decrease in the yield 
(entries 6-7). The reaction was susceptible to tAmOH as other 

mediums performed poorly (entries 8-9). Notably, the reac-
tion was also found to proceed smoothly at 130 oC without 

compromising yield and selectivity (entry 10). Control exper-
iments demonstrated the importance of the catalyst and base 

(entries 11-12). Further details of reaction optimization are 

tabulated in Tables S1-S5. 

Table 1. Optimization Studies for the Mn-I Catalyzed 

Reformation of EG to GA.a 

 

a Reaction conditions: EG (5 mmol), Mn-I (0.5 mol%), base, 
solvent (1 mL) at 140 o C for 6-24 h under Ar in a 100 mL reaction 
tube with a sidearm. Conversion, yield, and selectivity were de-

termined by 1H NMR analysis using sodium acetate as an internal 
standard. Hydrogen volume was measured using an inverted bu-
rette. b At 130 oC. c No catalyst. d EG (20 mmol), Mn-I (0.04 
mol%), tAmOH (4 mL) for 12 h at 140 oC under Ar. n.d. = not 
determined. 

Pleasingly, a scale-up reaction with 0.04 mol% loading of 
Mn-I gave GA in 96% yield with the generation of 0.93 L of 

hydrogen reaching a TON of 2400 (Table 1, entry 13). To the 
best of our knowledge, it represents the highest TON for the 

EG reformation to GA reported to date using a molecularly 
defined metal complex. Notably, the gas chromatography 

analysis of the evolved gas showed that the pure hydrogen was 
evolved (SI, Section 11.13). It thus provides the possibility of 

being used as a clean energy source. Any further scale-up 



 

 

reaction was not performed due to the limitation of the reac-

tion vessel. 

Further, a catalyst recyclability test was performed to test the 
robustness of Mn-I in catalyzing the reformation of EG to GA 

and hydrogen (SI, section 6). The catalyst was found to be ac-
tive for three cycles (on 10 mmol of EG run), and a total of 

1.3 L of hydrogen evolution was observed over a period of 72 

h. After three cycles, the catalytic activity decreased. 

Manganese-catalyzed dehydrogenative coupling of EG 

and MeOH for the synthesis of LA. We next extended the 
protocol towards synthesizing LA by the dehydrogenative 

coupling of EG and MeOH. For the DHC reaction, 5 mmol of 
EG was treated with 0.2 mol% of the previously used manga-

nese(I)-complexes and KOH in MeOH at 140 oC (Scheme 2). 
Gratifyingly, amongst the different manganese(I)-complexes 

tested, (iPrPN5P)Mn(I)-complex Mn-III with a triazine back-
bone gave a quantitative lactate yield (TON = 495). Other 

tested manganese complexes Mn-I, Mn-II, and Mn-IV – 
Mn-VII, which were efficient for EG reformation to GA, 

were found to be ineffective (TON up to 140) under these con-

ditions, elaborating the need for appropriate catalyst design. 

Scheme 2. Evaluation of Manganese(I)-Complexes for the 

Dehydrogenative Coupling of EG and MeOH to Yield 

LA.a 
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a Reaction conditions: EG (5 mmol), Mn(I)-complex (0.2 

mol%), KOH (25 mmol), MeOH (4 mL) at 140 o C for 3 h under 
Ar in a 15 mL Schlenk tube. Conversion, yield, and selectivity 

were determined by 1H NMR analysis using sodium acetate as an 
internal standard. 

With the suitable manganese(I)-catalyst in hand, we then 

screen other reaction conditions to optimize the LA produc-
tion (Table 2). The reaction was found to be sensitive to bases. 

Besides KOH, other bases performed poorly under these con-
ditions (entries 1-4). Lowering the equivalency of KOH also 

made the reaction sluggish and led to a slightly diminished 
yield of the desired product (entries 5-6). The MeOH equiva-

lency was then varied. Notably, it was found that up to 5 

equivalent of MeOH gives a quantitative yield of lactate (en-

tries 7-9). A slightly lower conversion and yield were obtained 
when 2.5 equivalent of MeOH was used (entry 10). Controlled 

reactions in the absence of either the base or the catalyst re-
sulted in no consumption of the EG, thereby stressing the need 

for both (entries 11-12). 

Inspired by these promising results, we have lowered the cat-
alyst concentration to boost the LA production. When a six-

fold lower loading of Mn-I was used, a TON 3030 with a high 
turnover frequency TOF = 1010 h–1 was reached with main-

taining high selectivity for LA (entry 13). Notably, lowering 
the catalyst loading to as low as 195 ppm also gave the desired 

product in a high 97% yield with TON = 11,500 within 72 h 

(entry 14). 

Table 2. Optimization Studies for the Mn-III Catalyzed 

LA Synthesis via DHC of EG and MeOH.a 

 
a Reaction conditions: EG (5 mmol), Mn-III (0.2 mol%), KOH 

(25 mmol), MeOH (1 mL) for 3 h at 140 o C under Ar. Conver-
sion, yield, and selectivity were determined by 1H NMR analysis 
using sodium acetate as an internal standard. b No catalyst, c Mn-

III (0.033 mol%). d EG (20 mmol), Mn-III (0.008 mol%, 195 
ppm), MeOH (4 mL) for 72 h. 

Mechanistic studies. A plausible working model for the 
reformation of EG to GA and LA with pure hydrogen produc-

tion is depicted in Scheme 3A.24, 32 Ethylene glycol dehydro-
genation occurs in the presence of manganese catalysts lead-

ing to the formation of glycolaldehyde with the liberation of 
hydrogen. In the absence of methanol, glycolaldehyde will un-

dergo another cycle of dehydrogenation, leading to glyoxal 
formation. Subsequently, intramolecular Cannizzaro reaction 

of the in-situ generated glyoxal under basic conditions leads 
to the formation of the glycolate product. Alternatively, gly-

colaldehyde could also be converted to glycolate via an inter-

molecular Cannizzaro reaction. 

A set of control and mechanistic experiments were then car-
ried out to get inside the reformation reaction. Initially, sev-

eral 31P NMR experiments were performed to elucidate the 
involvement of relevant manganese intermediates in the reac-

tion (Scheme 3B, SI Section 11.3). Treatment of the manga-
nese precatalyst, Mn-I with base leads to the formation of 

Mn(I)-amido complex Mn-Ia following dehydrobromina-

tion.64 Mn-Ia on treatment with excess water and ethylene  



 

 

Scheme 3. A Plausible Mechanism for Reformation of Ethylene Glycol to Glycolic acid and Lactic Acid and Mechanistic 

Studies. 

glycol forms the Mn(I)-hydroxy complex Mn-Ib and the 
Mn(I)-alkoxy complex Mn-Ic, respectively. The synthesis of 

the complexes similar to Mn-Ib,c have previously been re-
ported.65 Again, the alkoxy complex Mn-Ic was formed when 

the hydroxide Mn-Ib was reacted with excess ethylene glycol. 
Additionally, the treatment of Mn-Ia with GA leads to the for-

mation of Mn(I)-glycolato complex Mn-Id. When treated 

with an excess amount of KOH, the latter liberates the hydrox-

ide complex Mn-Ib and potassium glycolate. 

We believe that the ethylene glycol dehydrogenation reaction 

occurred via the intermediacy of the alkoxy intermediate Mn-

Ic, formed directly from the amido complex Mn-1a or via the 

hydroxide Mn-1b (Scheme 3B). To elucidate the involvement 
of the alkoxy complex Mn-Ic, we have generated it in situ 

from Mn-I by treating it with base and EG. When thus 
formed, Mn-Ic was reacted with an excess KOH at 140 oC for 

4 h, we have observed the formation of manganese(I)-glyco-
late Mn-Id and the manganese(I)-hydride Mn-Ie along with 

the intermediates Mn-1a,b (Scheme 3C). Additionally, the 
above experiments (Scheme 3B,C) highlight the existence of 

the complexes Mn-Ia-e in solution during the catalysis. 

Furthermore, the alkoxy complex Mn-Ic was synthesized sep-
arately and used for catalytic and stoichiometric EG refor-

mation reactions (SI, Section 11.8-11.10). Under these condi-
tions, 95% and 93% yields of GA, respectively, were ob-

tained. It further suggested the intermediacy of Mn-Ic. More-
over, independently synthesized the manganese(I)-hydroxide 

Mn-Ib could also catalyze the reformation reaction in similar 

efficiencies (71% yield, SI section 11.12), suggesting its in-

termediacy during the reaction. 

Kinetics studies for the Mn-I catalyzed EG reformation to GA 

were then performed to shed more light on the mechanism 
(See SI, Section 11.6). The hydrogen evolution over time was 

measured using an inverted burette to determine the initial 
rates. For the reaction performed at [EG] = 1.67 M, [KOH] = 

8.33 M, the initial rate for the hydrogen evolution was found 
to increase linearly with the increasing concentration of Mn-I 

(0.005-0.01 M), indicating the first-order kinetics. Different 
initial concentrations of EG (1.67-6.67 M) were noticed to im-

part minimal effect on the reaction rate. This suggested that 
the Mn-I catalyzed dehydrogenation of ethylene glycol is a 

fast and facile step and might not contribute to the overall 
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reaction rate. Notably, when the reaction was conducted with 

the varying initial concentration of KOH (8.33-13.3 M), the 
reaction was found to be second-order with [KOH]. This indi-

cated the executive role of the base during the ethylene glycol 

dehydrogenation and Cannizzaro reaction. 

To probe the intermediacy of glyoxal and base-mediated Can-

nizzaro reaction, we have studied the reactions of glyoxal with 
KOH, and 99% yield of potassium glycolate was observed in 

9h (Scheme 3D, SI, section 11.1). A similar reaction, when 
performed with the Mn(I)-hydroxide Mn-1b, formation of 

manganese glycolate Mn-Id, was noticed in >90% yield 
(Scheme 3D, SI section 11.4.3). During the catalysis, Mn-Id 

might be converted to manganese(I)-hydroxide Mn-1b and 
potassium glycolate in the presence of KOH to close the cycle. 

The conversion of Mn-Id to Mn-1b and potassium glycolate 

was observed as discussed earlier (Scheme 3B). 

Furthermore, the EG reformation reaction rates were meas-

ured at different reaction temperatures (120 to 140 oC, SI Sec-
tion 11.7). From the Eyring analysis, we have calculated over-

all barrier ΔG‡
(298) = 103.7 kJ mol–1 with ΔH‡ = +62.4 kJ mol–

1 and ΔS‡ = –138.6 J mol–1 K–1. The negative value of entropy 

of activation suggested the involvement of the associative 

pathway. 

During the LA synthesis via DHC reaction in the presence of 

MeOH, both EG and MeOH undergo dehydrogenation to the 
glycolaldehyde and formaldehyde, respectively, with the lib-

eration of hydrogen (Scheme 3A). In this regard, Mn-III me-
diated dehydrogenation of MeOH to formaldehyde has previ-

ously been reported.61, 66 A cross-aldol condensation of in situ 
generated glycolaldehyde and formaldehyde in the presence 

of a base gives glyceraldehyde. Subsequent dehydration of the 
glyceraldehyde results in pyruvaldehyde, which undergoes in-

tramolecular Cannizzaro reaction under alkaline conditions, 

leading to the formation of LA. 

CONCLUSION 

A sustainable approach to synthesizing two valuable platform 
molecules, glycolic acid, and lactic acid, from readily availa-

ble renewable resource ethylene glycol has been disclosed. 
The reformation has been carried out using Earth-abundant 

transition metal catalysts. A high TON and selectivity for the 
synthesis of both GA and LA were obtained. Pure hydrogen 

gas is liberated during the acceptorless reformation process. 
As a future outlook, we believe that this report will open a new 

avenue towards sustainably obtaining value-added products 
and serve as a milestone towards making synthetic chemistry 

more environment-friendly. 
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