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Another Unprecedented Wieland Mechanism Confirmed: 

Hydrogen Formation from Hydrogen Peroxide, 

Formaldehyde, and Sodium Hydroxide 

Robert Czochara, Grzegorz Litwinienko,* Hans-Gert Korth,* and Keith U. Ingold 

This paper is dedicated to Alwyn Davies on the occasion of his 92st birthday. 

Abstract: In 1923, Wieland and Wingler reported that in the molecular hydrogen 

producing reaction of hydrogen peroxide with formaldehyde in basic solution free 

hydrogen atoms (H) are not involved. They postulated that bis(hydroxymethyl)peroxide, 

HOCH2OOCH2OH, is the intermediate that decomposes to yield H2 and formate, 

proposing a mechanism which nowadays would be considered as a "concerted 

process". Since that time several other (conflicting) ‘mechanisms’ have been suggested. 

Our NMR and Raman spectroscopic and kinetic studies, particularly determination of the 

deuterium kinetic isotope effect (DKIE), now prove that in this base-dependent reaction 

both H atoms of H2 derive from the CH2 hydrogens of formaldehyde, not from the OH 

groups of HOCH2OOCH2OH or from water. Quantum-chemical CBS-QB3 and W1BD 

computations confirm that H2 release proceeds through a concerted process, strongly 

accelerated by double deprotonation of HOCH2OOCH2OH, thereby ruling out a free 

radical  pathway. Wieland’s mechanism for H2 evolution showed truly amazing chemical 

insight. 
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Heinrich Wieland’s mechanistic insight was unrivalled in peroxide chemistry. He was 

the first to identify any free radical rearrangement, viz. Ph3CO  Ph2COPh, during 

thermal decomposition of Ph3COOCPh3.[1] Decades later some of us[2] provided 

unequivocal evidence favoring this (disputed) isomerisation.  This stimulated us to look 

for other questioned (or ignored) Wieland mechanistic proposals. We found the fast 

room temperature reaction:[3,4] 

H2O, 25
oC

initial 1/2 = 82 s
0.05 M H2O2 + 0.1 M HCHO + 0.1 M NaOH

0.05 M H2 + 0.1 M HCOO Na (1)
 

Wieland[3] postulated that bis(hydroxymethyl)peroxide (H2P)[5] was the intermediate 

that decomposed to give molecular hydrogen [reactions (2)–(4)], representing this 

process exactly as shown in Figure 1 and concluding that free H atoms were not 

involved because methylene blue or iodine were not decolorized and p-benzoquinone 

was not hydrogenated.[6] 

Wieland’s genius is further attested to by his pioneering description of what later 

became known as the solvent cage effect. 
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Figure 1. Mechanism of bis(hydroxymethyl)peroxide (H2P) decomposition proposed by 

Wieland and Wingler.[3] (H. Wieland, A. Wingler, Über den Mechanismus der 

Oxydationsvorgänge V. Zur Oxydation der Aldehyde, Justus Liebigs Ann. Chem. 1923, 

431, 301–322.) Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission.  

Reaction (1), first reported in 1898,[7] has been the subject of considerable 

mechanistic speculation, both before and after Wieland’s Figure 1 proposal, but much of 

the speculation has ignored or overlooked established facts. The reaction has three 

times been reported to follow second-order kinetics. In the first of these studies,[8] the 

effect of added base (essential if the reaction is to proceed at a noticeable rate at or 

below 25 oC) was already recognized, but the evolved gas was assumed to be O2! The 

second work[9] explicitly incorporated base into a proposed mechanism. Unfortunately, it 

was concluded that the H2 came from the two HO groups, viz. 2 CH(OH)O–  2 

HCOO– + H2, despite an earlier study[10] in D2O in which the evolved hydrogen was 

converted to water, the density of which indicated that it was H2O, proving that the 

evolved hydrogen came from two non-exchangeable CH2, rather than the exchangeable 

OH groups.[11] In the third study[12] H2O2 oxidation of HCHO in basic solution was 

suggested to proceed via the bis(hydroxymethyl)peroxide dianion (P2–) as an 

intermediate, and decomposition to H2 and formate [reaction (5)] was proposed to be 

rate-limiting. However, H2 release was not investigated. 
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We here confirm the peroxide’s two CH2 groups as the sole source of H2 using 

Raman and NMR spectroscopy, see Figure 2 and Figures S14–S25 in the Supporting 

Information. In Ref. [9] it was also shown that the H2 formation vs time curve at 0 oC 

using the concentrations given in reaction (1) was identical to that for an equivalent 

concentration of H2P with the appropriate [NaOH] added, reaction (4), see Figure S26. 

When the reaction is fast, e.g. reaction (1) conditions, the H2 yield is 100% of theory,[3,9] 

but when slow (at pH ≤ 12), additional paths (see below) may make the yield appear to 

be <100%.[13] 

 

 

Figure 2. A) 1H NMR spectra of the gas generated from HCHO/H2O2/NaOH (4:1:2) in 

D2O (dotted) and from DCDO/H2O2/NaOH (4:1:2) in H2O (solid). Signals at 3.40 ppm: 

H2O vapor. The small signal (solid) at 7.29 ppm corresponds to the HCHO impurity of 
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the applied DCDO. B) 2H NMR spectra of the gas generated from HCHO/H2O2/NaOH 

(4:1:2) in D2O (dotted; D2 not detected; signal at 3.45 ppm: D2O vapor) and from 

DCDO/H2O2/NaOH (4:1:2) in H2O (solid; D2 is detected at 7.17 ppm). 

Considering all of the above (and other experimental facts) it would seem that 

Wieland’s Figure 1 may be an acceptable approximation to the transition state of 

reaction (1), in particular if the two hydroxyl H atoms are replaced by two negative 

charges, viz. P2–. This leaves two mechanistic possibilities: either, the rate controlling 

step could involve a concerted bond making/breaking (sigmatropic [2+2+2] elimination, 

as implied by Figure 1), or O–O bond scission is rate controlling, being followed by two 

fast in-cage C–H scissions to give a singlet pair of H atoms that combine 

‘instantaneously’, reaction (6). 

 

It seemed likely that these two mechanisms could be readily distinguished by the 

HCHO/DCDO deuterium kinetic isotope effect (DKIE), which would be large for the 

concerted process but small for a simple O–O scission. Determining the (possibly small) 

DKIE demanded a careful kinetic study. In view of the earlier kinetic work,[9] we chose as 

our base the conditions indicated in reaction (1), kept to 25 oC and monitored H2 

evolution while varying the concentration of one reagent at a time. Experimental details 

and results are given in the SI, Tables S1–S18 and Figures S1–S13. 
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Reproducibility was less than we would have liked, but was quite sufficient for our 

purposes. We confirmed (approximate) second-order[14] H2 evolution with 100% yield for 

fast reactions. At less than stoichiometric [HCHO] the rate was [HCHO]2, while excess 

HCHO roughly doubled the rate (Figure 3A). The rate slightly enhances with a small 

increase in [H2O2] (Figure 3B) but a stoichiometric excess of H2O2 strongly retarded the 

reaction (because now hydroxymethyl hydroperoxide, HOCH2OOH, [reaction (2)] is 

favored over H2P). 
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Figure 3. Initial rates of H2 evolution. A) 0.10 M NaOH and 0.05 M H2O2 with varying 

amounts of HCHO (inset: initial rate as a function of [HCHO]2). B) 0.10 M NaOH and 

0.10 M HCHO with varying amounts of H2O2. C) 0.10 M HCHO with 0.05 M H2O2 with 

varying amounts of NaOH (expressed as pH). The arrow indicates the stoichiometric 

8 
 

10.1002/anie.201800636

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



HCHO:H2O2:NaOH = 2:1:2 ratio. Empirical fits to the non-linear graphs are just intended 

to guide an eye. 

The pH dependence of the initial rate of H2 production is shown in Figure 3C. Clearly, 

the pKa of the species governing H2 release must be around 13.5. Since the pKa
s of 

H2O2 and HOCH2OOH are 11.6 (Table S19) and 10 (estimated from computed 

deprotonation free energies, see Figure S27), respectively, these observations are not 

only consistent with earlier work[9,12] but also provide strong support for a rate-controlling 

concerted decomposition of P2– (formed via an extensive series of equilibria, see 

Scheme S1), i.e. HOCH2OH[15] and HP– (see Figure S28) are the only species present 

likely to have such a high pKa. The reaction rate was the same (to within one standard 

deviation) under O2 as under N2
[16] and was also the same when NaOH was replaced by 

CsOH (Tables S10–S18).[17] The reaction exhibited a mean HCHO/DCDO DKIE of 6.9, 

which is fully consistent with a concerted elimination of H2 from P2–. Facile H2 

elimination from P2– in water is consistent with a report[18] that decomposition of neutral 

H2P in the gas phase at 110–200 oC yields formic acid and H2 more slowly than it yields 

HCHO and HOCH2OOH, i.e. reaction (–3) is favored over H2 loss. 

There are only three theoretical studies on (decomposition of) H2P.[19,20]  Fleischmann 

and Cioslowski[19] recognized that H2 must come from the dianion P2–. On the HF (MP2) 

level they located a “stretched” conformation (–OCOO units s-trans) as the ground state 

structure, and gave barriers to internal rotation. No calculations being reported on H2 

loss or O–O bond cleavage. In two, essentially identical reports by Thiel (gas phase DFT 

calculations),[20] a  6-center cyclic transition structure of H2P is found from which H2 can 

be extruded in a concerted process. The reported structures agree with the ones found 
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in this study, however, it was ignored that the release of H2 in the gas phase or neutral 

aqueous solution is slow and the yield is not quantitative. In order to explore possible 

reaction paths of H2 formation from H2P at neutral and basic pH, we carried out 

extensive gas phase and aqueous phase computations employing the composite 

(PCM)CBS-QB3 method.[21] Pivotal structures were additionally computed with the high-

accuracy W1BD method, with aqueous solvation being modeled by the SMD approach. 

Structures and thermochemical data are collected in Figure S29 and Tables S20–S23. 

W1BD structures and activation data are displayed in Figure 4. With a few exceptions, 

identical structures were found with CBS-QB3 and W1BD in the gas and aqueous 

phase. Several ground state conformers and rotational transition states were located for 

H2P, HP– and P2– (Table S21). The lowest-energy structure of H2P (1/1a) has its OH 

groups mutually hydrogen bonded, thereby stabilizing an unfavorable arrangement for 

concerted H2 elimination. Two conformeric TSs for concerted H2 evolution were found, 

the lower (2/2a) of H‡(aq) = 27.8 (CBS-QB3, 27.9) kcal mol–1 activation enthalpy in 

water. A further transition structure (3/3a), leading to formic acid and dihydroxymethane 

(formaldehyde hydrate), was located, characterized by an elongated O–O bond 

combined with a simultaneous 1,3-shift of one of the CH2 hydrogens to the remote 

peroxide oxygen. The >12 kcal mol–1 higher barrier, however, renders this path 

unimportant under normal conditions. Note that transition structures for simple O–O 

bond homolysis were not found (for bond dissociation energies see Table S23). 
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Figure 4. (SMD)W1BD-computed lowest-energy aqueous phase structures and 

activation barriers H‡ (G‡) for bis(hydroxymethyl)peroxide (H2P) (left), its monoanion 

(HP–) (middle), and its dianion (P2–) (right) and related transition structures for concerted 

H2 release and intramolecular hydrogen shift. For compound labelling and bond 

distances see Tables S20, S21 and Figure S29. 

As expected, the ground state of the monoanion HP– (4/4a) is intramolecularly 

strongly hydrogen-bonded (HHB ≤ –12 kcal mol–1, cf. 18/18a, Table S21), again 

stabilizing an unfavorable conformation for concerted H2 release. The related transition 

state (5/5a) is slightly lower than that of H2P (2/2a), both agreeing well with the 
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experiments in water,[8] see Figure S30. Interestingly, TS 6/6a for decomposition to 

(initially) HCOOH and HOCH2O– now involves a 1,2-CH2 hydrogen shift to the adjacent 

peroxide oxygen. This TS even lies below the barrier for concerted H2 release, 

suggesting that at a pH where HP– exists, H2 production will not be quantitative but 

accompanied by formation of HCOOH/HCOO– and HOCH2OH (= HCHO + H2O), as 

reported by Wieland.[3] 

The ground state of dianion P2– (7/7a) adopts the stretched conformation as found 

earlier.[19] This conformation can reasonably be attributed to Coulomb repulsion of the 

negatively charged oxygens. Two of the CH2 hydrogens are now in a favorable 

orientation for concerted H2 release [H–H distance 2.82 (g)/2.55 (aq) Å]. This results in a 

strongly decreased TS barrier (8/8a) with H‡(aq) = 13.1 (CBS-QB3, 16.3) kcal mol–1. 

This H‡(aq) is close to the experimental “activation energy Ha = 14.5 ± 0.3 kcal mol–

1”,[9] which supports reaction (5) as the rate-determining step. The 1,2-H-shift TS 9/9a, 

leading to (initally) HCOOH and –OCH2O–, lies 7–8 kcal mol–1 above TS 8/8a. This 

process thus would not compete noticeably with the concerted H2 release. Internal 

reaction coordinate (IRC) computations (Figure S31) confirm the found transition states 

connect with the peroxidic educts (H2P, HP–, P2–) and the products (H2 + HCOO–

/HCOOH and HOCH2OH + HCOO–/HCOOH, respectively). Further, DKIEs for H2 

extrusion in the range 3.2–9.9 were computed (Table S21), in accord with the 

experimental values.[22] In toto, our computational findings are congruent with a base- 

induced strong acceleration and quantitative evolution of H2 from HCHO and H2O2, and 

support H2 evolution from P2– in the rate-determining step. 
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 Our conclusion is that Wieland’s Figure 1 is an acceptable approximation to the 

transition state. Hats off to Wieland! 
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