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Mimicking the active site of aldehyde
dehydrogenases: stabilization of carbonyl
hydrates through hydrogen bonds†

A. J. K. Roth, M. Tretbar and C. B. W. Stark*

Aldehyde hydrates are important but highly unstable, transient

intermediates in biological and synthetic oxidations to carboxylic

acids. We here report N-oxides as the first class of chemical reagents

capable of stabilizing such water adducts. This stabilizing effect

(studied in solution and in the solid state) seems to be based on

the formation of hydrogen bonds.

Aldehyde dehydrogenases (ALDH’s) are highly important enzymes
involved in oxidative detoxification processes.1 They convert toxic
endogenous and exogenous aldehydes into less hazardous and
more easily excretable (or biosynthetically reusable) carboxylic acids.
The molecular mode of action of ALDH’s is quite well understood
and there are two distinct pathways: a covalent2 and a non-covalent
mechanism.3–5 Before the oxidation can occur in the non-covalent
mechanism, water has to add to the carbonyl group to form the
reactive tetrahedral hydrate intermediate (Scheme 1). This pre-
equilibrium is crucial for the efficiency of the overall reaction.3

Most synthetic aldehyde oxidations are believed to proceed through
the same hydrate intermediate or an analogue (RC(OH)X) thereof.6,7

Generally, the addition of water to carbonyl compounds is highly
ineffective as the hydrate intermediate is both enthalpically and

entropically disfavored.8 Thus, for most aldehydes even when water
is used in large excess or as a solvent, only trace amounts of the
aldehyde hydrate can be detected. In fact, for most carbonyl
compounds the related hydrate has never been observed. At the
active site of ALDH’s a three-dimensional array of Lewis-acids and
Lewis-bases stabilizes the water adduct.4 Artificial ligands or reagents
to mimic this stabilization have until to date never been reported.
Such a hydrate-stabilizing reagent would be of great interest (i) to
investigate the properties of as yet unknown carbonyl hydrates
and (ii) to mimic the high efficiency of the biological oxidation
process in synthetic organic chemistry.

We recently presented a simple method for a TPAP9-catalyzed
direct conversion of primary alcohols to carboxylic acids with a
large excess of N-methylmorpholine N-oxide (NMO), where NMO
plays a dual role, acting as stoichiometric co-oxidant as well as
reagent for the stabilization of the intermediate aldehyde hydrate.7

We initially suggested that Lewis-basic (but non-Brønsted-basic)
reagents such as phosphine oxides, sulfoxides, N-oxides and
the like should be able to shift the carbonyl/hydrate equilibrium
even without the three-dimensional arrangement of an enzyme.7

N-Oxides such as NMO proved to be particularly promising10 and a
stabilization through hydrogen bonds11 was suggested (Fig. 1).
Preliminary support came from simple 1H-NMR studies7 but the
real nature of the interaction remained ambiguous. Different
models with different geometries and stoichiometry between the
aldehyde hydrate and NMO have been postulated (Fig. 1).7

In the search for experimental evidence for the molecular
mode of hydrate stabilization, we decided to first investigate
the interaction between an aldehyde hydrate and an N-oxide in

Scheme 1 Common mechanism of aldehyde oxidation through hydrate
intermediates.

Fig. 1 Previously postulated modes of carbonyl hydrate stabilization via
hydrogen bonds to N-oxides.
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solution. Chloral 1 was selected as a model compound as it forms
a reasonably stable hydrate that can be studied in solution and
also be used for co-crystallization experiments. NMR studies
in MeCN-d3 showed that in presence of 1.0 equiv. of water the
equilibrium between chloral 1 and its hydrate 2 lies at 63% hydrate
(Fig. 2). On addition of 1.0 equiv. of NMO�H2O to a solution of
chloral 1 in MeCN-d3 the equilibrium is completely shifted
towards the hydrate and not even a trace of the carbonyl
compound is detectible (Fig. 2).

To elucidate the stoichiometry of this hydrate stabilizing inter-
action, we carried out Job Plot-experiments.12 For this purpose, the
variation of the chemical shift of the N-methyl group of NMO
was monitored by 1H-NMR depending on the composition of a
solution of NMO and chloral hydrate at constant overall concen-
tration (Fig. 3). In these experiments the maximum chemical
shift is determined at a 1 : 1 ratio of the two components which
clearly indicates a 1 : 1 interaction in solution.

Next the situation in the solid state was studied. After some
experimentation, investigations to obtain co-crystals13 from chloral
hydrate and NMO were successful. Co-crystals readily formed in

large amounts and high quality when cooling a concentrated
solution containing both compounds in stoichiometric amounts.
The ease of formation of these co-crystals suggests a fairly attractive
intermolecular interaction.14 Moreover, this effect is not limited to
NMO as N-oxide but is also observed when pyridine N-oxide is used.
In both cases high quality crystals suitable for X-ray analysis were
obtained. Hydrogen bond interactions between the respective two
components were determined in the crystal structure resulting in
1 : 1 complexes. These findings are in accordance with the stoichio-
metry observed in solution for the chloral hydrate–NMO system.
The two structures, however, differ quite significantly: with
NMO, ring-shaped structures consisting of two NMO and two
hydrate molecules are formed (Fig. 4). With the aromatic N-oxide
on the other hand, linear structures of alternating N-oxide and
hydrate molecules are detected (Fig. 5). In both cases there are
no hydrogen bond interactions between different OH-groups
(neither intra- nor intermolecular)15 but only contacts between
the added hydrogen bond acceptor and the two protons of the
gem-diol. Ortep-plots of the crystal structures are shown in Fig. 4
and 5, respectively. In addition schematic representations of
both structures are shown in Fig. 6.

According to the classification by Jeffrey,11 hydrogen bonds
can be characterized as strong, moderate or weak depending on the
distance between the proton and acceptor (d(H� � �A), A = acceptor)
and the bond angle between donor (D), proton and acceptor (bond
angle D–H–A). In the present case, the hydrogen bond interac-
tions found in both complexes are moderate hydrogen bonds
concerning their bond lengths and – in most cases – even
strong hydrogen bonds with regard to the bond angles (41701).
Selected data from the X-ray analysis of co-crystals are summar-
ized in Table 1 (for details see the ESI†).

Fig. 2 1H-NMR spectra of 1 (c = 0.25 M) in MeCN-d3 with (a) 1.0 equiv. of
H2O; (b) 1.0 equiv. of NMO�H2O.

Fig. 3 Job Plot of the system NMO–chloral hydrate in DMSO-d6 (c = 0.3 M).

Fig. 4 Crystal structure of the NMO–chloral hydrate complex I; ellipsoids
are drawn at 50% probability.
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In summary we were able to provide experimental evidence
for the stabilization of aldehyde hydrates by N-oxides via

hydrogen bonds. A 1 : 1 hydrogen bond interaction between
model substrate chloral hydrate and NMO was observed in
solution using Job Plot-experiments. The mode of interaction
found in the solution phase could be confirmed for the solid state
using crystal structures with two different N-oxides. These find-
ings uncover for the first time a class of chemical reagents for the
stabilization of aldehyde hydrate intermediates and mimic the
action of ALDH’s (non-covalent mechanism) in this respect.
Moreover, these results explain the effect of NMO�H2O in the
TPAP-catalyzed oxidation of primary alcohols to directly produce
carboxylic acids.7,16 We believe that these findings will be relevant
in the study of as yet unknown aldehyde hydrates and the
development of synthetic protocols for the oxidation of primary
alcohols or aldehydes to acids mimicking the efficiency of
biological oxidation and detoxification processes. Investigations
on structure–activity relationships of the use of different N-oxides
for aldehyde hydrate stabilization are currently underway.

Financial support of this research by the Fonds der Chemischen
Industrie (FCI) is gratefully acknowledged.
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