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Isotope labelling methodologies play an essential part in the devel-
opment of new pharmaceuticals and agrochemicals1 (Fig. 1a). For 
example, in the pharmaceutical industry, isotopes of active drugs 

are commonly prepared to understand their metabolism and to 
identify specific metabolites (Fig. 1b). The most common isotopic 
labels are deuterium atoms, which are also well suited to determine 
kinetic isotope effects (KIEs) in fundamental mechanistic investiga-
tions that result from differences in the rate of C–H versus C–D 
bond cleavage2,3 (Fig. 1c). Deuterium-labelled compounds show 
virtually identical physical behaviour to that of their hydrogen ana-
logues, whilst differing in molecular mass, and thus are the primary 
source for the preparation of internal standards for liquid chro-
matography–mass spectrometry (LC–MS) analysis in the investi-
gation of environmental, animal and human samples4,5 (Fig. 1d). 
Accordingly, deuteration facilitates advancements in metabolomics 
including metabolite identification and quantification, in toxicoge-
nomic studies for the related reactive metabolites and in proteomics 
studies.

Due to the potentially improved pharmacokinetic and phar-
macological properties of deuterium-labelled compounds, while 
retaining almost the same chemical structure and physical prop-
erties as the unlabelled counterparts, in recent years this class 
of compounds has gained increasing interest as actual medica-
tions6,7. Notably, in 2017 the Food and Drug Administration (FDA) 
cleared the first deuterated drug, Austedo, for the treatment of 
Huntington’s-disease-related disorders8. Meanwhile, several deuter-
ated compounds are in clinical trials for various applications. Based 
on these developments, there is growing potential and interest in 
accessing selectively deuterated building blocks on a larger scale. 
In this context, specific and practical labelling methodologies for 
arenes/heteroarenes as well as amines, which are found in most 
small-molecule-based drugs, are of increasing importance. Critical 
parameters for such applications are the availability and price of the 

labelling reagent, catalysts and so on, and the feasibility of the pro-
cess in an industrial setting. Notably, precise control of impurities, 
degree of deuteration and consistency are also prerequisites for any 
real-life implementation9.

Acid-mediated hydrogen–deuterium exchange reactions (H/D 
exchange) are among the oldest methods known for labelling of 
arenes. Nevertheless, they allow selective incorporation of deute-
rium only for simple substrates following an electrophilic aromatic 
substitution mechanism (Fig. 1e)10. In most of the known protocols, 
the necessity to use high temperatures and stoichiometric amounts 
of concentrated strong acids leads to poor functional group toler-
ances and safety risks, especially on a larger scale11.

Based on advances in homogeneous metal-catalysed C–H acti-
vation, a variety of organometallic complexes have evolved for 
catalytic H/D exchange reactions of arenes, as well as aliphatic 
amines in the α or β positions (Fig. 1f)12–15. For example, homo-
geneous iridium-based Crabtree and Kerr catalysts have been 
used for C(sp2)–H hydrogen isotope exchange reactions using D2 
gas16,17. Chirik and co-workers first reported the use of a molecu-
larly defined iron catalyst for the tritiation/deuteration of pharma-
ceutical drugs at aromatic C–H moieties using D2 and T2 gas18. More 
recently, the MacMillan group developed a photochemical-catalysed 
hydrogen-isotope-exchange (HIE) method for the selective label-
ling of N-alkylamine-based drugs19.

Apart from photocatalysts and defined organometallic com-
plexes, heterogeneous materials have also been studied in label-
ling reactions. So far, Pd/C and Pt/C are known to catalyse multi 
H/D exchange of arenes and heterocyclic amines20. In addition, 
ruthenium- and iridium-based catalysts in the presence of D2 
have been developed with promising activity21,22. Unfortunately, 
in all these cases the selectivity and the tolerance of easily reduc-
ible functional groups and halogens is challenging. Furthermore, 
besides those based on nickel23, all heterogeneous catalysts known 
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for deuterations rely on expensive precious metals, which hamper 
their use in the agrochemical, pharmaceutical or food industries as 
those metals must be removed completely from the final products 
according to regulations. Apart from the catalyst and the reaction 
conditions, the source of deuterium is critical for the application of 
such methodologies. This is especially true for the preparation of 
labelled building blocks on the multi-gram or even kilogram scale. 
In this respect, cheap, safe and operationally convenient D2O is the 
ideal source for such transformations because it is basically the par-
ent compound for all other deuteration reagents, including D2.

In this article we report a unique heterogeneous iron catalyst for 
general and practical deuteration of arenes and heteroarenes. Using 
D2O in the presence of a biomass-derived iron catalyst under hydro-
gen pressure allows for the preparation of >90 selectively deuterated 
building blocks, representative drugs and natural products with 
high and reliable deuterium incorporation (Fig. 1g).

Results and discussion
Reaction development. Initially, we tested standard, commer-
cially available heterogeneous catalysts and tailor-made supported 
nanoparticles (NPs) for selective deuteration of 4-phenylmorpholine 
in D2O (Supplementary Table 1). This benchmark substrate was 
chosen because it permits labelling both at the nitrogen-containing 
heterocycle and the phenyl ring. In all cases, the extent of isotopic 
exchange was determined using 1H NMR spectroscopy. In agree-
ment with previous works24, Pd/C led to deuterium incorporation 
at the α position of the nitrogen atom on the morpholine ring 
(Supplementary Table 1, entry 1). Recently, we introduced a vari-
ety of supported 3d-metal NPs for selective hydrogenation and 
oxidation reactions25,26. In this context, iron-based NPs are particu-
larly attractive to us due to the abundance, low cost and negligible 
safety concerns of iron salts. Much to our surprise, pyrolysis of 
Fe(NO3)3·9H2O with cellulose resulted in highly active and selec-
tive catalytic systems for deuteration of the phenyl ring in the 
ortho and para positions, which even outperformed commercial  

catalysts such as Pt/C, Au/C and Ru/C (Supplementary Table 1, 
entry 10 versus entries 2 and 4). The deuterium incorporation could 
be further improved under hydrogen pressure (Supplementary 
Table 1, entry 12). Furthermore, the stability and recyclability of the 
catalyst under H2 are better (Supplementary Information, section 
5). Pseudo in situ X-ray photoelectron spectroscopy (XPS) studies 
show that the iron oxides formed on the surface of the catalyst dur-
ing the catalysis could be partially reduced to Fe(0) when heating 
the sample under H2 (Supplementary Fig. 6). Finally, the bench-
mark reaction performed with D2O in the presence of hydrogen 
at 120 °C gave nearly quantitative deuteration (see Supplementary 
Table 1 for more details).

Catalyst characterization. To understand the structure of the most 
active material (Fe-Cellulose-1000), powder X-ray diffraction, XPS, 
scanning transmission electron microscopy (STEM) and X-ray 
absorption spectroscopy (XAS) investigations were performed. 
These results show that the freshly pyrolysed catalyst consists of 
Fe/Fe3C particles 20–50 nm in size, covered by a shell of up to 30 
graphene layers with a overall thickness of 6–10 nm. Embedding 
the particles in the carbon matrix prevents them from undesired 
aggregation. During the early stages of the catalytic reaction, the 
graphene cover is partly removed, thus enabling the contact of the 
iron surface with reactants. Then, during the reaction, Fe3C is partly 
converted to metallic iron which is considered as active phase in 
the reaction (for details see Supplementary Information, section 6).

Mechanistic studies. Next, investigations of KIE and electron 
paramagnetic resonance (EPR) studies were performed to obtain 
a better mechanistic understanding (Supplementary Information, 
section 7). According to comparison experiments of the model sub-
strate, the reaction is roughly four times faster in H2O than in D2O. 
Apparently, the cleavage of the D–OD bond is the rate-limiting step 
in this process (Fig. 2a and Supplementary Fig. 13). Interestingly, by 
comparing the deuteration of aniline and 3,5-dideuterioaniline, a 
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minor secondary KIE is also observed (Fig. 2b and Supplementary 
Fig. 14). This kinetically relevant result may be explained by the 
slightly different coordination of the deuterated and non-deuterated 
substrate to active catalyst centres on the surface. To check whether 
radicals are formed upon cleavage of the D–OD bond, EPR mea-
surements with the spin trap 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO) have been performed (Supplementary Information, sec-
tion 7.2). In a blind experiment, the catalyst was heated in D2O 
before DMPO was added, and an EPR spectrum was recorded 
immediately after quenching the reaction to room temperature. This 
spectrum showed only a weak but characteristic hyperfine struc-
ture quartet signal of DMPO–OD spin adducts27 which results from 
trapping •OD radicals by DMPO (Fig. 2c black line). This shows 
that the iron catalyst can promote to a small extent homolytic split-
ting of D2O. However, in the presence of 4-phenylmorpholine, an 
additional hyperfine structure sextet characteristic of a DMPO–R 
spin adduct28 was detected (Fig. 2c, blue line), suggesting that *OD 
subtract hydrogen atoms from the substrate, forming HOD, leaving 
behind •R radicals. Interestingly, no •R radicals were detected when 
the iron catalyst and the 4-phenylmorpholine substrate were heated 
in toluene, which indicates that formation of radical intermediates 
is a consequence of homolytic D–OD scission initiated by the iron 
catalyst. Considering the well-known fact that •OD radicals are very 
reactive and unselective, the observed high selectivity is surprising.

Proposed mechanism. We propose a concerted mechanism in 
which D2O is split homogeneously by the iron catalyst, yet the 

resulting radicals are not liberated into the solution but remain 
adsorbed on the catalyst surface as activated D* and *OD species. 
*OD abstracts a hydrogen atom from the phenyl ring, forming HDO 
and the corresponding phenyl* species29,30, which subsequently pro-
duces D–R (Fig. 2c,d). The observed high ortho/para selectivity may 
be a result of electron density transfer from the electron-rich metal-
lic iron particle to the adsorbed aromatic ring because this is well 
known to promote electrophilic ortho/para substitutions.

Synthetic scope. Building blocks. Having established the optimized 
conditions, we then evaluated the substrate scope of the system and 
its tolerance towards functional groups. Because anilines are used 
for the synthesis of diverse building blocks for agrochemicals and 
pharmaceuticals, we started to explore the deuteration of func-
tionalized anilines. Indeed, Fe-Cellulose-1000 permitted smooth 
deuteration of 35 different anilines with excellent chemo- and regi-
oselectivity (Table 1, 3–37b).

In general, the transformations can be easily run on the 
gram-scale (4b and 23b). Diverse halogen-containing (for 
example, chlorine and iodine) anilines afforded the deuter-
ated products (7b, 8b, 11–14b and 16–19b) without notable 
dehalogenation side-reactions, which is a common problem of 
precious-metal-based catalysts. We demonstrated the isotopic 
purity of chloro-, bromo- and iodo-containing compounds by 
LC–MS (Supplementary Information, section 8.3). Furthermore, 
deuteration of some phenols in the presence of the iron catalyst 
showed deuterium incorporation after an extended time (Table 1,  
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38–43b). Like the model system, negligible or no deuterium 
incorporation is observed for several representative substrates 
(3a, 4a, 38a, 44a, 52a and 67a) in the absence of the iron catalyst 
(Supplementary Fig. 16).

Next, deuteration of different nitrogen-containing hetero-
arenes such as pyridines, tetrahydroquinolines, phenothiazines, 
phenoxazines, indoles, indolines and quinolines, and even those 

bearing two nitrogen atoms, were investigated. Such heterocycles 
are representative structural components of modern pharmaceu-
ticals: 59% of FDA-approved drugs contain a nitrogen heterocy-
clic motif31. As shown in Table 2, catalytic labelling provided the 
corresponding products (44–66b). Notably, for anilines and phe-
nols the regioselectivity of the labelling reaction is in accordance 
with an electrophilic aromatic substitution mechanism. However, 

Table 1 | Nanostructured iron catalyst for deuteration of anilines and phenols
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using pyridines, indoles or indolines, different reactivity patterns 
are observed, which hints towards a different process.

Natural products and pharmaceuticals. To further showcase the util-
ity of iron-catalysed H/D exchange reactions, late-stage deuteration 
of representative drugs and natural products was investigated (Table 
3). For example, melatonin is converted into the deuterated 67b with 
high levels of deuterium incorporation. Similarly, N-acetylserotonin 
is deuterated to give 68b. Purine-containing compounds, such as 
nucleoside analogues kinetin, inosine, pentoxifylline and the 
nucleobase adenine, are labelled to the products 69–71b and 73b. 
Alkaloids, for example, brucine and strychnine, are deuterated at 
both aromatic rings and in the heterocyclic ring in the α position to 
the nitrogen (74b and 75b). In the case of nicotinic acid, labelling 
occurred with relatively lower deuterium incorporation selectively 
to give 76b. Furthermore, natural phenol derivatives, for example, 
tyrosol, resveratrol, thymol, arbutin and piceid, were evaluated (77–
81b). Tetrahydroquinoline alkaloids, for example, augustureine and 
galipinine, also proceeded with deuterium labelling (82b and 83b). 
Aniline derivatives such as dropropizine, dl-aminoglutethimide 
and nimodipine-NH2 were deuterated with good selectivity 
(84–86b). Notably, medications such as carvacrol, estradiol and 

O-desmethylvenlafaxine gave the deuterium analogues 87–89b. As 
an example, for selective deuteration of an aromatic amino acid, 
l-tryptophan was employed to directly give 90b. In all cases shown 
above the standard catalytic protocol was used and no further 
optimization was performed. However, it should be noted that the 
deuterium incorporation can be substantially improved at higher 
temperature (84b and 90b).

Following standard conditions, deuteration of N-acylated ani-
lines is more difficult; however, such labelled products can be con-
veniently prepared from the corresponding deuterated anilines 
(Fig. 3a). For instance, 2,6-D-labelled paracetamol 92b was readily 
synthesized with excellent deuterium incorporation. Deuterated 
lidocaine 93b, herbicides fluometuron 94b and chlortoluron 95b as 
well as fungicide boscalid 96b were obtained from the correspond-
ing deuterated anilines.

All these cases demonstrate that the presented methodol-
ogy works well with amino- and/or hydroxyl-substituted arenes 
as well as heteroarenes; however, less electron-rich benzenes, for 
example, 1-bromo-, 1-chloro- and 1-fluoro-4-methoxybenzene and 
1-methyl-4-(trifluoromethyl)benzene, showed no notable deute-
rium incorporation under standard conditions. In case of success-
ful labelling as described above deuteration occurred at the most 
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Fig. 3 | Synthetic applications and large-scale synthesis. a, Preparation of deuterated N-acylated anilines. Deuterated drugs, herbicides and fungicide were 
prepared from the corresponding deuterated anilines. b, Dedeuteration of perdeuterated aniline using H2O to 3,5-dideuterioaniline. c, Scale-up reactions: 
reuse of the iron catalyst on the 2.0 mol scale. Overall, 1.005 kg 4-phenylmorpholine (6.17 mol) was deuterated using the same catalyst batch; >95% 
deuterium-labelled 4-phenylmorpholine and 1,2,3,4-tetrahydroquinoline were produced.
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electron-rich positions. Obviously, this limits the possibilities to 
obtain deuterated compounds at other positions. For example, 
2,4,6-trideuterated anilines are conveniently available, while selec-
tive deuteration at the 3- and 5-positions are apparently not pos-
sible. However, we envisioned a convenient strategy to overcome 
this limitation: non-selective deuteration of anilines is known in the 
presence of Pt/C (ref. 32). Subsequent selective D/H exchange using 
our Fe-Cellulose-1000 catalyst in water makes it possible to selec-
tively obtain deuterium isomers at positions that are not prone to 
electrophilic substitution reactions. Thus, 3,5-dideuterioaniline 2a 
is obtained from aniline via the perdeuterated derivative (Fig. 3b).

Having established complementary approaches for selective 
deuteration of a variety of substrates, we then evaluated some prac-
tical aspects of our catalyst system. It should be noted that most of 
the reactions shown above have been performed on a scale typically 
used in drug discovery. However, as shown in Fig. 3c it is possible to 
conveniently run such labelling reactions on the 20 to >300 g scale 
(Supplementary Information, section 9), with the only limitation 
being the size of the commercial autoclave. In general, stability, reus-
ability and avoidance of metal contamination are intrinsic advantages 
to the use of any heterogeneous catalyst. To demonstrate these ben-
efits, the iron catalyst was recycled up to five times for the bench-
mark reaction. As depicted in Supplementary Fig. 18, no substantial 
loss of activity was observed. During deuteration reactions, an oxidic 
structure composed of Fe2+ and Fe3+ was formed as proven by XPS 
(Supplementary Fig. 5). With respect to metal contamination of the 

product, inductively coupled plasma optical emission spectrometry 
measurements of the D2O solution detected no iron leaching in any 
of these runs (Supplementary Table 8). Notably, the recycled catalyst 
system can also be used for different substrates, which is important 
in the context of multipurpose batch reactors, which dominate in the 
pharmaceutical industry. Thus, labelled products with high deuterium 
incorporation were produced on >1 kg scale from the same catalyst 
batch (Fig. 3c and Supplementary Information, section 9).

In summary, we have developed a general methodology for hetero-
geneous iron-catalysed deuteration reactions. We believe this proto-
col paves the way for practical labelling processes and the large-scale 
synthesis of specific deuterated building blocks. Although the quality 
of different deuteration reactions was performed as accurately as pos-
sible (Supplementary Tables 5 and 6), all presented developments took 
place under conditions that did not conform to good manufacturing 
practice. The optimal biomass-derived catalyst allows for an activa-
tion and utilization of low-cost D2O. The performance of this catalyst 
system is improved in the presence of hydrogen, which leads to in situ 
reduction of iron oxides on the surface as indicated by pseudo in situ 
XPS measurements (Supplementary Fig. 6). The presented system is 
effective for the selective deuteration of anilines, indoles, phenols and 
other heterocyclic compounds, including late-stage labelling of natu-
ral products and bioactive molecules, and can be readily used for the 
preparation of deuterated compounds on the kilogram scale. By using 
complementary approaches, different positional deuterated products 
can also be obtained in a practical manner.

Table 2 | Nanostructured iron catalyst for deuteration of heteroarenes
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Table 3 | Nanostructured iron catalyst for deuteration of natural products and pharmaceuticals
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Methods
Determination of deuterium incorporation. The positions and percentage of 
deuterium incorporation were determined by 1H NMR. The equation below was 
used to determine the degree of deuterium incorporation; peaks were calibrated 
against a signal corresponding to a unlabelled position. The labelling position was 
determined by 1H NMR according to the chemical shifts and peak multiplicity. 
In addition, deuterium incorporations were confirmed using high-resolution 
MS by comparison of all the labelled and unlabelled compounds (note that 
high-resolution MS serves here to substantiate the results of quantitative NMR 
analysis).

% deuteration = 100 −

[( residual integral
number of labelling sites × 100

)]

Procedure for the preparation of the catalyst. A 250 ml oven-dried single-necked 
round-bottomed flask equipped with a reflux condenser and a Teflon-coated, 
egg-shaped magnetic stir bar (40 mm × 18 mm) was charged with Fe(NO3)3·9H2O 
(404 mg, 1.0 mmol) dissolved in ethanol (150 ml). Then, this solution was heated 
to 80 °C (r.t. to 80 °C) in an oil bath and stirred for 1 h. To the reaction solution, 
6.0 g cellulose was added via a glass funnel, and the resulting heterogeneous 
mixture was stirred at 450 r.p.m. for 15 h at 80 °C. The flask was taken out from 
the bath and cooled to ambient temperature. The solvent was removed in vacuum 
and then dried under an oil pump vacuum for 4 h to give a yellow solid. The 
sample was transferred to a ceramic crucible and placed in an oven. The latter was 
evacuated to ∼5 mbar and then flushed with argon three times. The furnace was 
heated to 1,000 °C at a rate of 25 °C min−1 and held at 1,000 °C for 2 h under argon 
atmosphere. After the heating was switched off, the oven was allowed to reach r.t., 
giving the Fe-Cellulose-1000 catalyst as a black powder (note that throughout the 
process, argon was constantly passed through the oven).

General procedure for the deuteration reactions. In a 4 ml vial fitted with a 
magnetic stir bar and septum cap, iron catalyst (60 mg, 20 mol%) and substrate 
(0.25 mmol) were added. Then, a needle was inserted in the septum, allowing 
gaseous reagents to enter. After adding the solvent deuterium oxide (1.5 ml), the 
vials (up to eight) were set in an alloy plate and then placed into a 300 ml steel Parr 
autoclave. The autoclave was flushed with hydrogen six times at 10 bar and finally 
pressurized to the desired value (20 bar). Then, it was placed into an aluminium 
block and heated to the desired temperature. At the end of the reaction, the 
autoclave was quickly cooled down to r.t. with an ice bath and vented. Finally, the 
samples were removed from the autoclave, and ethyl acetate was added to the crude 
mixture. This mixture was centrifuged, and the organic layer was removed from 
the vials (three times). After removal of all volatiles in vacuo, the desired products 
were obtained. In case of anilines with deuterium labelling on the nitrogen, 1 ml 
H2O was added during work up and N–D was replaced by N–H.

General procedure for the >300 g scale reactions. To a 2 l steel Parr autoclave 
containing 28.0 g Fe-Cellulose-1000 catalyst (1 mol%), 340 g 4-phenylmorpholine 

(2.09 mol) and deuterium oxide (1,500 ml, 83 mol) were added. The autoclave was 
flushed with hydrogen six times at 10 bar and finally pressurized to the desired 
value (20 bar). Then, it was placed into an equipment (see Supplementary Section 9 
for more details) for the autoclave and heated to 120 °C, and then held at 120 °C for 
120 h. At the end of the reaction, the autoclave was quickly cooled down to r.t. with 
an ice bath and vented. Finally, the crude reaction was added to ethyl acetate (1.5 l). 
The reaction mixture was filtered with filter paper. The D2O layer was removed 
from the mixture and washed with ethyl acetate (1.5 l, three times). After removal 
of all volatiles in vacuo, 341 g of deuterium product was obtained. It is important 
to note that during the cool down, trace amounts of gas can stay in the solid phase 
(product and catalyst). Thus, the solid phase should be dissolved slowly in ethyl 
acetate.
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