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Abstract: A novel ruthenium-catalyzed C-H activation methodology 

for hydrogen isotope exchange of aromatic carbonyl compounds is 

presented. In the presence of catalytic amounts of specific amine 

additives, a transient directing group is formed in situ, which directs 

selective deuteration. A high degree of deuteration is achieved for α-

carbonyl and aromatic ortho-positions. In addition, appropriate choice 

of conditions allows for exclusive labeling of the α-carbonyl position 

while a procedure for the preparation of merely ortho-deuterated 

compounds is also reported. This methodology proceeds with good 

functional group tolerance and can be also applied for deuteration of 

pharmaceutical drugs. Mechanistic studies reveal a kinetic isotope 

effect of 2.2, showing that the C-H activation is likely the rate-

determining step of the catalytic cycle. Using deuterium oxide as a 

cheap and convenient source of deuterium, the methodology presents 

a cost-efficient alternative to state-of-the-art iridium-catalyzed 

procedures.  

Introduction 

Being an elegant approach to label a compound without 

altering its physical properties, structure, or biological function, 

the selective exchange of hydrogen for its heavier isotope 

deuterium continues to be of interest for many scientists.[1] 

Especially in the context of medicinal chemistry, the introduction 

of deuterium as a bioisosteric replacement of protium in specific, 

metabolically labile or racemization prone positions of drug 

candidates such as α carbonyl positions can mitigate deleterious 

pathways thanks to the kinetic isotope effect (KIE).[2] The 

formation of potentially toxic metabolites is thereby prevented 

while a more general improvement of the absorption, distribution, 

metabolism and excretion (ADME) properties of the drug 

candidate is possible at the same time.[2] The development of 

selective hydrogen isotope exchange (HIE) methodologies can 

further be important for the preparation of starting materials for 

KIE studies relevant for the investigation of reaction 

mechanisms.[3] Here, substrates with deuteration ortho to a 

functional group can be interesting.[4] In contrast, the preparation 

of MS standards for metabolism studies requires the incorporation 

of several deuterium atoms at once rather than selective 

deuteration to avoid overlap of unlabeled and labeled compounds 

in the mass spectrum.[1b] For this purpose, acetophenone 

derivatives are particularly attractive substrates, given their 

prevalence in biologically relevant compounds on the one hand, 

as well as the presence of two potential labeling sites in their 

structure on the other hand: While the slightly acidic α carbonyl 

hydrogen atoms are subject to acid- or base-catalyzed hydrogen 

isotope exchange (HIE),[5] the ketone moiety has also been 

explored as a directing group in iridium-catalyzed ortho-selective 

deuteration.[6] Having focused largely on unsubstituted 

acetophenone and benzophenone as substrates, excellent 

deuterium incorporation has been observed among others with 

the so-called Kerr catalyst under deuterium gas atmosphere and 

mild conditions (Scheme 1a).[6f] 

 

Scheme 1. Homogeneous transition metal-catalyzed HIE of aromatic ketones. 
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Although it would be worth investigating scope and 

functional group tolerance of these methodologies further, the use 

of alternative transition metal catalysts as well as cheaper 

deuterium sources is also appealing. However, attempts to 

replace iridium by ruthenium[7] or palladium[8] for ketone-directed 

HIE have been met with only limited success so far.[9] In spite of 

delivering moderate deuterium incorporations for benzophenones 

(Scheme 1b), these methodologies showed reduced or no 

reactivity for acetophenone derivatives.[7a,8] Moreover, using 

deuterated trifluoroacetic acid as deuterium source, concomitant 

electrophilic aromatic substitution hampers the ortho-selectivity of 

the directed palladium-catalyzed approach (Scheme 1c).[8]  

Interestingly, Plietker and co-workers achieved moderate to 

good deuteration levels in acetophenone derivatives under 

ruthenium catalysis in the presence of (over)stoichiometric 

amounts of zinc additives (Scheme 1d).[7b] An alternative concept 

for homogeneous ruthenium-catalyzed aromatic HIE makes use 

of nitrogen containing directing groups.[7,10] Circumventing the 

need to pre-synthesize such directing groups, we recently 

reported a manganese-catalyzed deuteration of benzaldehydes 

in the presence of catalytic amine additives that form a transient 

directing group (TDG) in situ.[11] This concept had previously been 

shown to be effective under ruthenium catalysis among others[12] 

for the alkylation,[13] amination,[14] and radical difluoroalkylation[15] 

of aromatic aldehydes, but can also be used for the C–H 

functionalization of ketones when using palladium[16] and 

rhodium[17] catalysts. Building on this knowledge and aiming 

towards a cost-efficient procedure for the deuteration of ketones, 

we wish to report herein a novel useful ruthenium-catalyzed 

deuteration of aromatic aldehydes and ketones (Scheme 1e).  

Results and Discussion 

Inspired by the work on ruthenium-catalyzed 

functionalization of aromatic aldehydes in the presence of 

anilines,[13a] we investigated the deuteration of o-

nitrobenzaldehyde as model substrate with 10 eq. of deuterium 

oxide as deuterium source in the presence of common ruthenium 

catalysts. While cyclometalated ruthenium complexes as 

developed in our group[18] as well as NHC ligated metathesis 

catalysts performed well, the best results were achieved with the 

simple and commercially available ruthenium chloride p-cymene 

dimer (Table 1, entry 1). Notably, the addition of p-chlorobenzoic 

acid and silver hexafluoroantimonate are necessary to activate 

the ruthenium complex. Alternative ruthenium precursors such as 

ruthenium chloride or dodecacarbonyl ruthenium(0) were not 

effective and the addition of various phosphine ligands slowed 

down the reaction. In the absence of the ruthenium catalyst no 

reaction took place although high deuteration was still obtained 

with a catalyst loading as low as 1.25 mol% (Table 1, entries 2-4). 

Notably, the exact substitution pattern of the transient directing 

group plays a minor role. A good balance between a sufficiently 

stable imine intermediate and good catalytic turnover is achieved 

with electron-deficient anilines such as o- and p-

aminobenzotrifluoride as well as 2-methyl-3-trifluoromethyl aniline 

5. Further, the isolation of deuterated aldehyde could be improved 

without impacting the deuterium incorporation by decreasing the 

aniline loading to 10 mol% which lowered the amount of 

remaining imine after the reaction (Table 1, entry 5). No 

deuteration takes place in the absence of the aniline, confirming 

that the TDG is needed for this transformation (Table 1, entry 6). 

In this context, it is worth mentioning that previous attempts to 

deuterate aldehydes under ruthenium catalysis but without a 

transient directing group strategy had failed.[7a] Lowering the 

temperature to 80 °C diminished the deuterium incorporation 

significantly whereas the recovery of deuterated aldehyde was 

reduced at elevated temperature (Table 1, entries 7 and 8). Lastly, 

the scale of the reaction can be increased 10-fold without affecting 

deuterium incorporation and yield (Table 1, entry 9).  

 

Table 1. Ruthenium-catalyzed and TDG-mediated o-

selective HIE of o-nitrobenzaldehyde.[a] 

 

Entry Variation D [%] [b] Yield [%] [c] 

1 none 92 75 

2 no [Ru] [d] 0 n.d. 

3 1.25 mol% [Ru]2 84 n.d. 

4 0.5 mol% [Ru]2 52 n.d. 

5 10 mol% 5 91 85 

6 no 5 0 n.d. 

7 80 °C 35 n.d. 

8 120 °C 91 65 

9 10 mol% 5, 5 mmol scale 90 84 

[a] 0.5 mmol scale. Further optimization details can be found in the SI. [b] 

Determined by 1H NMR using the aldehyde or m/p-resonances as reference. [c] 

Isolated yields. [d] 120 °C, 24 h. 

Having established optimal reaction conditions for the 

ruthenium- and aniline-catalyzed deuteration of aldehydes, we 

explored the scope of this transformation, particularly seeking to 

address some of the limitations of our previously published 

manganese-catalyzed HIE reaction which showed diminished 

reactivity for sterically hindered substrates and did not tolerate 

free hydroxy groups.[11] Besides, slightly modified reaction 

conditions were needed for electron-deficient substrates. This 

new methodology on the other hand appears to be remarkably 

robust, delivering excellent deuterium incorporations and yields 

for both electron-deficient and electron-rich (hetero)arenes under 

unchanged conditions (Scheme 2). Moreover, free hydroxy 

groups as in vanillin are tolerated and even the sterically hindered 

tert-butylbenzaldehyde is deuterated smoothly. 

Interestingly, in the case of naphthaldehyde and 

benzothiophene-3-carboxaldehyde, both ortho- and peri-

positions are deuterated, whereas our previously reported 

methodology furnished exclusive labeling in the ortho-position. 

Encouraged by these results, we attempted the TDG-

enabled deuteration of aromatic ketones. Under the optimized 

conditions vide supra but in the absence of catalytic amines, only 

12% deuterium incorporation in the ortho-positions of 

acetophenone was observed, confirming the challenging nature 

of HIE on this type of substrates (Table 2, entry 1). However, 
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adding 20 mol% of aniline 5 as TDG, the deuteration efficiency 

was raised significantly (Table 2, entry 2). In contrast to the 

reaction on aldehydes, other anilines including o- and p-

aminobenzo-trifluoride afforded moderate to low deuterium 

incorporation whereas m-aminobenzotrifluoride delivered very 

good results comparable to 5. We explain this different behavior 

by the lower reactivity of ketones compared to aldehydes towards 

imine formation, requiring more nucleophilic amines. Finally, a 

deuteration degree of 90% could be obtained after raising the 

temperature and increasing the amount of deuterium oxide (Table 

2, entry 3). Under these conditions, high deuteration levels are 

additionally achieved in the α-carbonyl position, furnishing an 

overall incorporation of five deuterium atoms per molecule. 

 

Scheme 2. Scope of aldehydes (0.5 mmol scale). Deuterium incorporations 

were determined by 1H NMR using the aldehyde or m/p-resonances as 

reference and are indicated in square brackets. Yields are given under the 

structures. 

Table 2. Ruthenium- and TDG-catalyzed o-selective HIE of 

acetophenone.[a] 

 

Entry Variation D (o) [%] [b] D (α) [%] [b] 

1 no TDG 12 46 

2 none 74 86 

3 120 °C, 20 eq. D2O 90 90 

[a] 0.5 mmol scale. Further optimization details can be found in the SI. [b] 

Determined by 1H NMR using the resonance for the p-position as reference. 

As shown by control experiments (Table 3), this latter 

reaction likely proceeds via an amine-mediated enamine 

formation and requires the Lewis acidic silver salt or the benzoic 

acid derivative as a catalyst. Indeed, in the absence of the 

ruthenium catalyst, ketones are solely deuterated in α-position. 

Finally, a broad range of acetophenone derivatives could be 

successfully converted to the ortho- and α-deuterated analogues 

using this newly developed methodology (Scheme 3). 

Substituents in ortho-, meta-, and para-positions were all 

tolerated and deuteration levels appeared to be only slightly 

affected by steric effects. Especially electron-rich and neutral 

arenes afforded very good deuterium incorporation, whereas 

electron-deficient acetophenone derivatives were somewhat less 

feasible substrates. 

 

Table 3. Amine- and silver-catalyzed α-carbonyl 

deuteration.[a] 

 

Entry Variation D (α) [%] [b] 

1 none 93 

2 no AgSbF6 62 

3 no 5 46 

[a] 0.5 mmol scale. [b] Determined by 1H NMR using the resonance for the p-

position as reference. 

However, using 50 mol% rather than 20 mol% of the TDG, 

the deuterium incorporation of trifluoromethyl-substituted ketone 

20 increased markedly. It can thus be deduced that the lower 

deuterium incorporation observed under standard conditions can 

be explained by the short-lived nature of the corresponding imine 

intermediate rather than factors involving the C-H activation step. 

Furthermore, the reaction is compatible with reactive 

functional groups such as free alcohols (16), tertiary as well as 

free amino groups (31 and 17), unprotected heterocycles (27), 

and thioethers (31).[19] Highly electron-rich substrates such as 

compounds 17 and 28 engage in concomitant deuteration by 

electrophilic aromatic substitution, affording perdeuterated 

products. Increasing the chain length of acetophenone (23) and 

including branched structures (24) led to decreased deuterium 

incorporation. It thus appears that increased steric hindrance on 

this side of the ketone substrate interferes with either imine 

formation or coordination to the ruthenium catalyst. 

If exclusive labeling in the ortho-position is desired, the 

deuterated compounds can simply be reacted with water under 

silver and amine catalysis, thus reversing the deuteration of the 

methyl group (21-d2). 

Mass spectrometric analysis of the isolated deuterated 

products showed that in almost all cases no non-deuterated 

compounds were present, rendering the herein presented 

procedure relevant for the preparation of isotopically labeled LC-

MS standards. Besides, the preparation of deuterated 

pharmaceuticals is also feasible as demonstrated in the 

successful deuteration of marketed drugs ketoprofen (32) and 

fenofibrate (33). 

In agreement with previous reports,[13a] it can be proposed 

that the ruthenium catalyst is activated by silver-mediated halide 

abstraction and coordination of the p-chlorobenzoic acid additive. 

At the same time, acid-catalyzed condensation of aniline and 

aldehyde or ketone to the imine intermediate takes place, 

preparing for subsequent coordination to ruthenium followed by 

C-H activation. For o-nitrobenzaldehyde, we measured a kinetic 

isotope effect (KIE) of 2.2, indicating that the C-H activation is 

likely the rate-determining step of the reaction. Its reverse finally 

leads to the deuterated product while the excess of deuterium 

oxide along with the KIE enable high conversions. 
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Scheme 3. Ruthenium-catalyzed HIE in the presence of a TDG: Scope of ketones. Deuterium incorporations were determined by 1H NMR using the resonances 

for the p-position as reference and is indicated in square brackets. Yields are given under the structures. [a] 50 mol% TDG used. [b] 4 days reaction time. [c] 4 

consecutive deuteration cycles. 

Conclusion 

In conclusion, we have demonstrated a novel ruthenium-

catalyzed hydrogen isotope exchange reaction of aromatic 

aldehydes and ketones using the cheapest deuterium source as 

a viable alternative to the more expensive state-of-the art iridium-

catalyzed methodologies. Using a catalytic transient directing 

group strategy, the difficulties in the C-H activation of such 

substrates could be mitigated. Furthermore, appropriate choice of 

reaction conditions allows for selective deuteration in either ortho- 

or α-positions or at both sites at the same time. The importance 

of this methodology in the context of drug design and metabolism 

studies is showcased by the successful preparation of deuterated 

analogues of marketed drugs. 

 

 

 

Experimental Section 

Representative procedure for the deuteration of aldehydes: The 

aldehyde (0.5 mmol), p-chlorobenzoic acid (39 mg, 0.25 mmol, 0.5 eq.), 2-

methyl-3-trifluoromethyl-aniline (8.8 mg, 50 µmol, 10 mol%), dichloro(p -

cymene)ruthenium(II) dimer (7.7 mg, 12.5 µmol, 2.5 mol%), and silver 

hexafluoroantimonate (34 mg, 0.1 mmol, 20 mol%) were weighed into a 

25 mL pressure-resistant Schlenk tube equipped with a magnetic stirring 

bar. The Schlenk tube was evacuated and backfilled with argon three times. 

DCE (900 µL) and D2O (100 µL) were added. Liquid aldehydes were also 

added at this stage. The reaction mixture was subsequently heated to 

100 °C and stirred at this temperature for 16 hours. The resulting 

suspension was diluted with DCM, washed with an aqueous saturated 

solution of sodium bicarbonate (20 mL), and extracted with DCM (2x 

20 mL). The combined organic layers were washed with distilled water 

(20 mL), dried over sodium sulfate and concentrated. The deuterated 

products were then purified by silica column chromatography with eluent 

systems of pentane and ethyl acetate. 

Representative procedure for the deuteration of ketones. The ketone 

(0.5 mmol), p-chlorobenzoic acid (39 mg, 0.25 mmol, 0.5 eq.), 2-methyl-3-

trifluoromethyl-aniline (18 mg, 0.1 mmol, 20 mol%), dichloro(p -

cymene)ruthenium(II) dimer (7.7 mg, 12.5 µmol, 2.5 mol%), and silver 

hexafluoroantimonate (34 mg, 0.1 mmol, 20 mol%) were weighed into a 

25 mL pressure-resistant Schlenk tube equipped with a magnetic stirring 

bar. The Schlenk tube was evacuated and backfilled with argon three times. 

DCE (300 µL) and D2O (200 µL) were added. Liquid ketones were also 

added at this stage. The reaction mixture was subsequently heated to 

120 °C and stirred at this temperature for 16 hours. The resulting 

suspension was diluted with DCM, washed with an aqueous saturated 

solution of sodium bicarbonate (20 mL), and extracted with DCM (2x 

20 mL). The combined organic layers were washed with water (20 mL), 

dried over sodium sulfate and concentrated. The deuterated products were 

then purified by silica column chromatography with eluent systems of 

pentane and ethyl acetate. 
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