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Silicon frustrated Lewis pairs catalyse 
α-deuteration of amides and esters
 

Y. Koga    1, I. Fukumoto1, K. Masui1, T. Tanaka1, Y. Naganawa    2, M. Hayashi    3  , 
T. Ohshima    1   & R. Yazaki    1,4,5 

Deuterium-labelled compounds play a crucial role in drug discovery as 
both diagnostic tools and deuterated pharmaceuticals. While hydrogen 
isotope exchange is well established for activated substrates, the catalytic 
deuteration of unactivated amides and esters remains underdeveloped, 
particularly under mild conditions suitable for sensitive pharmaceuticals 
and polymers. This limitation hampers the late-stage modification of 
pharmaceutical molecules and functional materials. Here we report  
a catalytic hydrogen isotope exchange method using cooperative 
catalysts—a silicon Lewis acid and a tertiary amine base—functioning as a 
frustrated Lewis pair. This approach enables highly selective deuteration 
under mild conditions. Our method achieves high deuterium incorporation 
in various functionalized pharmaceuticals and polyesters, including  
those typically unstable under basic conditions, demonstrating its  
broad applicability.

The demand for deuterated molecules has recently increased in drug 
discovery research, not only for internal standards for liquid chroma-
tography mass spectrometry analysis of clinical samples but also for 
the development of deuterated drugs (Fig. 1a)1,2. Additionally, deu-
terated molecules have long been widely utilized to elucidate reac-
tion mechanisms3,4 and enhance the stability of protective groups5 
in synthetic organic chemistry. Furthermore, deuterium labelling in 
polymer science is not only valuable as a structural analysis technique 
using neutron scattering but is also gaining attention as a method for 
modifying polymer properties6. Hydrogen isotope exchange is widely 
recognized as a highly efficient approach for synthesizing deuterated 
molecules7–13. While various late-stage catalytic deuteration methods 
have been developed using transition metal catalysts via the hydro-
gen isotope exchange processes, many of them target aromatic C–H 
bonds rather than aliphatic C–H bonds. Aliphatic C–H bond-selective 
deuteration remains an important challenge due to the concomitant 
deuteration of aromatic C–H bonds. Although several catalytic deutera-
tion methods targeting aliphatic C–H bonds have been developed, the 

deuteration position is limited to C–H bonds around heteroatoms14–22. 
Furthermore, achieving a selective and high deuteration ratio under 
mild conditions is regarded as a formidable task23–28.

Amides and esters are universal functional groups found in various 
pharmaceuticals as well as functional bulk chemicals. Despite a num-
ber of methods for the α-deuteration of readily enolizable aldehydes, 
ketones and amino acids29–35, a catalytic approach to α-deuteration of 
unmodified amides and esters is lacking, due to the inherent low acid-
ity of their α-protons. Traditionally, strong base-mediated methods 
were adopted for the α-deuteration of amides and esters (Fig. 1b)36–39. 
Although radical-based strategies have enabled α-deuteration at 
the nitrogen atom of amides40, recent methods utilizing deprotona-
tive activation under mild conditions are limited in substrate scope, 
being applicable only to activated amides. Maulide and co-workers 
reported a stoichiometric retro-ene reaction, achieving chemoselec-
tive α-deuteration of tertiary amides under mild conditions (Fig. 1c)41. 
Xiang and co-workers developed an electrochemical method for the 
α-deuteration of activated amides, such as lactams, anilides and 
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pair-catalysed hydrogen isotope exchange process enables the synthe-
sis of versatile deuterated amides and esters bearing various functional 
groups with high deuteration ratios. The present strategy is applied to 
the direct and selective deuteration of polymers (for example, polyes-
ters) and this will be experimentally demonstrated in the final section 
‘Direct catalytic deuteration of polymers’.

Results
Optimization study of silicon frustrated Lewis pair-catalysed 
deuteration
We recently developed a catalytic α-deuteration of carboxylic acids 
using a ternary catalyst system comprising a commonplace potassium 
carbonate, pivalic anhydride and 4-dimethylaminopyridine55. The pre-
vious investigation prompted us to use acetonitrile-d3 as a deuterium 
source whose α-proton pKa value is similar to that of amides and esters56. 
Initially, we envisioned that soft Lewis basic acetonitrile-d3 would be 
efficiently activated by soft Lewis acidic transition metals57–62. Soft 
Lewis acid screening under intensive conditions revealed that a silicon 
Lewis acid could activate acetonitrile-d3 as well as an amide substrate 
could63. The combination of triisopropylsilyl triflate (TIPSOTf) and 
1,4-diazabicyclo[2.2.2]octane (DABCO) delivered deuterated product 
1-d2 with a high deuteration ratio (Table 1, entry 1). Trimethylsilyl triflate 

α-arylamide derivatives (Fig. 1d)42. The catalytic α-deuteration of esters 
remains particularly challenging43,44. Wasa and co-workers developed 
frustrated Lewis acid/Brønsted base catalysis for the α-deuteration 
of activated esters (Fig. 1e, left)45–47. Ananikov and co-workers also 
reported azolium salt-catalysed α-deuteration of activated esters as 
a part of their substrate scope (Fig. 1e, right)48. However, the develop-
ment of a general catalytic method with a broad substrate scope has 
remained an unresolved issue.

Organosilicon compounds have long played an important role in 
organic chemistry49. The versatile properties of silicon are exploited in 
transformations, as exemplified by silicon enolate chemistry50–52. Pio-
neering work on catalytic nucleophilic activation of tertiary amides by 
addition to imines was achieved by Kobayashi and co-workers53,54. While 
an efficient catalytic nucleophilic addition of amides was achieved 
using a silicon Lewis acid combined with weakly basic amines, the range 
of applicable amides was confined to less functionalized molecules 
such as acetamides, propionamides and lactams. Moreover, the nucleo-
philic activation of simple esters using a catalytic amount of Lewis acid 
with weakly basic amine has never been achieved.

In this Article, we show the α-deuteration of amides and esters 
using a silicon Lewis acid/Brønsted base cooperative catalyst, func-
tioning as a frustrated Lewis pair (Fig. 1f). A silicon frustrated Lewis 
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(TMSOTf) exhibited quite low catalytic performance, presumably due 
to the α-silylation of acetonitrile-d3 (entry 2)64. A large silyl triflate such 
as triethylsilyl triflate (TESOTf) and tert-butyldimethylsilyl triflate 
(TBSOTf) provided 1-d2 with a high deuteration ratio (entries 3 and 4). 
Highly hindered tert-butyldiphenylsilyl triflate (TBDPSOTf) completely 
terminated the catalysis (entry 5). Commonly used weakly basic amines 
such as pyridine, 1-methylimidazole and diisopropylethylamine did not 
afford 1-d2 (entries 6–8). A satisfactory deuteration ratio was observed 
using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (entry 9). Quinuclidine 
showed the same efficiency as DABCO, and 1-d2 was achieved with a 99% 
deuteration ratio (entry 10). A survey of deuterium sources revealed 
that acetonitrile-d3 specifically provided 1-d2 (entries 11–15).

Substrate scope of amides
Having determined the optimized conditions, we explored the sub-
strate scope for catalytic α-deuteration of amides (Table 2). A co-solvent, 
either tetrahydrofuran (THF) or PhCl, was added to substrates with 
poor solubility. A broad array of substrates was successfully deuterated 
with a high deuteration ratio (average deuteration ratio >98% across 36 
substrates). Various tertiary amides derived from both cyclic and acyclic 
amines were efficiently deuterated (1–8). Heterocyclic amine-derived 
amides were well tolerated under the optimal reaction conditions (9–11). 
The secondary amide, activated in a catalytic manner, was successfully 

applied with gentle heating, yielding product 12-d2 with a 99% deutera-
tion ratio. Additionally, more challenging substrates possessing an acidic 
N–H proton, anilide 13 and primary amide 14, also afforded the prod-
ucts with a high deuteration ratio, although stoichiometric amounts 
of TIPSOTf and DABCO were required. α-Aryl amides bearing an oxida-
tively labile benzylic site could be deuterated with the same efficiency  
(15, 16). Sterically hindered α,α-disubstituted amide 17 was efficiently 
activated by the use of less-hindered TESOTf as a catalyst. Deuteration of 
metabolically and oxidatively labile carbon atoms bearing a heteroatom 
(N, O, S) was also achieved (18–20). Substrates containing a ketone or 
ester functionality afforded the product with a high deuteration ratio, 
although competitive α-deuteration was observed (21, 22) (chemoselec-
tive deuteration of amide over ester, see Fig. 3c). Furthermore, lactams 
that are commonly found in natural products could be applied to the 
present catalysis (23). The labile monomer of polyvinylpyrrolidone 
24 was well tolerated under optimal conditions, and the terminal vinyl 
position was concomitantly deuterated. Natural products possessing 
various Lewis basic sites, including linoleic acid derivatives, sophoridine, 
brucine, melatonin and Gly-Gly derivatives were also applicable, and the 
products were isolated with a high deuteration ratio (25–29). Pharma-
ceuticals bearing various functional groups, such as chloromezanone, 
ramelteon, aniracetam, ketoconazole and aripiprazole, were efficiently 
transformed into their α-deuterated forms (30–34). Substrates bear-
ing free hydroxyl groups, such as acetaminophen and capsaicin, were 
successfully deuterated with the hydroxy group protected in situ using 
stoichiometric amounts of TISPOTf and DABCO (35, 36). These results 
clearly demonstrate the potential of the present protocol for late-stage 
deuteration of complex carbon skeletons and multifunctional mol-
ecules, underscoring its broad applicability and versatility.

Substrate scope of esters
Our catalyst system was not limited to the deuteration of amides and 
was also applied to the unmodified esters (Table 3). Deuteration of 
esters is traditionally conducted under strongly basic conditions, 
leading to concomitant undesired hydrolysis39. In sharp contrast, the 
present method delivered α-deuterated esters under almost neutral 
conditions without the formation of any hydrolysed products (37–
42). The mildness of the present catalysis was demonstrated using 
phenol-derived ester 43, which is easily hydrolysable. The congested 
phenolic hydroxyl group had no detrimental effect (44). Lactone was 
also compatible under the optimized conditions (45, 46). Deutera-
tion of redox-active N-hydroxyphthalimide ester 47 also proceeded 
efficiently, and the resulting deuterated ester can serve as a radical 
precursor55. Our method was successfully applied to late-stage deutera-
tion of natural products and pharmaceuticals, such as ethyl linoleate, 
tricaprylin, an indomethacin derivative, mycophenolate mofetil and 
famciclovir (48–52), although protecting group-free phenol 50 and 
aniline 51 required stoichiometric amounts of TIPSOTf and DABCO. 
We further established the enhanced metabolic stability of deuter-
ated antiviral drug 52-d7 using mouse liver microsomes (clearance: 
52 = 591 µl per min per mg, 52-d7 = 479 µl per min per mg), confirming 
the usefulness of the present deuteration method. The 52-d6 compound 
also exhibited improved metabolic stability (395 µl per min per mg), 
presumably due to its enhanced resistance to enzymatic hydrolysis65. 
Deuterated acetylcholine 53-d3 was also prepared through a deutera-
tion/alkylation sequence. The deuteration of 53 proceeded without the 
addition of DABCO under gentle heating conditions. Diethyl adipate 
(54) was a suitable substrate for deuteration without concomitant 
generation of the Dieckmann condensation product. These results 
demonstrate the high applicability of the present method, which is 
completely distinct from reactions involving strong bases.

Application of silicon/DABCO-catalysed deuteration
The practicality of this catalytic method was demonstrated by 
gram-scale synthesis using a reduced amount of catalyst and 

Table 1 | Effect of reaction parameters on the 
silicon-catalysed deuteration of an amide
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acetonitrile-d3 (Fig. 2a). A survey of co-solvents revealed that less coor-
dinating solvents, such as toluene and hexane, were more effective for 
the present silicon-catalysed deuteration (Supplementary Table 9). 
The desired deuterated product was obtained in high yield with a high 
deuteration ratio (99% yield, 7.44 g, 93% D). The deuterated amides and 
esters prepared through the present silicon-catalysed protocol are 
particularly attractive due to their ready transformation into useful 
deuterated synthons (Fig. 2b). The deuterated N-acylazetidines could 
be converted into ketones using lithium reagents (55-d2, 56-d2)66. The 
readily enolizable aldehyde could also be synthesized using Schwartz’s 
reagent without compromising the deuteration ratio (57-d2). Treatment 

with Lawesson’s reagent delivered deuterated thioamide 58-d2, which 
serves as a precursor for the synthesis of various heterocyclic com-
pounds67. β-Deuterated alcohol 59-d2 and amine 60-d2 were easily 
obtained through reduction68. Furthermore, diverse reactions using 
ester 38-d2 delivered deuterated synthons such as β-deuterated ether 
61-d2 (ref. 69) and tertiary alcohol 62-d2 (ref. 70).

Proposed catalytic cycle and mechanistic studies
The proposed catalytic cycle is shown in Fig. 3a. Amides or esters I 
would be enolized by the cooperative actions of a silicon Lewis acid 
and Brønsted basic DABCO, delivering silicon enolate II along with 

Table 2 | Scope of catalytic α-deuteration of amides
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the generation of a TfOH salt. At the same time, the enolate derived 
from acetonitrile-d3 IV would also be formed by the TIPSOTf/DABCO 
system with concomitant generation of a TfOD salt. Silicon enolate II 
would be deuterated by the TfOD generated from acetonitrile-d3 III, 
delivering deuterated product V. To confirm the envisioned catalytic 
cycle, we conducted a mechanistic investigation. We first performed 
29Si NMR analysis of a mixture of silyl triflates and various Lewis bases 
(Fig. 3b)71. The coordination of DABCO to TMSOTf was inferred from 
the significant upfield shift of the silicon signals (42.9 ppm and 7.6 
ppm). By contrast, no peak shift was observed with sterically hindered 
TIPSOTf (40.7 ppm), indicating that TIPSOTf and DABCO could serve 
as a cooperative Lewis acid/Brønsted base catalyst through the for-
mation of a frustrated Lewis pair46,47,72,73. The formation of frustrated 
Lewis pairs was also confirmed by heterolytic bond cleavage of the 
amine–borane adduct by the TIPSOTf/DABCO system (Supplementary 
Methods)74. An upfield shift was observed using DBU instead of DABCO, 
indicating the formation of classical Lewis adducts and supporting a 
lower deuteration ratio (Table 1, entry 9). The attenuated reactivity 
of the catalyst comprising TIPSOTf and DBU was exploited to achieve 
chemoselective deuteration of the amide over the ester (Fig. 3c), which 
TIPSOTf/DABCO could not achieve (Table 2, 22-d4). Isolated classi-
cal Lewis adduct 63 (calculated ΔG‡ = 14.6 kcal mol−1, ΔG0 = –9.2 kcal 
mol−1) exhibited no catalytic activity (Fig. 3d)75. We further conducted 
a series of control experiments to gain insight into the intermediate. 
Imidate 64 was efficiently deuterated under optimized conditions. 
This delivered 64-d2 with a high deuteration ratio after quenching 
with CsF (ref. 51), indicating that an imidate would be an intermediate 
for the enolization (Fig. 3e). Silicon enolate 65 was also deuterated 
under optimized conditions (Fig. 3f). During this experiment, the 
enolate of acetonitrile-d3 66 was detected by high-resolution mass 
spectrometry. A similar result was observed using DABCO·(TfOH)2 
as a catalyst (Fig. 3g), indicating that the triflate salt of the base is the 
actual deuterium source.

Direct catalytic deuteration of polymers
Finally, we applied our deuteration method to polymer deuteration, 
specifically for site-selective deuteration of the polymer. In general, 
deuterated polymers are synthesized using the corresponding deu-
terated monomers76. On the other hand, in this study, direct deutera-
tion was achieved (Fig. 4a). Polycaprolactone (PCL) 67, with a number 
average molecular weight of 24,000 (according to poly(methyl 
methacrylate) standards), was efficiently deuterated under slightly 
modified catalytic conditions, using a 35 mol% catalyst for the ester 
functionality. The α-selective deuterated polycaprolactone 67-d was 
isolated in 46% yield with a 99% deuteration ratio, as confirmed by ¹H 
NMR analysis (see the ¹H NMR spectra in Supplementary Fig. 6). The 
deuteration was further corroborated by Fourier transform infra-
red spectroscopy (see the Fourier transform infrared spectra in 
Supplementary Fig. 7); the red shift of the carbonyl (C=O) signal and 
spectral changes in the 900–1,400 cm⁻¹ region support success-
ful deuteration, in accordance with the literature6,76. Moreover, we 
assessed potential main chain degradation during the deuteration 
process using size exclusion chromatography (Fig. 4b). The number 
average molecular weight values before (24,600) and after (22,000) 
deuteration indicated minimal change, and the polydispersity index 
was similar for the samples before (1.47) and after (1.41) deuteration. 
These minor changes in polydispersity index and peak shape are 
likely to be attributable to the purification process. These polymeric 
characterizations demonstrate that our method enables selective 
deuteration of polyesters without causing undesirable chain scis-
sion. We further evaluated the thermal and crystalline properties 
using differential scanning calorimetry (DSC) and thermogravimetric 
analysis. Figure 4c,d shows the DSC spectra for PCL-H and PCL-D dur-
ing the first cooling and second heating cycles. In the cooling spectra, 
the crystallization temperature was 32.1 °C for PCL-H and 41.0 °C for 
PCL-D. In the heating spectra, the melting temperature was 55.5 °C 
for PCL-H and 53.3 °C for PCL-D, with melting enthalpies of 66.9 J g−1 
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for PCL-H and 59.9 J g−1 for PCL-D. These results suggest slightly lower 
crystallinity in PCL-D, which may be attributed to the weaker intermo-
lecular interactions in deuterated polymers77. The minor decrease in 
melting temperature following deuteration is consistent with previous 
reports on the effect of deuteration on the crystallization behaviour 
of PCL (ref. 78). The thermogravimetric analysis and derivative ther-
mogravimetry (DTG) curves (Fig. 4e) show that the thermal stabil-
ity remained virtually unchanged after deuteration, indicating that 
selective replacement of hydrogen with deuterium did not negatively 
impact thermal stability. Overall, these results confirm that our direct 
deuteration method preserves both the polymer chain structure and 
the related properties. We are currently exploring the extension of 
this synthetic approach to other polymers with ester functionalities. 
This could broaden the application range of deuterated polymers and 
potentially reveal functional advantages.

Conclusion
In summary, we have successfully developed a synthetic method 
for the deuteration of amides and esters under mild conditions. The 
cooperative catalyst system comprising TIPSOTf and DABCO, which 
functions as a frustrated Lewis pair efficiently activated unmodified 
amides, esters and acetonitrile-d3. The present catalysis enabled 
not only late-stage deuteration of complex carbon skeletons and 

multifunctional molecules but also direct deuteration of polymer 
materials. Mechanistic investigations showed that TIPSOTf and DABCO 
operated independently, the former as a Lewis acid and the latter as a 
Brønsted base. This operationally simple and practical catalytic proto-
col allows for rapid access to various deuterated molecules, including 
pharmaceuticals and functional polymer materials.

Methods
General
All reactions were carried out using heat-gun-dried glassware under a 
positive pressure of dry argon unless otherwise noted. Catalytic reac-
tions were run under an argon atmosphere. Air- and moisture-sensitive 
liquids were transferred via a syringe and a stainless steel needle. Reac-
tions were magnetically stirred and monitored by thin-layer chroma-
tography. All workup and purification procedures were carried out 
with reagent-grade solvents under an ambient atmosphere. Flash 
chromatography was performed using silica gel. See Supplementary 
Methods for detailed conditions and the characterization data.

General procedure for silicon-mediated α-deuteration of 
amides and esters
DABCO (4.5 mg, 0.04 mmol) was added to a 4-ml vial equipped with a 
magnetic stir bar containing an amide or ester (0.20 mmol). This was 
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followed by the addition of acetonitrile-d3 (1.0 ml, 19.2 mmol, 0.20 M) 
and triisopropylsilyl trifluoromethanesulfonate (5.4 μl, 0.02 mmol). 
The reaction mixture was stirred under argon at 25 °C for 48 h. The 
reaction mixture was then directly subjected to silica gel flash chro-
matography to afford the product.

Data availability
The data supporting the findings of this study are available within the 
article and its Supplementary Information. Data are available from the 
corresponding authors upon request.
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