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Electrochemical Hydrogen Isotope Exchange of Amines Controlled 
by Alternating Current Frequency
Nibedita Behera,‡a Disni Gunasekera,‡a Jyoti P. Mahajan,a Joseph Frimpong,a Zhen-Fei Liu,a and Long 
Luo*a  

Here, we report an electrochemical protocol for hydrogen isotope exchange (HIE) at α-C(sp3)-H amine sites. 
Tetrahydroisoquinoline and pyrrolidine are selected as two model substrates because of their different proton transfer (PT) 
and hydrogen atom transfer (HAT) kinetics at the α-C(sp3)-H amine sites, which are utilized to control the HIE reaction 
outcome at different applied alternating current (AC) frequencies. We found the highest deuterium incorporation for 
tetrahydroisoquinolines at 0 Hz (i.e., direct current (DC) electrolysis condition) and pyrrolidines at 0.5 Hz. Analysis of the 
product distribution and D incorporation at different frequencies reveals that HIE of tetrahydroisoquinolines is limited by its 
slow HAT, whereas HIE of pyrrolidines is limited by the overoxidation of its α-amino radical intermediates. The AC-frequency-
dependent HIE of amines can be potentially used to achieve elective labeling of α-amine sites in one drug molecule, which 
will significantly impact the pharmaceutical industry.

Introduction

Hydrogen isotope (D or T)-labeled organic molecules are essential to support drug discovery and development in the 
pharmaceutical industry. For example, deuterated compounds are used as stable isotope-labeled internal standards for 
quantification purposes in all “omic” fields, taking advantage of the mass shift arising from the substitution of H by D in a given 
molecule.1-4 Furthermore, due to the primary kinetic isotope effect, D incorporation at specific positions of a bioactive molecule 
can potentially decrease its metabolism rate and/or prevent the formation of toxic metabolites, leading to the emergence of 
deuterated drugs.5, 6 The labeling efficiency and selectivity requirement vary as the application.7 In the first application discussed 
above, multiple incorporations of hydrogen isotopes are often required. In the last one, selective hydrogen labeling at a specific 
position is more critical than multiple-site labeling.

Among all hydrogen isotope labeling methods, hydrogen isotope exchange (HIE) is most appealing because it allows fast and 
direct incorporation of D atoms at a late or the final stage of the active pharmaceutical ingredient by replacing H with D, reducing 
the costs and time spent preparing intermediates or precursors for de novo syntheses. The state-of-the-art HIE strategies include 
(i) homogeneous catalysis using transition metal complexes such as [Ir],8, 9 [Co],10 [Ni],11 and [Fe]12; (ii) heterogeneous catalysis 
using transition metals and their nanoparticles such as Ru,13 Rh,7 and Pt14 and (iii) photoredox catalysis using molecular 
photocatalysts coupled with hydrogen atom transfer (HAT) catalysts (typically, thiols).15, 16 Transition metal complex-catalyzed HIE 
reactions typically target aromatic C(sp2)–H sites. Heterogeneous catalysts such as Pd, Ru, Rh, Ir, and Pt can catalyze both C(sp2)–
H and C(sp3)–H activation processes.17 Photoredox protocols can efficiently and selectively install D at α-amino C(sp3)–H bonds in 
a single step,8, 9 which is powerful because it can achieve high D incorporation. However, the current photocatalytic protocols are 
limited in labeling α- and β-C(sp3)-H sites in tertiary amines. 

The substrate scope of all existing HIE approaches is typically restricted to certain chemotypes and cannot selectively label sites 
with similar chemical reactivity (Scheme 1A). The isotope incorporation level also varies. Taking photocatalytic HIE of amines as 
an example:15 photoexcitation of the photocatalyst generates an excited state to oxidize amine to amine radical cation, which then 
undergoes facile deprotonation at the α-C(sp3)–H position to give α-amino radical. At the same time, a deuterated thiol is 
generated in situ from the thiol HAT catalyst via H/D exchange with D2O. Then, HAT between deuterated thiol and α-amino radical 
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results in D-substituted amine and thiol radical. Electron transfer between reduced photocatalyst and thiol radical regenerates 
photocatalyst and deuterated thiol through protonation of thiol anion. However, this protocol does not differentiate various α-
amino C(sp3)–H bonds (e.g., all the α-amino sites of clomipramine are activated simultaneously, resulting in a high D -incorporation 
of 7.22 D/molecule), so they are not suited for applications that require selective hydrogen labeling at a specific position. 
Therefore, methods that can label substrates with site-selective D incorporation (particularly among sites with similar chemical 
reactivity) are highly desirable.

Alternating current (AC) electrolysis provides an alternative way to sequentially perform redox-opposite reactions, like in a 
photoredox catalytic cycle, by periodically reversing the voltage polarity.18-22 Unlike photoredox catalysis, AC electrolysis offers a 
facile way to tune the redox potentials and time duration of two redox events by voltage amplitude and AC frequency (f), enabling 
selective activation of sites with similar chemical reactivities. For example, we have previously shown that the electrochemical 
oxidation of tertiary amines to α-amino radicals takes place at an optimal substrate-dependent f.23 At high f, the inter-conversion 
between amine and its cationic radical is faster than the deprotonation of cationic radical, so the formation of α-amino radicals is 
suppressed. However, at low f, amine radical cation can be further oxidized to iminium after deprotonation. Therefore, an optimal 
f is required to oxidize a tertiary amine to form its α-amino radical. Furthermore, because the deprotonation kinetics for amine 
substrates varies significantly, the optimal f differs by over two orders of magnitude, providing a convenient handle to selectively 
activate α-amino C-H bonds in a molecule. AC electrolysis has also been found to affect the product selectivity of the nickel-
catalyzed cross-coupling reactions,24  influence chemoselectivity of carbonyl compound and (hetero)arene reduction,18, 25  
decrease the undesired metal reductive precipitation,26, 27 and promote cross-coupling reactions such as  formal C-O/O-H cross-
metathesis.28-30

Inspired by these previous works, we hypothesize that selective HIE of amine sites can be achieved by selective activation of 
amine sites using an optimal AC frequency. Scheme 1B depicts our site-selective electrochemical HIE idea. The electrochemical 
HIE of amines includes three steps: (1) an amine substrate is electrochemically oxidized to its cation radical form, (2) the radical 
cation undergoes deprotonation to generate amino radical in the presence of a base, and (3) HAT between the amino radical and 
deuterated thiol produces D-labelled molecule. Because the rates of the last two chemical steps (i.e., deprotonation (PT) and HAT) 
can vary by several orders of magnitude and depends on the bond dissociation energy (BDE) of α-C(sp3)–H bonds of the amines, 
we can control the time available for these two chemical steps by supplying different f. More specifically, for amine sites with slow 
PT and HAT, its amine cation radical does not have time to be deprotonated and undergo HAT at high f (or short anodic pulse) 
before it gets reduced back to its neutral molecular form. In contrast, amine sites with fast PT and HAT can finish HIE even at high 
f, allowing site-selective HIE between amine sites with different PT and HAT kinetics using AC frequency. 
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Scheme 1. Schematic illustration of (A) previously reported approaches for hydrogen isotope exchange (HIE) at C(sp2)–H and C(sp3)–H sites, highlighting the D-labelling of α-amine 
sites of clomipramine using a photocatalyst (PC) and HAT thiol catalyst as an example. (B) AC electrolysis method for deuteration at α-C(sp3)–H sites that can potentially achieve α-
amine site selectivity through AC frequency-controlled electrochemical and chemical (including PT and HAT) steps.
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Fig. 1. (A) Proposed mechanism for AC-driven HIE of amines. Cyclic voltammograms of (B) 1 (black), 2 (red) and (C) methyl thioglycolate (MTG) in N,N’-dimethylacetamide (DMA) 
containing 0.1 M LiClO4. Scan rate: 0.1 V/s.

In this study, we chose two tertiary amines with different α-amino sites: N-benzyl tetrahydroisoquinoline (1) and N-(4-
methoxyphenyl)pyrrolidine (2), as the model substrates to test our proposed site-selectivity idea in Scheme 1B. If our proposed 
idea is feasible, then HIE of 1 and 2 should occur at two different fs. Fig. 1A illustrates our electrochemical HIE reaction design. We 
used methyl thioglycolate (MTG) as the HAT catalyst and precursor of the base for the deprotonation step and D2O as the 
deuterium source. Amine substrate is first oxidized to generate α-amino radical in the presence of base during the positive pulse 
of the AC waveform. Then, the formed α-amino radical undergoes HAT with a deuterated thiol (RSD), which is in situ generated 
from thiol and D2O, to afford the deuterated amine and thiyl radical (RS●). Finally, RS● is reduced back to thiolate (RS-) during the 
following negative voltage pulse, which acts as a base or is protonated to regenerate RSD, completing the HAT catalytic cycle. 
According to the reaction mechanism, oxidation of amine and reduction of thiol are required to drive the electrochemical HIE 
reaction of amines. We measured the redox potentials of 1, 2, and MTG using cyclic voltammetry. The cyclic voltammograms of 1 
and 2 (Fig. 1B) show anodic peaks at 0.6 V and 0.2 V vs. Ag/Ag+, respectively, assigned to single-electron oxidation of these amines 
to the corresponding cation radicals.23 The voltammogram of MTG (Fig. 1C) shows that electrochemical reduction of thiol occurs 
at −2.9 V vs. Ag/Ag+. Thus, we set the amplitude of the AC waveform to be 3.5 V and 3.1 V after iR correction (see SI) to drive the 
HIE reactions of 1 and 2, respectively. 

BDE (kcal/mol) a=77.0, b=82.3, c= 93.0 d= 89.2

Relative HAT kinetics (kHAT) a:b:c = 1 : 90 : 7105 a:d = 1 : 3104

Oxidation potential (V vs Ag/Ag+) 0.6 0.2

1 2

Relative deprotonation kinetics (kPT) 20 1.0

N a

b

c

O

N
dd

*

Table 1. BDE, oxidation potentials, and relative HAT and PT kinetics (kHAT and kPT) of 1 and 2. BDE values were calculated using density functional theory (see Computational Methods). 
The relative kHAT was calculated from the BDE values.31 The oxidation potential was obtained from the cyclic voltammograms in Fig. 1, and the relative kPT (*for the site a of 1) was 
obtained from our previous report23, as discussed in SI.

As previously discussed, the electrochemical HIE of amines comprises three steps: amine oxidation, PT, and HAT. We first 
measured the relative deprotonation kinetics (kPT) using a voltammetric method (see SI). Briefly, we varied the scan rate and 
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compared the cyclic voltammograms of an amine with and without the base. At a low scan rate, the deprotonation step can 
complete and consequently lead to overoxidation of amine, showing a higher peak than the reference voltammogram without 
base (i1 > i0). As the scan rate increases, the available deprotonation time decreases, and the difference between i0 and i1 shrinks. 
Therefore, we can estimate the deprotonation time from the voltammograms where i1 ≈ i0. For 1, the deprotonation time is ~ 5 
ms; for 2, it is ~100 ms, giving a 20:1 ratio for relative deprotonation kinetics. Note that the deprotonation only occurs at site a of 
1 because of its weaker C-H bond than sites b and c. 

Next, we estimated the relative HAT kinetics (kHAT) from the calculated C-H BDE values for 1 and 2. The BDE values for sites a, 
b, c, and d are 77, 82.3, 93, and 89.2 kcal/mol, respectively. Thus, the corresponding relative kHAT is estimated to be 1 : 90 : 7 x 105: 
3 x 104, following the Evans−Polanyi correlation (see SI for calculation details).31 The kPT and kHAT values for 1 and 2 are summarized 
in Table 1. From the relative HAT and PT kinetics, we predict that the HIE at site a of 1 requires a much lower( a few orders of 
magnitude) f than at site d due to its small kHAT. 

0.00 60% (IKA), 40%(our setup) <8% (IKA), 16%(our setup)

0.50 <6% 89%
10.0 <7% 78%

1a 2a

50.0 <7% 80%

f (Hz)

50 equiv. D2O, MTG,
0.1M LiClO4

()C/()C (2 cm2)
DMA, Ar, rt, 48 h

Voltage, Frequency

0.05 13% 78%

N

O

N

N

O

N

or or

1 2 1a 2a

Table 2. AC frequency-dependent D-incorporation during HIE of 1 and 2. The applied voltage amplitude for 1 (0.3 equiv. MTG) and 2 (0.8 equiv. MTG) are 3.5 and 3.1 V, respectively.

To test our prediction, we conducted the HIE reactions of 1 and 2 using a sine waveform with different f from 0 to 50 Hz (note: 
0 Hz means DC electrolysis). For f = 0 Hz, we used two experimental setups: one home-built cell with an electrode-electrode 
distance (d) of 1 mm and one commercial IKA setup with d = 5 mm (see details in the Methods section). For other fs, we only used 
our home-built setup. The applied voltage amplitudes were 3.5 V for 1 and 3.1 V for 2. Table 2 shows the f-dependent D 
incorporation for 1 and 2. At f = 0 Hz, we observed the highest D incorporation of 60% for 1 with the IKA setup and reduced D 
incorporation with our setup (40%). With increasing f, D incorporation dramatically decreases and eventually below the 
quantification limit of NMR (~7%), in agreement with the prediction that the slow HAT of 1 requires a long time or low f to 
complete. In contrast,  the highest D incorporation of 89% for 2 at f =0.5 Hz was observed. However, at f= 0 Hz, D incorporation 
plummets to only <8% and 16% using the IKA and our setups, respectively. D incorporation slightly decreased to ~80% at f > 0.5 
Hz. The high D incorporation observed in 2 under high f is also consistent with our prediction. However, the low D incorporation 
at f = 0 Hz is not predicted by the proposed reaction scheme in Scheme 1B because the fast chemical steps (PT + HAT) should not 
prevent HIE from happening at low f.

The different f-dependent D-incorporation values for 1 and 2 encouraged us to conduct a detailed analysis of the products to 
understand the electrochemical HIE reaction mechanism. Fig. 2A and C show the product distribution in terms of starting material 
(SM) conversion during electrochemical HIE reactions of 1 and 2 at different f, respectively. Note that here we assigned an 
equivalent f for the DC electrolysis condition, considering that when the substrate or intermediates diffuse between anode and 
cathode, they will experience an opposite redox environment, just like during the AC electrolysis. Therefore, we calculated the 
equivalent AC frequency from the diffusion time between the two electrodes in the electrolytic cell (for example, 3.5 x 10-5 Hz for 
the IKA setup and 8.7x x 10-4 Hz for our homebuilt setup for 1, see SI for calculation details). Also, the deuterated SM (i.e., the 
desired product) and SM cannot be separated, so they were plotted as a group in the product distribution analysis. For HIE of 1, 
we observed the significantly increased formation of dimers of 1 (from 0 to 40%) accompanied by a dramatic decrease in the D 
incorporation (from ~60% to <10% in Fig. 2B) as f increased from ~10-5 to ~101 Hz. The formation of dimers indicates the successful 
deprotonation of amine cation radicals to α-amino radicals, and the low D incorporation indicates that the HAT step in this 
frequency range limits the HIE reaction. More quantitatively, the D-incorporation reaches a plateau value of ~7% at f= ~0.1 Hz, 
suggesting that the HAT between the deuterated thiol and α-amino radical typically requires a time (tHAT) longer than ~10 s. As f 
goes beyond 20 Hz, the D incorporation decreases to zero, the dimer formation is suppressed, and SM is recovered (~60%), 
suggesting that the deprotonation step is now the limiting factor due to the conversion of amine cation radical back to SM. 
Therefore, we can estimate the deprotonation time (tPT) on the order of ~0.05 s.
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Fig. 2. f-dependent of product distribution in terms of starting material (SM) conversion and D incorporation for (A)-(B) 1 and (C)-(D) 2. (E) Illustration of the f-controlled pathways 
towards forming D-substituted amine, dimer, and overoxidized complex mixture.

 In comparison, for HIE of 2, the highest D incorporation of 89% was achieved at 0.5 Hz (Fig. 2D). The D incorporation decreases 
drastically at frequencies < 0.5 Hz and under DC conditions, accompanied by low SM and deuterated product yields and significant 
formation of the complex mixture due to overoxidation. For example, DC electrolysis using an IKA setup resulted in ~10% D 
incorporation, ~20% yield of SM and deuterated product, and >75% overoxidation products, indicating the HIE is limited by the 
overoxidation reactions. At f > 0.5 Hz, the D-incorporation slightly decreases, but the yield of SM and deuterated product increases, 
similar to what happened to HIE of 1 at f >~20 Hz (Fig. 2B). Such opposite correlation between D incorporation and SM/D-product 
yield is an indicator of a PT-limited process. Similarly, we can estimate tPT for 2 to be ~ 0.05 s. The dimer formation is insignificant 
(<15%) over the entire frequency range, and the efficient D-incorporation was observed even at f as high as 300 Hz, suggesting the 
typical tHAT should be shorter than 0.003 s (estimated from the highest experimentally tested f of 300 Hz). Table 3 summarizes the 
estimated tPT and tHAT for 1 and 2 from the f-dependent product and D-incorporation analysis in Fig. 2 and the predicted relative 
tPT and tHAT from Table 1, revealing a quantitative agreement between the experimentally determined values and predicted ones. 
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0.05 s >10 s

Experimental t(1)/t(2) 40:1 >3x103 :1

tPT tHAT

Predicted t(1)/t(2) 20:1 3x104 :1

2 2 s <0.003 s
1

Table 3. Estimated time scale for deprotonation (tPT) and HAT (tHAT) for 1 and 2.

From the analysis above, we found that (1) efficient HAT and low overoxidation were critical to achieving high D incorporation, and (2) 
slow deprotonation had some adverse but not critical effects on the final D incorporation. These findings suggest that the competition 
between the different reaction pathways of α-amino radicals (HAT, dimerization, and overoxidation) is the key factor in determining the D-
incorporation efficiency (Fig. 2E). For 1, under any AC conditions, the dimerization of α-amino radicals outcompetes HAT, resulting in low D-
incorporation. Under DC conditions, dimerization is insignificant because the concentration of α-amino radicals decreases due to 
concentration polarization (the amine substrate is depleted near the electrode surface under a constant potential, thus lowering the radical 
concentration). Therefore, the α-amino radicals have enough time to complete HAT, which is a slow process for 1. However, for 2, at f < 0.5 
Hz, the overoxidation of α-amino radicals dominates, leading to low D-incorporation and yield. It is not surprising because α-amino radicals 
of pyrrolidine can easily undergo overoxidation to form iminiums or further oxidized products under an oxidizing environment in the presence 
of a base.23 At high f, the slow deprotonation does affect the availability of α-amino radicals due to the reverse reaction of amine cation 
radicals to the amine. However, due to the highly efficient HAT, α-amino radicals are effectively deuterated whenever available. Therefore, 
the final D incorporation remains relatively high at high f as long as the reaction time is sufficient.
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Fig. 3. (A) Calculated BDE values and (B) predicted relative HAT rate of α-amino C(sp3)–H sites for different substituted tetrahydroisoquinolines (1, 3-13), pyrrolidines (2, 14-23) and 
piperidine (24).

Guided by our findings using 1 and 2 as the model substrates, we continued to determine the optimal conditions for HIE of various 
tetrahydroisoquinolines, pyrrolidines, and piperidine (3-24). We calculated their BDEs and predicted their relative kHAT. Fig. 3A and B show 
that the kHAT values for N-aryl tetrahydroisoquinoline substrates 3-13 and pyrrolidine/piperidine substrates 14-24 are comparable to that of 
1 and 2, respectively. The slow HAT kinetics of tetrahydroisoquinoline substrates requires performing the HIE reaction under a DC condition. 
In contrast, HAT should not be the limiting step for the HIE reaction of pyrrolidine/piperidine substrates. The limiting factor should be the 
undesired overoxidation of α-amino radicals, which can be reduced by increasing f. Thus, we adopted f = 0.5 Hz considering the similarity 
between 2 and other pyrrolidine/piperidine substrates in terms of their BDEs; unless the D incorporation was not satisfying, then we further 
increased f. 

Fig. 4 shows the substrate scope. Tetrahydroisoquinolines with N-aryl ring-bearing electron-donating groups such as methoxy, methyl, 
tertiary butyl, dimethyl, phenyl, dioxane (3-9) and electron-withdrawing substituents such as fluoro, trifluoromethyl (10-13) worked well 
under DC condition affording high D incorporation of 70-93%. During the substrate scope development, we varied the reaction time for 
different N-aryl tetrahydroisoquinoline substates between 15 and 48 h to improve the yield under the DC electrolysis condition. However, 
due to the overoxidation of the benzylic position in N-aryl tetrahydroisoquinoline, the yield for the deuterated products is still limited (~10-
60%). On the other hand, n-aryl pyrrolidine-bearing electron-donating groups such as methyl, tertiary butyl, phenyl, dioxane, ethyl acetate, 
and ethanol (14, 16-21) afforded a moderate to good D incorporation of 52-89% under 0.5 Hz. Due to the steric hindrance, methyl groups at 
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the ortho position of the N-aryl ring (15) led to low D incorporation of 36%. The N-aryl pyrrolidine substituted with electron-withdrawing 
groups such as Cl and Br (22 and 23) resulted in less D-incorporation (23-36%) with 0.5 Hz, possibly due to the dehalogenation reaction. In 
the case of N-aryl piperidine with methoxy on ring (24), we observed poor D-incorporation (23%) and low yield (42%) under 0.5 Hz but 
significantly improved D incorporation of 50% and better yield of 51% at 50 Hz. The improvement at higher f is because the impaired overlap 
between the lone pair of amine and the unpaired electron at the α-carbon significantly destabilizes the α-amino radical intermediate, leading 
to fast overoxidation kinetics that requires high f to suppress the overoxidation. How to quantitively determine the overoxidation kinetics 
for predicting the optimal f of HIE reactions for different types of amine substrates is still ongoing. 
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(40%)
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(42%)

24a. 23% D (42%) 
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(+)C/(-)C (2 cm2)
DMA, Ar, rt, 48 h

Voltage, 0.5 Hz

50 equiv. D2O, 0.8 equiv. MTG,
0.1M LiClO4N

R

n

n = 1 or 2

N

R

n

n = 1 or 2

N

OMe

2a. 89% D
(40%)

N

1a .60% D
(45%)

Fig. 4. Substrate scope of electrochemical HIE reaction. a Reaction was conducted at 50 Hz. D incorporation was determined by 1H NMR peak integration relative to an unlabeled 
compound. All isolated yields were provided in parentheses. The experimental voltage for each substrate is provided in SI.

Conclusions
In conclusion, we reported an electrochemical protocol for HIE of the α-amino C(sp3)-H bonds for the first time. 
Tetrahydroisoquinolines and pyrrolidines were selected as the two categories of model substrates in this study. We achieved the 
best D incorporation at f = 0 Hz (i.e., DC electrolysis condition)  for tetrahydroisoquinolines and at 0.5 Hz for pyrrolidines. The two 
different optimal HIE frequencies arise from their different PT and HAT kinetics. Because the HAT rate of tetrahydroisoquinolines 
is four orders of magnitude slower than that of the pyrrolidines, the HIE of tetrahydroisoquinolines requires a DC condition, under 
which the dimerization pathway is suppressed, and HAT has sufficient time to complete. For pyrrolidines, the high HAT rate allows 
the HIE to occur at high f, but the overoxidation of its α-amino radical intermediates outcompetes the HAT at low f, resulting in 
low D-incorporation and low yield. The AC-frequency-dependent HIE for different amines can be utilized for selective isotope 
labeling of α-amino C(sp3)-H sites in one drug molecule, which will be significant and advantageous to the pharmaceutical industry.

Methods

Chemicals and materials 

Tertiary amines were synthesized following the protocol in SI, LiClO4 (>95%, MilliporeSigma), methyl thioglycolate (MTG, 95%, 
MilliporeSigma), D2O (99 atom% D, MilliporeSigma), N, N’-dimethyl acetamide (DMA) (anhydrous, 99.8%, MilliporeSigma), were 
used as received. 

Experimental setups for electrochemical HIE reactions:
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IKA setup: IKA ElectraSyn 2.0 purchased from IKA has a reaction vial, vial cap, graphite electrodes, electrode holder, and base unit 
with the stirrer and vial holder (Fig. S1). Both graphite electrodes of 3 mm in thickness, ~1 cm in width, and ~5 cm in length are 
attached to the vial cap with an electrode-electrode separation of ~5 mm and inserted in a vial containing the reaction mixture in 
4 mL DMA. The vial is connected to the power supply through the vial holder. Then the output voltage and time can be applied as 
the reaction condition.
Our setup: In this setup, a waveform generator, amplifier, two glassy carbon plate electrodes (3 mm in thickness, 1 cm in width, 
and ~10 cm in length) and a Schlenk tube were used for the HIE reaction (Fig. S2). The electrodes were inserted into the reaction 
flask with an electrode-electrode separation of ~1 mm in 4 mL of DMA and partially immersed (~2 cm) in the solution. Then the 
electrodes were connected to a waveform generator linked to the amplifier by applying the output voltage and frequency.

General procedures for DC and AC electrolysis

DC electrolysis: An oven-dried 5 mL ElectraSyn reaction vial containing a magnetic stir bar was charged with tertiary amine (0.25 
mmol, 1.0 equiv.), LiClO4 (0.5 mmol, 2.0 equiv.), MTG (0.15 mmol, 0.3 equiv.), D2O (12.5 mmol, 50 equiv.) and anhydrous DMA (4.0 
mL) under an argon atmosphere. Using two graphite electrodes, the reaction mixture was electrolyzed under a constant voltage 
of 3.2 to 3.9 V for 15-24 hours. After completion of the reaction, the electrodes were removed, and the reaction mixture was 
diluted with ethyl acetate (10 mL). The organic layer was washed with a saturated NaHCO3 solution (15 mL) and brine (saturated 
NaCl, 15 mL). The separated organic layer was dried over Na2SO4 and concentrated under reduced pressure. The crude product 
was purified using flash silica-gel chromatography with ethyl acetate and hexane to afford desired products.

AC electrolysis: An oven-dried 10 mL Schlenk tube containing a triangular magnetic stir bar was charged with tertiary amine (0.25 mmol, 1.0 
equiv.), LiClO4 (0.5 mmol, 2.0 equiv.), MTG (0.2 mmol, 0.8 equiv.), D2O (12.5 mmol, 50.0 equiv.), and anhydrous DMA (4.0 mL) under an argon 
atmosphere. Two glassy carbon plate electrodes were then inserted into the reaction flask and connected to a waveform generator linked 
to the amplifier. The output voltage and frequency were set to 3-4 V and 0-300 Hz, and the reaction mixture was allowed to stir at room 
temperature. The reaction mixture was stirred for 48 h. Then, the electrodes were removed, and the reaction mixture was diluted with ethyl 
acetate (10 mL). The organic layer was washed with brine (15 mL), and the separated organic layer was dried over Na2SO4 and then 
concentrated under reduced pressure. The crude product was purified using flash silica-gel chromatography using ethyl acetate and hexane 
to afford desired products.

Cyclic voltammetry: All cyclic voltammograms were collected using a Schlenk tube fitted with a 3-mm-diameter glassy carbon disk electrode 
as the working electrode, a glassy carbon plate as the counter electrode, and an Ag/Ag+ electrode as the reference electrode under an argon 
atmosphere. The Ag/Ag+ electrode was prepared by filling the glass tube with 10 mM AgNO3 and LiClO4 (0.1 M, supporting electrolyte) in an 
anhydrous DMA solution. The Ag/Ag+ reference electrode potential was calibrated using ferrocene/ferrocenium (E Fc/Fc+ =0.11 vs. Ag/Ag+)(Fig. 
S3). The glassy carbon disk electrode was cleaned by polishing with a series of alumina powders (0.3 and 0.05 µm) and then sonicated and 
washed with a large amount of deionized water and methanol before use. All the electrodes were dried in air before the electrochemical 
measurements.

NMR analysis for H/D exchange quantification: D incorporation was quantified by the decrease of 1H NMR integral intensities at the specified 
positions compared to the unlabeled starting material. 

Computational Methods: We computed the α-C(sp3)-H hydrogen bond BDE using spin-polarized density functional theory as 
implemented in the Quantum Espresso Package.32 The calculations employed the projector augmented wave method33 and the 
Perdew-Burke-Ernzerhof functional34. The neutral molecules and their radicals generated from homolytic cleavage of the C-H 
bonds at the benzylic and -amine positions were fully optimized in a sufficiently large box of 30 30 30 Å3 using an energy 𝛼 × ×
cutoff of 50 Ry and the -point sampling until the Hellmann-Feynman forces were less than 0.04 eV/Å, after which their total Γ
energies were computed. The hydrogen BDEs were defined as:

BDE = 𝐸(R ∙ ) + 𝐸(H ∙ ) ― 𝐸(R ― H),
where R-H is the neutral molecule, is the radical after the cleavage of the C-H bond, and is the hydrogen radical.𝑅 ∙ 𝐻 ∙
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