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6 ABSTRACT: Isotopic labeling is a powerful technique extensively used in the pharmaceutical industry. By tracking isotope-labeled
7 molecules, researchers gain unique and invaluable insights into the pharmacokinetics and pharmacodynamics of new drug
8 candidates. Hydrogen isotope labeling is particularly important as hydrogen is ubiquitous in organic molecules in biological systems,
9 and it can be introduced effectively through late-stage hydrogen isotope exchange (HIE). However, hydrogen isotope methods that
10 simultaneously label multiple sites with varying types of C—H bonds in the different types of molecules are still lacking. Herein, we
11 demonstrate a heterogeneous photocatalytic system using a CdS quantum dot catalyst that proceeds via a unique dual HIE pathway
12 mechanism—one occurs in the reaction solution and the other on the catalytic surface—to address it. This unique mechanism
13 unlocked several unique labeling capabilities, including simultaneous labeling of multiple and challenging sites such as secondary a-
14 amino, a-ethereal, allyl, and vinyl sites, providing great versatility in practical uses for pharmaceutical labeling.

1s l INTRODUCTION Hydrogen isotope labeling is particularly important as 34

16 Isotopic labeling is a powerful technique extensively used in hydrogen is present in all organic molecules in biological 35

17 the pharmaceutical industry."™* This technique involves
18 incorporating either stable isotopes, such as deuterium (D)

19 and carbon-13 (**C), or radioactive isotopes, such as tritium .
20 (T) and carbon-14 (**C), into molecules. By tracking these enhancement of efficacy and safety.” Deutetrabenazine, which 39
is used for the treatment of chorea associated with 49

systems.s’ Most recently, there has also been pronounced 36
interest in developing deuterated drugs in which D 37
incorporation may improve the pharmacokinetics, leading to 33

21 labeled molecules, researchers gain unique and invaluable

2 insights into the pharmacokinetics and pharmacodynamics of Huntington’s disease, became the first deuterated drug to 4

23 new drug candidates. Such information is critical to under- receive U.S. Food and Drug Administration approval in 2017.° &
24 standing how drugs are absorbed, distributed, metabolized, and Requirements of hydrogen isotope labeling vary by their 43
25 excreted (ADME studies) in living organisms. It also provides targeted applications (Figure la). For example, when 4n
26 unique tools to study the detailed mechanisms of drug action deuterated compounds are used as an internal standard for 4s
27 and metabolism at the molecular level without significantly

28 altering the chemical properties of the compounds. Stable Received: October 3, 2024

29 isotope-labeled (SIL) compounds are broadly used as internal Revised:  November 13, 2024

30 standards for accurately analyzing clinical samples. The use of Accepted: November 14, 2024

31 isotope-labeled compounds significantly accelerates drug
32 development, reduces the time-to-market, and lowers drug
33 development costs.
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Figure 1. Background and proposed HIE method. (a) General D/T labeling requirements for various applications in the pharmaceutical industry.
(b) Existing HIE methods. (c) Proposed heterogeneous photocatalytic HIE method using a CdS QD gel catalyst that proceeds via a dual HIE
pathway mechanism. (d) Unique hydrogen isotope labeling capabilities of our method, including multiple site labeling, labeling a-C—H bonds of 2°

amines and ethers, and allyl and vinyl sites.
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Figure 2. Scope for the H/D exchange of pharmaceuticals. Reaction conditions: substrate (0.2 mmol, 1.0 equiv), DMA or dioxane (2 mL, 0.1 M),
triisopropylsilanethiol (0.06 mmol, 0.3 equiv), D,O (10 mmol, 50 equiv) and CdS gel (125 uL, 2.5 X 107> mol %); *2 mmol scale reaction data for

substrate 1.

the liquid chromatography—mass spectrometry analysis of
small molecules, the mass increase for the SIL should be larger
than 3 Ds per molecule (>5 D atoms if one CI or Br atom is
present) and the remaining unlabeled species in the batch
should be lower than 0.2% to ensure proper resolution from
the mass signals of an unlabeled analyte.” Low-specific activity
T-labeled compounds that are labeled at a metabolically stable
position are often needed for metabolism studies, such as bile
duct cannulation studies in rats, to support the ADME
profiling of pharmaceuticals."” Meanwhile, high specific activity
is often required to study specific pharmacological interactions
between a radiolabeled ligand and its target'' and in
autoradiography imaging.'”

Hydrogen isotope exchange (HIE) is the most attractive
approach to D/T-labeling as it allows rapid and direct isotope
incorporation into pharmaceuticals at a late stage. Current HIE
strategies include the following: (i) homogeneous catalysis
using transition metal complexes such as [Ir],”'* [Co],"!
[Ni],"” and [Fe],"* and alkali metal amides;'*"> (i) photo-
redox catalysis using molecular photocatalysts such as [Ir],
decatungstate'® and 4Cz-IPN'""*° coupled with a hydrogen
atom transfer (HAT) catalyst such as thiol or transition
metalhydride, (iii) heterogeneous catalysis using metal nano-

particles such as Ru,*** Rh,* Ir,'° and Pt** and more 6
recently, (iv) electrochemical methods that g;enerate radical or 70
ionic intermediates for D incorporation.”* ™’ 71

Each HIE strategy’s main advantages and limitations are 72
listed in Figure 1b. First, homogeneous catalysis methods 73
typically install D/T at specific aromatic C(sp>)—H sites next 74
to a directing group.'**® Next, photoredox catalysis methods 75
mainly incorporate D/T at @-amino and formyl C—H bonds of 76
drug molecules.'®™"®*” In comparison, heterogeneous catalysis 77
methods using metal particles could label different types of 78
sites. The shortcomings of current heterogeneous catalysis are 79
(i) the use of high concentrations of radioactive tritium gas to so
achieve high T incorporation and (ii) when multiple sites are s1
present in a molecule, the competition for the catalyst surface 82
binding sites limits the overall labeling efficiency.”"** Electro- 3
chemical HIE methods are in their infancy and have only been s4
demonstrated on simple amines and pyridines.”*® Overall, all ss
these methods are mostly restricted to targeting one specific s6
type of site. HIE methods that consistently and simultaneously 87
label multiple sites with different C—H bond types are still 88
lacking, which is important to ensure high D/T incorporation 89
for applications as internal standards for the liquid chromatog- 90
raphy—mass spectrometry analysis and radiolabeled tracers for 91
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studying specific pharmacological interactions and auto-
radiography imaging.

«

9« l RESULTS AND DISCUSSION

95 Method Design and Reaction Development. Here, we
96 designed a heterogeneous photocatalytic HIE method to
97 address the unmet needs for multiple-site labeling of
98 pharmaceuticals (Figure 1c). In our design, we proposed to
99 use CdS QD gels—a 3-dimensional mesoporous network of
100 CdS QDs with most surface ligands removed (Figures S1 and
101 $2)*°7*?—as the photocatalyst. Metal chalcogenide quantum
102 dots (QDs), including CdS and CdSe, are a group of emerging
103 photocatalysts that enable unique organic transformations such
104 as direct photocatalytic hydrogen atom abstraction,”” radical—
105 radical cross—coupling,‘4 and regioselective [2 + 2] cyclic
106 addition.”>*® We hypothesized that this CdS photocatalytic
107 system could provide two parallel HIE pathways for
108 simultaneously labeling different sites: one in solution and
109 the other on the catalyst surface. In solution, the CdS catalyst
110 would generate radical intermediates via single electron
111 transfer events upon photoexcitation. The formed radicals
112 would then react with a solution-phase HAT catalyst, such as a
113 deuterated thiol, to be deuterated. In parallel, the CdS catalyst
114 surface would stabilize radical intermediates and D atoms,
115 mediating the transfer of D atoms to the surface-bound
116 intermediates.

117 The solution pathway behaves similarly to photoredox
11 catalysis methods using molecular photocatalysts.'® Because
119 the S—H bond dissociation energy (BDE) of thiols (~87.0
120 kcal/mol) is relatively large, thiols cannot efficiently transfer
121 D/T atoms to C—H bonds with low BDEs such as benzylic
122 C—H bonds (~74 to 88 kcal/mol).”” This limitation can be
123 overcome via the surface pathway using the H atoms adsorbed
124 on the CdS surface with calculated BDEs of %78.0 kcal/mol at
125 the S site and ~61.0 kcal/mol at the Cd site (Figure S4). The
126 two independent pathways enable the simultaneous labeling of
127 pharmaceuticals at different types of sites, such as benzylic and
128 a-amino sites, while minimizing the competition for catalytic
129 surface sites (Figure 1d). In addition, Cd chalcogenide surfaces
130 are known to stabilize secondary (2°) amines,”” activate cyclic
131 ethers,” and stabilize allylic and vinylic radicals,'®***
132 facilitating their HIE reactions.

133 We initiated our studies using a commercial antidepressant,
134 clomipramine (1), which contains both an alkyl amine moiety
135 and benzylic sites, as a model substrate. We used
136 triisopropylsilanthiol as the solution-phase HAT catalyst and
137 D,0 as a D source (Figure 2). The results show that the CdS
133 QD gel photocatalyst with the loading of merely 2.5 X 1073
139 mol % (Figure S3) delivered the deuterated product [*H]1
140 with an impressive 11.7 D/molecule with less than <0.1% of
141 the unlabeled compound remaining (Figure S9). The two
142 benzylic and four @-amino sites were highly deuterated to
143 levels of 76% and 74—86%, respectively (Figure 2). In
144 comparison, existing photoredox protocols using molecular
145 photocatalysts primarily activate the a-amino C—H bonds and
146 occasionally benzylic C—H bonds with low D incorporation,
147 giving a total of 6 or 7 D/molecule (Figure S11)."* The yield
148 was slightly lower than that using the photoredox protocols
149 due to the possible additional decomposition pathways
150 initiated at the benzylic sites. Despite varying the solvent,
151 thiol type, light intensity, reaction time, D,O equivalent, and
152 base addition, effective D incorporation at both sites remained
153 unchanged (Tables S1—S6). Comparable results were obtained

—

=

b

=

with a scale-up reaction (Figure S12). The recovered CdS
photocatalyst showed similar reactivity after three runs, and no
noticeable morphology changes were observed after the
recycling experiments (Figure S13). The analysis of residual
Cd in the purified [*H]1 shows only ~2.3 part-per-million Cd,
suggesting no significant metal leaching (see Supporting
Information). The light on/off experiment showed that D-
labeling increased only when the light was on, indicating that
the HIE reaction is a light-driven process (Figure S14). A
radical capture experiment using methyl vinyl ketone as the
radical acceptor showed the formation of mono/dialkylated
products of 1, suggesting that the radical centers are generated
under HIE reaction conditions, possibly at various sites of 1.
Unfortunately, the attempt to isolate the alkylated products
was unsuccessful due to the complexity of the reaction mixture.

Substrate Scope. The optimal protocol was applied to 26
commercially available drugs. We first tested drug molecules
consisting of benzylic and tertiary (3°) alkyl amine scaffolds
(2—6). Efficient D incorporation at both types of sites for these
substrates was obtained, similar to 1 (Figure 2). For example,
aripiprazole (3) accomplished 61% deuteration at its benzylic
position in a lactam ring (3-fold higher than the existing
method, Figure S11) and 46%—89% deuteration at its
piperazine a-amino sites. High labeling efficiency was also
achieved at acyclic benzylic positions of cloperastine (4, 97%),
carbinoxamine (5, 32%), and pimozide (6, 40%) while
achieving high labeling efficiencies of 50% to 90% at their a-
amino positions. In certain cases, f-amino positions were also
deuterated with moderate efficiencies (e.g, 46% for 6),
possibly through an iminium intermediate.'®

Without alkyl amine moieties, the HIE at benzylic positions
remained efficient, with a D incorporation of 65% and 74% for
pyroquilon (7) and 77% for pioglitazone (8). The a-position
adjacent to the carbonyl carbon of 8 also completely
exchanged with D. Drug molecules with only tertiary alkyl
amine scaffolds also showed high D-incorporation at their a-
amino sites, producing [*H]9-methdilazine (6.0 D/molecule),
[>H]10-thioridazine (3.8 D/molecule), [*?H]11-buspirone (6.5
D/molecule), [*H]12-dropropizine (7.7 D/molecule) and
[*H]13-chloroquine (5.4 D/molecule). Macrocyclic drugs,
such as [*H]14-azithromycin and [*H]15-clarithromycin,
delivered D-incorporation values of 8.2 and 4.8 D, respectively.
In the case of dextromethorphan (16), only its a-amino
positions were deuterated, possibly because its T-shaped
configuration caused steric hindrance for the interaction
between the benzylic C—H bond and the CdS surface.

Next, we expanded the substrate scope to drugs with
secondary amine and benzylic scaffolds. Directly labeling
secondary amines is challenging because homogeneous metal

,_.
®
X

—
"3
N

—_ =
O \O
- o

catalysts often coordinate with them, preventing the delivery of 203

HIE products.*”*" There are limited reported HIE methods for
2° amine deuteration with scattered examples.””**** Our
method smoothly labeled the a-position of 2° amines with a D
incorporation of 40% to 70% and a good yield of 30% to 80%
at room temperature ([?H]17 to [*H]23). Benzylic site
labeling was, however, suppressed for these substrates, possibly
because the 2° amine sites outcompeted benzylic sites for CdS
surface sites, blocking the surface pathway for benzylic site
labeling. During the HIE reactions, a wide range of functional
groups such as alcohol, halogen (F and Cl), cyano, allyl, amide,
carbonyl, pyridine, and thio/ether groups were well tolerated,
and the stereogenic centers were retained (Figures S16—S18).
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Figure 3. Scope for the H/T exchange of pharmaceuticals. Reaction conditions: substrate (1 ymol), CdS gel photocatalyst (10 uL, 40 X 107> mol
%), thiol catalyst (triisopropylsilanethiol, 30 mol %). T,O (generated from 2 Ci of T, and PtO,). The reaction was irradiated in the integrated

photoreactor at 65% intensity.

216 Labeling the a-C—H bonds of cyclic ethers, such as
217 ambroxide (24, 1.4 D/molecule), and allylic and vinyl C—H
218 bonds of poly alkenes, such as ethyl linoleate (25, 2.4 D/
219 molecule) and linolenic acid (26, 4.5 D/molecule) were also
220 successful. Poly alkene deuteration is difficult because of
221 possible double bond migration and hydrogenation under the
222 HIE conditions. The H/D exchange results above clearly
223 demonstrated the versatility of our heterogeneous photo-
224 catalytic HIE method for labeling various C—H bonds.

225 Based on the optimized deuterium HIE conditions, further
226 optimization was performed for tritiation (Tables S9—S13).
227 The tritiation was conducted at a 1 gmol scale with a reduced
228 equivalency of T,0. High-specific activity T,O was generated
229 via a reaction of PtO, and T, gas in dioxane under modified
230 conditions (Figure $19).** We were delighted that successful
231 tritiations were achieved after slightly tuning the reaction
232 parameters, such as increasing the QD loading, reducing the
233 photo intensity, and/or shortening the reaction time (Figure
234 3). Cloperastine (4) was successfully labeled under 2 h
235 irradiation to give 88 mCi of product at 75 Ci/mmol, resulting
236 in doubled T incorporation compared with the reported
237 method (Figure S11).'® Not surprisingly, T labeling was
238 achieved on both benzylic (41%) and a-amine C(sp*)—H sites
239 (33% and 38%), consistent with the deuteration results. Other
240 substrates were also efficiently labeled with this method,
241 including dibenzazepine clomipramine (1, 46 Ci/mmol, 45
242 min), piperidine pimozide (6, 41 Ci/mmol, 2 h), piperazine
243 buspirone (11, 52 Ci/mmol, 2 h), and macrolide clarithromy-
244 cin (15, 72 Ci/mmol, 4 h). For 1 and 6, the limited T
245 incorporation at the benzylic site could be attributed to the
246 reduced reaction time in tritiation to prevent decomposition.
247 Despite the significant advancements in HIE method develop-
248 ment in recent years, certain functional groups, such as
249 secondary amines, are still not amenable to generating high-
250 specific activity T tracers. Limited reports in the literature

showed that HIE using Ru-based catalysts only produced low 251
specific activity, even with excessive amounts of T,0 of up to 252
20 Ci.”™" With this QD-catalyzed HIE method, we 253
successfully labeled a secondary amine, 17, at the a-position 254
with high specific activity (56 Ci/mmol). This approach 2ss
opened up the possibility of direct trititum labeling of 256
secondary amines. 257

Overall, the T-labeled drugs generated through our method- 258
ology exhibited high specific activity with >40 Ci/mmol while 259
achieving diverse labeling positions with expanded substrate 260
scope. They hold great potential for general drug metabolism 261
and pharmacokinetic studies and meet the requirements for 262
low-density receptor binding studies, where high specific 263
activity is crucial for accurate measurements. 264

Mechanistic Studies. We performed a series of mecha- 265
nistic experiments to gain comprehensive insights into the HIE 266
mechanism. First, we confirmed that the HIE reactions at the 267
benzylic and 3° a@-amino C—H sites occurred simultaneously, 268
rather than sequentially, by monitoring the D incorporation 269
evolution at each site of 1 (Figure 4a). However, the HIE 270 &4
reaction rate did vary by site: the highest at the CS position, 271
followed by the C6 and C7, and last C1, C2, and C3 (Table 272
SS). 273

Next, we identified that the HIE at the benzylic and 3° a- 274
amino C—H sites proceeded via two independent pathways. As 275
illustrated in Figure 4b, our proposed HIE reaction undergoes 276
a dual HIE pathway mechanism, in which thiol is the HAT 277
catalyst for the solution pathway, and CdS surface is the HAT 278
catalyst for the surface pathway. Without thiol, the solution 279
pathway would be shut down, whereas the surface pathway 280
would not. Figure 4c compares the HIE results for 1 with and 281
without thiol. We found that removing thiol inhibited the HIE 282
at its a-amino sites with D incorporation of 2 to 8%, whereas 283
its benzylic C—H sites still showed moderate D incorporation 284
of ~38%. With the thiol loading gradually increased from 0 to 285
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Figure 4. Mechanistic studies. (a) % D incorporation at different sites as a function of reaction time. (b) Proposed dual HIE pathway mechanism.
(c) HIE experiment results with and without thiol catalyst. Reaction conditions: substrate (0.2 mmol, 1.0 equiv), DMA or dioxane (2 mL, 0.1 M),
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contribution of different moieties of 1. (f) Stable binding conformation of 1, 17, and 27 on a CdS surface.
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Figure 5. Solid-state NMR studies. 'H 1D fast-MAS and 2D DQ/SQ correlation spectra acquired for (a) bare CdS gel and (b) one washed with a
CH,Cl, solution of 1. (c) *C CPMAS NMR spectrum of the latter material. "H—"""Cd DE-S-REDOR dephasing curves and fits for the signals
resonating at (d) 4.7 ppm and (e) 3.6 ppm assigned to physiosorbed water and thioglycolate, respectively. (f) A model of surface adsorption of 1

agrees with the observed correlations between 'H—'H and 'H-'"'Cd.

286 30 mol %, the D incorporation gradually increased to 74% for
287 the benzylic C—H bonds, whereas it soared from 4% to 86%
288 for g-amino C—H bonds (Table S7). Similar D labeling
289 differences between with and without thiol were observed for
200 other drugs with both benzylic and tertiary amine scaffolds,
291 such as 2 and 4 (Figure 4c). When only benzylic sites are
292 present, like in 7, its D incorporation was successful without
203 thiol. In contrast, the absence of thiol failed to incorporate any
204 deuterons into 11, which has only 3° @-amino sites. These
205 findings indicate that the HIE at 3° a-amino sites almost
206 exclusively proceeded via the solution pathway that required
207 thiol as the HAT catalyst, whereas the HIE at the benzylic site
298 primarily proceeded via the surface pathway.

209 We further used trioctylphosphine oxide ligand-capped CdS
300 QDs as a negative control to block the surface pathway. We
301 observed that the D incorporation at benzylic sites of 1 was
302 low (only 11%), whereas its a-amino sites were less affected
303 (29% to 83%) under the optimal HIE conditions (Table S8).
304 Without thiol, both types of sites became silent (Table S7).
30s This observation further supports our assignments on the two
306 HIE pathways. In addition, we also tested commercially
307 available CdS powder. We observed a similar D labeling
308 pattern as QD gels with and without thiol (Tables S7 and S8),
309 indicating the unique HIE reactivity is inherent to different
310 CdS materials.

311 During the substrate scope development, we found that the
312 presence of secondary amine moieties suppressed the benzylic
313 site labeling. We attributed it to 2° amines outcompeting
314 benzylic sites over the CdS surface sites. To test this

hypothesis, we carried out the HIE reaction without thiol for 315
17 and 21. Interestingly, the absence of thiol did not turn off 316
the D incorporation at 2° a-amino positions (Figure 4c), 317
supporting the proposed explanation. For example, [*H]17 31s
showed almost identical D incorporation with and without 319
thiols (3.1 vs 3.3 D/molecule), suggesting that the HIE at its 320
secondary a-amino sites exclusively proceeded via the surface 321
pathway. In the case of conjugated poly alkenes such as 2§, 322
only the allyl site between the alkenes was labeled in the 323
absence of thiol. This result suggests that these substrates 324
interact with the CdS surface via their alkene moiety during the 325
HIE reaction. 326

As alluded to above, the D labeling through the surface 327
pathway is determined by how a drug molecule interacts with 328
the CdS catalyst surface. The stronger surface interaction a 329
moiety has, the more likely its C—H bonds are labeled via the 330
surface pathway. To decipher the above D-labeling results, we 331
computed the binding conformations of drug molecules on a 332
CdS QD surface. Figure 4d shows the size comparison 333
between 1 and one CdS QD in the gel catalyst. We varied the 334
molecular orientation on the CdS surface and calculated the 335
binding energies of different conformations (Figure S5). Figure 336
4f shows one stable binding confirmation of 1 on the CdS 337
surface. From the results of different conformations, we 338
deduced each moiety’s contribution in 1 to the total binding 339
energy (Figure SS). Figure 4e shows the two phenyl rings are 340
the strongest binding moieties with a predominantly dispersive 341
binding energy contribution of 46 kcal/mol, three times 34
stronger than the alkyl amine chain (13 kcal/mol). This 343
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344 suggests that 1 preferentially binds to the CdS surface through
345 the phenyl rings.

346 Similar simulations were conducted for 17. In its strongest
347 binding conformation, the amine moiety is bound to the CdS
348 surface (Figures 4f and S8). However, due to its bicyclic
349 structure, the distance between the benzylic C—H and CdS
350 surface is ~4.62 A, which is prohibitive for the HAT process
351 (typically, the HAT distance should be <3 A according to the
352 Landau—Zener model).*® This finding is consistent with the
353 experimental result that no D-labeling was observed at benzylic
3s4 sites of 17 (Figure 4c). In addition, we studied dibenzo-
355 azepine (27), which has a similar structure as 1 but replaces
3s6 the alkyl amine chain of 1 with a methyl group. The C—H
357 bonds on the methyl group of 27 are free to rotate. They thus
358 could have a similar distance of ~2.8 A to the CdS surface as
359 benzylic C—H bonds (Figure 4f). We observed comparable D-
360 labeling at both sites (11% vs 19%) in the absence of thiol
361 (Figure 4c). These results indicate that the distance between
362 the H atom to be exchanged and the CdS catalytic surface
363 dictates the D labeling efficiency via the surface pathway.

364  Lastly, we employed an array of through-space dipolar-based
365 solid-state nuclear magnetic resonance (NMR) methods to
366 experimentally validate the theoretically predicted binding
367 conformation of 1 on the CdS surface. The 'H fast-magic-angle
368 spinning (FMAS) NMR spectra acquired for bare CdS QD gel
369 and one that was exposed to a solution of 1 are shown in
370 Figure Sa,b. We observed in the bare gel 'H NMR signals
371 belonging to a trace amount of trioctylphosphine oxide ligands
372 used in the QD synthesis (marked by an asterisk) and signals
373 resonating at 3.6 and 4.7 ppm. The signal at 3.6 ppm originates
374 from the methylene group of residual thioglycolate ligands
375 from the gel synthesis, while the signal at 4.7 ppm is assigned
376 to physisorbed water or potentially surface S—H groups. Once
377 1 was added, the signal at 4.7 ppm was removed and replaced
378 by a variety of signals belonging to the adsorbed 1 (Figure Sb,
379 assignments in Figure Sf). The adsorbed 1 was also apparent
3% from a '*C Cross-Polarization Magic-Angle-Spinning
381 (CPMAS) NMR spectrum (Figure Sc) that also displayed a
382 slightly shifted resonance from the thioglycolate carboxyl,
383 suggesting Cd coordination. We performed 'H—"'"'Cd double-
384 echo symmetry-based rotational-echo double-resonance (DE-
385 S-REDOR) experiments to probe the interaction between
386 these species and the CdS surface (Figure 5d,e).*”*° We only
387 observed dipolar dephasing from the resonances at 4.7 and 3.6
388 ppm belonging to water and thioglycolate. Using previously
389 described models,”" we fitted these data to a multispin model
390 of the CdS surface and found that the water signal is tightly
391 bound to the surface, at only 2.8 A from the Cd layer.”
392 Similarly, the thioglycolate CH, was closer to the surface than
393 would be expected from bidentate coordination at 3.3 A from
394 the Cd layer, suggesting the secondary coordination of the
39s thiol. This is also consistent with our lack of detection of a
396 thiol '"H NMR signal.

397 We additionally performed 'H homonuclear double-
398 quantum correlation experiments (DQ/SQ, Figure Sa)b,
399 bottom) to probe "H—"H proximities, which are more sensitive
400 to long-range interactions than 'H—'""Cd interactions due to
401 both the larger gyromagnetic ratio of 'H and its 100% natural
402 abundance (as opposed to 12.8% for 'Cd).””>* While we
403 could not detect 1—''Cd interactions, we did see a strong
404 correlation at a double-quantum chemical shift of 10.8 ppm
405 from a proximity between the aromatic 'H’s of 1 and the
406 surface-bound thioglycolate (highlighted by the horizontal line

-

—_

-

in Figure Sb). The only logical explanation for this correlation, 407
and the DE-S-REDOR results, is that the CdS surface was 408
partially terminated by thioglycolate ligands, and 1 exists at the 409
surface near these sites. The starkly stronger correlation 410
between these aromatic 'H’s and the surface sites, as compared 411
to the alkyl 'H’s, nevertheless shows that 1 prefers to adsorb 412
on the surface through its ring structure, in agreement with the 413
theoretical model in Figure 4d and the preferred deuteration 414
observed experimentally in Figure 4c. 415

B CONCLUSION 416

In summary, we developed a new heterogeneous photocatalytic 417
hydrogen isotope labeling method for pharmaceuticals. 418
Mechanistic studies revealed a dual HIE pathway mechanism. 419
This unique mechanism unlocked several unique labeling 420
capabilities, including simultaneous labeling of multiple and 421
challenging sites such as 2° a-amino, a-ethereal, allyl, and vinyl 422
sites, providing great versatility in practical uses for 423

pharmaceutical labeling. 424
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