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Abstract: Growing interest in improved structural diversity within the pharmaceutical industry has led to a
focus on more sp3-rich drug frameworks. Meanwhile, spiralling pharmaceutical research and development
costs continue to require expedited adsorption, distribution, metabolism, excretion, and toxicity studies, which
are heavily reliant on the use of molecules incorporating deuterium and tritium. Herein, we report an iridium
catalyzed C(sp3)� H activation and hydrogen isotope exchange (HIE) methodology capable of utilizing
pharmaceutically ubiquitous nitrogen-based carbonyl directing groups. High levels of deuterium incorporation
(>80% in 37 of the examples) are demonstrated across a range of substrates (5-, 6-, and 7-membered lactams,
cyclic carbamates and ureas, acyclic amides), with tolerance of a range of common functional groups (aryl,
alkoxy, halogen, ester, alcohol, sulfonamide) and predictable regioselectivity. The applicability of this
methodology was demonstrated with up to 98% deuterium incorporation observed in a range of challenging
bioactive molecules such as Nefiracetam, Praziquantel, and Unifiram. Density functional theory has provided
mechanistic insight into the C� H activation and HIE at both the expected site of incorporation and an
unexpected aryl labelling via a 7-membered metallocyclic intermediate.
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Introduction

Deuterated molecules have several key applications
within the life sciences, most notably in absorption,
distribution, metabolism, excretion, and toxicity (AD-
MET) studies,[1] but also in mechanistic investigations
via exploitation of the kinetic isotope effect
(Scheme 1A).[2,3] More recently, incorporation of deu-
terium has been used as a strategy to alter the
metabolic profile of pharmaceuticals, such as in
Austedo and Deucravacitinib, the first two FDA-
approved deuterated pharmaceutical compounds
(Scheme 1B).[4,5] The widespread use of the hydrogen
isotopes, deuterium (2H or D) and tritium (3H or T), is
due in no small part to advances in the synthetic

accessibility of these isotopologues. In particular,
installation via hydrogen isotope exchange (HIE)[6,7]
allows the late-stage incorporation of deuterium or
tritium, and avoids time-consuming re-synthesis using
expensive labelled substrates or reagents. Within our
laboratories, a series of electron-rich, sterically encum-
bered iridium(I) NHC/phosphine catalysts have en-
abled the late-stage labelling of aromatic systems using
a variety of directing groups (Scheme 1C),[8,9] and
including challenging aryl sulfonamides[10] and N-
heterocycles.[11] Importantly, such catalysts facilitate
HIE under mild conditions, with excellent functional
group tolerance, and using deuterium gas as the isotope
source, allowing the ready translation of these methods
towards tritiation of drug-like compounds.[8]
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Within drug discovery, the pharmaceutical industry
has traditionally focused on a subset of reliable trans-
formations, including the Suzuki-Miyaura reaction and
SNAr processes.[12] While these modular transforma-
tions facilitate rapid access to “drug-like” fragments,
the repetitive use of these staple reactions has resulted
in an overabundance of linear/planar, sp2-rich bioactive
molecules being explored.[13,14] Indeed, these sp2-rich
frameworks have increasingly been linked with poor
bioavailability and target promiscuity, resulting in a
growing interest in three-dimensional, structurally
diverse, natural product-like molecular
frameworks,[15–18] due to the improved biological
effectiveness and lower toxicity as the fraction of sp3
(Fsp3) and chiral atom count increases. In addition,
conducting ADMET studies earlier in the development
lifecycle has been proposed as a key strategy to
alleviate the escalating costs of pharmaceutical R&D

by reducing late-stage compound attrition.[19,20] Isotopi-
cally labelled compounds play a pivotal role within
ADMET studies, providing a molecular “tag” without
significantly altering the physiochemical properties of
the compounds,[1] with the hydrogen isotopes being
particularly appealing due to their high sensitivity of
detection by mass spectrometry or scintillation, for
deuterium and tritium, respectively.[21] Despite the
appreciable advances that have been accomplished
within the field of HIE within the past
>20 years,[6,7,22–25] HIE at sp3 centres remains markedly
underexplored despite the rapidly increasing interest in
sp3-rich pharmaceutical frameworks.[26]

A small number of basic[27] or heterogeneous
catalysis approaches, either via supported catalysts[28–29]
or nanoparticles,[30] have been reported for the labelling
of specific C(sp3)� H bonds. However, in some cases,
sub-optimal regioselectivity, limited functional group
tolerance, the use of deuterated solvents, or elevated
pressures, restricts the effectiveness of these method-
ologies, including any transference to tritiation proc-
esses. In contrast, reported homogeneous metal-cata-
lysed HIE approaches can deliver highly selective
methodologies, either based on the steric or electronic
attributes of the target molecules,[31] or via ortho-
directed HIE,[7] including a stereoretentive α-labelling
of chiral amines using a ruthenium complex with D2O
as the isotope source.[32] One notable report was
published by MacMillan et al. in 2017, with the
elegant use of photoredox catalysis to deuterate or
tritiate amines at the α-position, using either D2O or
T2O, respectively (Scheme 2A),[33] and with excellent

Scheme 1. A) Illustration of the kinectic isotope effect (KIE).
B) The FDA approved pharmaceuticals, Austedo and Deucravi-
citinib. C) Examples of HIE of pharmaceuticals using [Ir-
(COD)(IMes)(PR3)]PF6 catalysts with deuterium gas. Deuterium
incorporation denoted by [XX] at the position of incorporation.

Scheme 2. A–B) Notable examples of previously reported
homogeneous sp3 HIE. C) This work: a broadly applicable
nitrogen-based carbonyl-directed sp3 HIE.
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functional group tolerance exhibited across a diverse
range of pharmaceutical frameworks under mild
reaction conditions. Having stated this, within the
pharmaceutical industry, T2 is the preferred isotope
source in the preparation of tritiated compounds due to
its improved isotopic purity compared to alternative
tritium sources.[34] In this regard, Yang and Lehnherr
have reported a dual homogeneous/photoredox catal-
ysis approach for labelling adjacent to amines that
employs D2 or T2 as the isotope source.[35]

C(sp3)� H HIE has also been addressed within our
laboratory, with the N-heteroaromatic-directed label-
ling of saturated N-heterocycles at room temperature,
using just 1–5 mol% of our [Ir-
(COD)(IMes)(PPh3)]BArF catalyst (Scheme 2B).[36]
While a range of different heteroaromatic directing
groups and varied functional groups were well
tolerated, these mild reaction conditions were not
amenable to weaker, carbonyl-based directing groups.
Related to this, Derdau and co-workers reported that
the use of elevated temperatures and a higher loading
(10 mol%) of the same catalyst facilitated the labelling
of specific amide substrates, containing either
(di)sulfides or protected glycine residues.[37] Based on
this, a mild and general C(sp3)� H HIE methodology
targeting pharmaceutically ubiquitous nitrogen-based
carbonyl directing groups is yet to be described.
Herein, we report a broadly applicable, carbonyl-
directed C(sp3)� H HIE protocol, where a novel
iridium(I) NHC-phosphine catalyst furnishes high
levels of deuterium incorporation under mild reaction
conditions (Scheme 2C).

Results and Discussion
Given its ubiquity in bioactive molecules, we initially
chose to target sp3 labelling directed by the lactam
motif, focusing on the α-methylene position of the
lactam sidechain. Accordingly, reaction exploration
was initially conducted on N-benzyl valerolactam 1a,
due to the potentially beneficial benzylic activation
and the constrained lactam directing group represent-
ing a privileged pharmaceutical scaffold (Table 1).
Preliminary investigations were immediately promis-
ing: in MTBE at 50 °C under a D2 atmosphere
(balloon), use of the commercially available catalyst
2a (5.0 mol%) furnished 58% deuterium incorporation
(entry 1). Exchange of the phosphine ligand to the
smaller, more electron-rich PMe2Ph in catalyst 2b
resulted in a slight improvement in the deuteration to
64% (entry 2). A greater increase in deuterium
incorporation was realized upon modification of the
NHC ligand to the 4,5-dimethylated species, IMesMe,
in novel catalysts 3a–3c (entries 3–5), with [Ir-
(COD)(IMesMe)(PBn3)]BArF 3c (entry 5) providing an
excellent 92% deuterium incorporation. Notably, flexi-
ble, electron-rich trialkyl phosphine ligands delivered

the greatest activity, with the use of 3b (containing
PnBu3) resulting in only a slight reduction in deuterium
incorporation, at 91%. Increasing the concentration of
the HIE reaction to 0.11 M, or reducing the catalyst
loading to 2.5 mol%, resulted in a significant reduction
in catalytic activity (entries 6–7, respectively). Mean-
while, other iridium(I) pre-catalyst motifs, such as the
iridium chlorocarbene 4a, which has demonstrated
significant HIE activity in previous work,[10,38] proved
to be completely inactive for this C(sp3)� H HIE
procedure; we presume that this depleted chloro
complex activity is based on the anticipated relatively
higher energy of the alkyl iridacycle that would result
from use of the more electron-rich neutral chlorocar-
bene species.

We next investigated the effect of substitution on
the phenyl ring. On moving from the unsubstituted N-
benzyl valerolactam 1a to the p-CF3-containing lactam
1b, excellent levels of sp3 labelling were maintained
(Scheme 3, solvent=MTBE). However, unexpectedly,
aryl HIE was also observed at the position ortho to the
lactam sidechain (Db). This labelling is believed to
proceed via a largely unprecedented 7-membered
metallocyclic intermediate (7-mmi),[39] and opens up
the additional possibility for 4 deuterium atoms to be
installed using a single amide directing group, with
potential application in the synthesis of stable isotopi-
cally-labelled standards (SILS), where M+4 isotopo-

Table 1. Catalyst optimization for the HIE of N-benzyl
valerolactam 1a in MTBE at 50 °C under a D2 atmosphere
(balloon). Results are an average of 2 reactions.

Entry Catalyst Deuterium Incorporation/%

1 2a 58
2 2b 64
3 3a 80
4 3b 91
5 3c 92
6[a] 3c 15
7[b] 3c 16
8 4a 0

Deviation from standard conditions:
[a] Concentration increased to 0.11 M,
[b] Catalyst loading decreased to 2.5 mol%.
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logues are often employed.[1] An investigation into the
solvent applicability of this methodology (Scheme 3)
highlighted the unique efficiency of the ether solvents,
with both MTBE and i-Pr2O resulting in >90% sp3
benzylic incorporation and >70% aryl incorporation.
In contrast, the use of fluorobenzene as solvent
resulted in greater selectivity towards Csp3 deuterium
incorporation, furnishing 83%D at this position (Da)
but only 20% deuterium incorporation at the aryl
positions (Db). Based on overall sp3 labelling effi-
ciency, MTBE was selected as the optimal solvent for
further investigations.

With optimized conditions in hand, the substrate
scope for this transformation was explored through a
wide range of benzylic lactams, with our developed
HIE procedure furnishing good levels of benzylic
deuterium incorporation across a variety of substituents
and directing group ring sizes (Scheme 4). Starting
with derivatives of N-benzyl valerolactam, electron-
withdrawing (1b–1 i) and electron-donating (1 j–1 l)
substituents in the para-, meta-, or ortho-position were
well tolerated, with �83% deuterium incorporation
observed at the sp3 benzyl position in each instance.
Interestingly, aryl labelling was only observed to a
significant extent with substrates bearing electron-
withdrawing substituents in the para-position (1b–1f)
to the directing group. However, greater selectivity for
the sp3 benzylic position could be realised by decreas-
ing the reaction time to 4 h (1c–1e). Further derivati-
zation of the lactam directing group was well tolerated,
as demonstrated with the 3-morpholinone (1m) and
pyridone (1n) derivatives. Changing from the 6-
membered valerolactam directing group to a 5-mem-
bered pyrrolidone (1o–1x) resulted in very good levels
of sp3 deuteration in the majority of examples. Certain
substrates bearing electron-withdrawing groups (p-Cl

1r, p-Br 1s, and m-CF3 1u) did, nonetheless, deliver
lowered levels of deuterium incorporations of 52–67%.
In contrast, the 7-membered caprolactam-derived sub-
strates (1y–1ac) provide generally excellent levels of
labelling. Indeed, sp3 HIE was so facile with the
caprolactam directing groups that complete benzylic
selectivity could be achieved for 1z and 1aa by
reducing the reaction time to 1 h in each case. The
methodology was further applied to urea 5a to yield an
excellent 91% deuterium incorporation across both
benzylic sites. Carbamates 6a–c resulted in moderate
levels of benzylic labelling, with these substrates also
undergoing significant aryl deuteration, even with the
p-methoxy arene substituent in 6c. As also shown in
Scheme 4, some carbonyl motifs were, however, not
compatible with this methodology, including 1ad,
bearing a strongly coordinating pyridine unit, and the
5-membered oxazolidinones 6d–6f.

DFT studies have also been used to further probe
the established C(sp3)� H activation and HIE process,
and, in particular, to investigate the intriguing addi-
tional aryl deuterium incorporation observed in the
presence of electron-withdrawing, para-substituted N-
benzyl lactams. Specifically, key intermediates were
calculated for the ortho-, meta-, and para-
trifluoromethyl-substituted N-benzyl valerolactam sub-
strates (1 i, 1g, and 1b, respectively), in order to
explore the factors determining why only para-
substitution resulted in aryl labelling. The catalytic
cycle is shown in Figure 1A and is adapted from the
previously proposed mechanism, based on experimen-
tal and computational studies.8,35 Firstly, the pre-
catalyst is activated by reduction of the cyclooctadiene
ligand with D2, to yield intermediate I. Substrate
complexation occurs via coordination to the Lewis
basic carbonyl directing group, and the key agostic
interaction is then formed at the benzylic position,
leading to intermediate II. C� H activation then
furnishes the iridacycle intermediate III, which can
undergo hydrogen fluxionality to yield species IV.
Subsequent C� D bond formation and substrate decom-
plexation delivers the labelled product and returns the
active catalyst I.

Our calculations focused on the key intermediates
and transition states leading to the C� H activation for
each of the C(sp3)� H and aryl-H labelling pathways, as
illustrated in Figure 1B: the complexed substrates II,
the C� H activation transition states TS, and the C� H
activated complexes III, for each of the p-, m-, and o-
CF3 substrates 1b, 1g, and 1 i, respectively. For the m-
CF3 derivative 1g, the calculations correspond to the
least hindered of the two ortho-positions. Whilst 5-
membered metallocyclic intermediates are well-prece-
dented and, indeed, lead to benzylic deuterium incor-
poration in these substrates, the 7-membered metal-
locyclic analogue required for the observed aryl
deuteration was perceived to be appreciably more

Scheme 3. Solvent optimization for the HIE of 4-
(trifluoromethyl)benzyl)piperidin-2-one 1b at 50 °C using 3c
(5 mol%) under a D2 atmosphere (balloon). Results are
displayed as an average of at least 2 reactions.
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Scheme 4. Substrate scope for the HIE of N-benzyl lactams using [Ir(COD)(IMesMe)(PBn3)]BArF (5 mol%) 3c in MTBE at 50 °C
for 16 h under an atmosphere of D2 (balloon). [XX] denotes the level of deuterium incorporation at the indicated position. Each
result is the average of at least two experiments. *Indicates an average incorporation across non-equivalent positions due to
overlapping signals in the 1H NMR spectrum. a1 h reaction time.
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challenging. Therefore, we were surprised to discover
that the aryl C� H activation transition state energy
barrier for the p-CF3 substrate 1b was 22.9 kcalmol� 1,
only 2.1 kcalmol� 1 higher in energy than the corre-
sponding C(sp3)� H benzylic transition state (Fig-
ure 1C), readily explaining the high levels of deute-

rium incorporation observed across both positions for
this substrate. Furthermore, the energy for benzylic sp3
C� H activation in each substrate (1b, 1g, and 1 i)
remains within a ~1 kcalmol� 1 range, at 20.0–
20.8 kcalmol� 1. This is consistent with the experimen-
tal results that show uniformly high levels of benzylic

Figure 1. A) Proposed catalytic cycle. B) Key intermediates and transition states considered for the HIE of the benzylic and aryl
positions for the CF3-containing substrates 1b, 1g, and 1 i. C) Partial potential energy surface for the C� H activation of the CF3-
containing substrates 1b, 1g, and 1 i at both the benzylic and aryl positions, with the calculations conducted using M06 L/6–
311G(d,p) for all non-Ir atoms and the Stuttgart-Dresden ECP for Ir. For each set of calculations for the three substrates, the zero
point energy was set in each instance to the corresponding C(sp3)� H agostic complex.
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deuterium incorporation across these three substrates.
In contrast, for the m-CF3-containing substrate 1g, the
transition state energy barrier for 7-mmi aryl C� H
activation is significantly higher at 27.3 kcalmol� 1.
This difference supports the complete regioselectivity
observed in the HIE of the meta-substituted N-benzyl
lactam. Importantly, the aryl agostic complex inter-
mediates IIAryl for m-CF3 1g and p-CF3 1b are
comparable in energy to the corresponding benzylic
agostic complexes (0.0 vs � 3.2 and � 4.0 kcalmol� 1,
respectively). These similarities imply that the signifi-
cant increase in the C� H activation transition state for
m-CF3 1g is related to the more disfavored iridacycle
species IIIAryl.

Finally, the key C(sp2)� H agostic interaction in
intermediate II for the o-CF3 substrate 1 i could not be
obtained due to the calculations converging to an
interaction of the iridium centre with the π-system of
the arene, centred on the ortho-aryl carbon (see ESI
Section 2.3 for details). This change in behavior is
likely due to the steric interaction between the ortho-
substituent and the lactam ring, an interaction which is

impossible to avoid in the conformation required for
the aryl C� H agostic complex. In comparison, the
iridium-π system interaction requires a perpendicular
arrangement of the arene and lactam ring systems,
dramatically reducing the steric clash.

Following this study of N-benzyl lactam labelling
reactive pathways, we next looked to broaden the
scope of our HIE process further. Accordingly, we
applied our developed method to a variety of non-
benzylic lactam and urea substrates, as detailed in
Scheme 5. Pleasingly, a good range of functionality
was tolerated, including a range of alkyl chain lengths
(1ae–1ag and 1ak–1al), esters (1ah, 1am, 1an, and
1ao), and alcohols (1ai, 1aj, and 1ap), across a
variety of different ring sizes. Small alkyl side chains
(1af, 1ag, and 1al) initially proved resistant to this
methodology, with a further short investigation and
optimization (see ESI Section 1.3.5) discovering that
more electron-rich catalysts could improve the level of
deuterium incorporation observed. Accordingly, as
indicated in Scheme 5, changing to the electron-rich
catalyst [Ir(COD)(IMesMe)(PBu3)]BArF 3b resulted in

Scheme 5. HIE of further substrates via cyclic carbonyl directing groups. [XX] denotes the level of deuterium incorporation at the
indicated position. Each result is the average of at least two experiments. a[Ir(COD)(IMesMe)(PBu3)]BArF 3b (5 mol%) used instead
of 3c.

RESEARCH ARTICLE asc.wiley-vch.de

Adv. Synth. Catal. 2024, 366, 1–11 © 2024 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

7

These are not the final page numbers! ��

Wiley VCH Dienstag, 14.05.2024

2499 / 352446 [S. 7/11] 1

 16154169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsc.202400156 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [17/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://asc.wiley-vch.de


a significant improvement in deuterium incorporation
for these N-alkyl substrates. Urea directing groups also
proved to be particularly amenable to this method-
ology, furnishing 82%-98% deuterium incorporation at
the α-CH2/CH3 position in 5b–d. As detailed in
Scheme 5, the propyl-substituted 5d also gave 19%
deuterium incorporation in the β-position, likely
proceeding through the energetically less favourable 6-
membered metallocyclic intermediate. A selection of
bioactive compounds was also subjected to the HIE
methodology, including the percutaneous enhancer,
Laurocapram 7a; the nootropics, Nefiracetam 7b and
Unifiram 7c; the fungicide, Pyroquilon 7d; and the
anti-parasitic agent, Praziquantel 7e, with pleasing
levels of deuterium incorporation observed even in
strained polycyclic systems 7c, 7d, and 7e. Interest-
ingly, with both Unifiram 7c and Praziquantel 7e, the
concave nature of the bicyclic system leads to
exchange selectivity between diasterotopic C� H posi-
tions and, in particular, at one of the two methylene
C� H bonds adjacent to the amide nitrogen.

Lastly, a small set of acyclic substrates were
examined to evaluate the amide directing group in
these cases (Scheme 6). Using the electron-rich cata-
lyst [Ir(COD)(IMesMe)(P(p-MeOC6H4)3)]BArF 3d, high
levels of deuterium incorporation (�80%) were
obtained in each case. Notably, more sterically-con-
gested methine C� H bonds could also be readily
activated. Specifically, an excellent 95% deuterium
incorporation was observed at the methine C� H of
pivalamide 8c, with 72% deuterium incorporation also
occurring at the more remote and sterically hindered
methine C� H of pivalamide 8d, the latter via a less

favourable 6-membered metallocyclic intermediate. In
both cases, labelling was also observed at the methyl
groups of the pivalamide moiety.

Conclusion
In summary, we have established a method for C-
(sp3)� H activation and HIE via a variety of nitrogenous
carbonyl-based directing groups to furnish isotopi-
cally-enriched products, using novel electron-rich and
sterically encumbered iridium catalysts (3c, as well as
3b and 3d, at 5.0 mol%). The developed methodology
tolerates several common functional groups (aryl,
alkoxy, halogen, ester, alcohol, sulfonamide), and is
applicable to a range of N- heterocycle ring sizes, with
reactivity demonstrated across 57 examples, including
5 bioactive molecules. It is also anticipated that this
methodology should prove translatable to late-stage
pharmaceutical tritiation by pharmaceutically-aligned
stakeholders, due to the compatibility of the developed
method (temperature and gaseous isotope source) with
preferred tritiation conditions.

Experimental Section
Computational Methods
Density functional theory (DFT) was employed to calculate the
electronic structures and energies for all species involved in H/
D exchange reactions. A hybrid meta-GGA exchange correla-
tion functional M06 L was used in conjunction with the 6-
311G(d,p) basis set for main group non-metal atoms, and the
Stuttgart RSC effective core potential, along with the associated
basis set, for Ir. Harmonic vibrational frequencies were
calculated (with the incorporation of deuterium wherever
needed) at the same level of theory to characterise respective
minima (reactants, intermediates, and products with no imagi-
nary frequency) and first order saddle points (TSs with one
imaginary frequency). All calculations have been performed
with the GAUSSIAN 16 quantum chemistry programme pack-
age. More detailed discussion of the computational methods,
with full references, can be found in the Supporting Informa-
tion.

General Procedure for the Synthesis of NHC/
Phosphine Iridium(I) Complexes, [(COD)Ir-
(PR3)(NHC)] BArF
A flame-dried Schlenk tube under an argon atmosphere was
charged with chlorocarbene complex [(COD)Ir(NHC)Cl] (1 eq.)
and NaBArF (1 eq.) and the solids were stirred under vacuum
for 10 min. The solids were subjected to an argon atmosphere
before DCM (30 mL/mmol of [(COD)Ir(NHC)Cl] complex)
was added slowly. The resultant solution was stirred for 30 min
before the requisite phosphine (1 eq.) was added, and the
reaction mixture was stirred for 16 h. The solvent was removed
under reduced pressure and the residue was purified using flash
column chromatography (silica gel, 50% DCM/petroleum ether,
then DCM) to yield the desired catalysts.

Scheme 6. HIE of aliphatic substrates via amide directing
groups. [XX] denotes the level of deuterium incorporation at
the indicated position. Each result is the average of at least two
experiments.
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General Procedure for Hydrogen Isotope Exchange
12 oven-dried Radley carousel tubes were cooled under vacuum
and backfilled with argon. Each tube was charged with the
substrate (0.108 mmol) and iridium catalyst. The requisite
solvent was added, and the reactions tubes were cooled to
� 78 °C. The tubes were evacuated and backfilled with
deuterium gas through 3 cycles. The tubes were then sealed and
warmed to 50 °C for the allocated reaction time. The reaction
mixtures were cooled to room temperature and the solvent was
removed under reduced pressure. The residue was dissolved in
DCM (2 mL) and filtered through a silica plug (10 mL), which
was then washed with DCM and then 5% methanol/DCM. The
washes were combined, and the solvent was removed under
reduced pressure to yield the deuterated product.

Deuterium incorporation was determined using 1H NMR
spectroscopy. The residual proton signal from the site of
incorporation was compared to a position where incorporation
was not expected or occurred.

Full compound characterization, experimental procedures, and
DFT calculations can be found in the Supporting Information.
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