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Directed hydrogenisotope exchange strategies have become an essential
tool for accessingisotopically labelled organic scaffolds and interrogating

the mechanisms of transition metal-catalysed C-H activation. However, the
rationale behind deuterium source selection remains largely absent from
the literature; an oversight that directly affects mechanistic interrogation
strategies and hinders the development of new deuteration methodologies.
Here we explore the influence of the deuterium source in base-assisted
site-selective C-H deuteration reactions across a broad range of substrates
using cobalt catalysis. We employ a synergistic combination of experimental
studies and multivariable linear regression models based on proposed
catalyticintermediates. Our findings demonstrate that the deuterium
source candirectly alter the operative mechanism, leading to distinct
reaction pathways under different conditions. These results highlight
previously overlooked complexity in hydrogen isotope exchange reactions
and provide an example of how data-driven mechanistic analysis can expose
subtle, reagent-dependent mechanistic shifts in catalytic behaviour.

Transition metal-catalysed hydrogen isotope exchange (HIE) bridges
fundamental research and practical synthetic utility'>. These reactions
serve bothasamechanistic probe for studying the reversibility of C-H
activation, and as an effective methodology for introducing isotopic
labels into molecules relevant to medicinal chemistry®®. Neverthe-
less, an elusive aspect of HIE is the suitability of a given deuterium
source for a specific transformation. Even a close examination of the
literature within the vibrant field of directed, base-assisted C-H activa-
tion, reveals anassortment of isotope sources across transition metal
catalysis (Fig. 1aand Supplementary Table 1). This ambiguity led us to
question whether hidden behind this deceptively simple transforma-
tion was acommon yet overlooked pitfall—different combinations of
conditions and substrates can trigger distinct mechanistic pathways.

Most experimental or computational mechanisticapproaches are
predominantly geared to explore the mechanism of a reaction using

amodel substrate’ . However, we sought to develop an approach
that could shed light on complex mechanistic landscapes forged by
changesto substrates and reaction conditions. To this end, we turned
our attention to linear free energy relationship (LFER) studies, which
follow the influence of substituent effects on a reaction outcome'.
The underlying assumption behind LFER is that as long as substrates
follow asimilar mechanisticroute, alinear correlation canbe identified
between a molecular descriptor (for example, Hammett electronic
values or Tolman cone angles) and the reaction outcome (for example,
theyield or selectivity)'>'. Inrecent years, thisidea has been extended
to multivariable linear regression (MLR), wherein several molecular
descriptors are required to describe the factors that influence areac-
tion outcome"**, Whereas descriptors are most often drawn from the
structural properties of starting materials, in some cases meaningful
correlations only emerge when features of key reaction intermediates
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Fig. 1| Transition metal-catalysed base-assisted directed HIE. a, Challenges
and opportunities. The literature search for papers involving directed HIE was
performed using SciFinder in March 2025 (Supplementary Table 1). b, Synergistic

combination of experimental studies and MLR models based on proposed
catalyticintermediates to uncover the influence of deuterium sources in HIE (this
work). DG, directing group.

areincluded” . Motivated by the idea that molecular descriptors from
different reactionintermediates can more faithfully capture substrate
behaviour in distinct reaction manifolds, we envisioned a strategy to
explicitly evaluate divergent mechanistic pathways.

Onthebasis of this premise, in this work, we uncover mechanisti-
cally relevant pathways by analysing correlations between descrip-
tors from different plausible intermediates and the reaction outcome
(Fig.1b). Namely, we seek to ask whether multiple mechanisms could be
operative in HIE using the most common inexpensive and convenient
deuterium sources, such as D,0, CD;0D or AcOD-d,. Our approach,
rooted in the comparison of reaction intermediates, reveals a com-
plex yet strong relationship between the substrate structure and the
required deuterium source, revealing patterns inaccessible by intui-
tion alone. These findings suggest that the isotope source can act as
amechanistic trigger, eliciting distinct pathways depending on the
substrate structure.

Results
Substrate chemical space
We initiated our investigation by establishing a catalytic platform tai-
lored to uncover the factors that govern hydrogen isotope exchange.
Cp*Co" complexes were chosen as anideal model because they operate
through a reversible C-H activation step®>*, enabling efficient H/D
exchange acrossawidearray of directing groups and multiple deuterium
sources™ ¥, We then evaluated its suitability for isotopic labelling using
different deuterium sources on diverse scaffolds (Fig. 2). Tothisend, we
targeted the following widely used directed C-H functionalization sub-
strates, 2-phenylpyridine (I), benzaldehyde (II) and acetanilide (III), and
identified three optimized reaction conditions (Supplementary Tables 2—
4).Both2-phenylpyridine (I) and benzaldehyde (II) underwent efficient
H/D exchange using D,0 as the deuterium source (Conditions Aand B,
respectively). By contrast, CD,0D provided the highest levels of deute-
riumincorporation for acetanilide (IIl, Condition C).

To constructadiverse dataset for statistical analysis, we selected
substrates that would have practical relevance but would also provide
a broad distribution of structural diversity and deuteration levels

(Fig.3).Under Condition A, we examined a series of 2-phenylpyridine
derivatives, observing a broad functional group tolerance for both
electron-donating and electron-withdrawing substituents at the phenyl
para position (2-4). Compounds 5 and 6, which contain additional
coordinating functionalities, are deuterated only at the position ortho
to the pyridine-directing group, which is consistent with the strong
coordinating effect of N-containing heterocycles. Steric hindrance at
the ortho position (7) did not strongly affect the outcome, and modifi-
cations to the pyridineringitself (8-10) preserved reactivity. We also
evaluated the late-stage deuteration of biologically relevant molecules.
The pyridine-containing antiretroviral drug atazanavir (11) afforded
high deuterium incorporation in excellent yield.

For Condition B, wetargeted aromatic aldehydes, using anilineasa
transient directing group for insituimine formation*>*. The transient
role of aniline was confirmed by submitting the preformed imine of
benzaldehyde (13), N-benzylideneaniline (12), to Condition B in the
absence of aniline, which afforded the same deuterium incorpora-
tion as benzaldehyde. A diverse range of aromatic aldehydes were
efficiently deuterated (13-26) under these conditions. Compound 20,
which contains an aldehyde and pyridine group, was deuterated across
allortho positions. The same reactant under Condition A was uniquely
deuterated at the positions ortho to pyridine (see compound 5). We
note that the acetamido group of compound 19 did not facilitate iso-
tope labelling and only the positions ortho to the aldehyde were deuter-
ated. When 5-phenylthiophene-2-carbaldehyde (26) was subjected to
Condition B, we only observed H/D exchange at the ortho positions of
the carbonylgroup, indicating that thiopheneis not asuitable directing
group under these conditions. Interestingly, in the absence of aniline,
Condition B remained highly efficient for arenes containing strong
N-based directing groups (substrates 27-46), which had shown limited
reactivity under Condition A. These results include several pharm
aceutically relevant heterocycles, such as pyrazoles and oxazoles,
and the late-stage functionalization of the anti-inflammatory drug
etoricoxib (45), as well as the arthritis medication oxaprozin (46).

Finally, we examined the compatibility of Condition C with a vari-
ety ofamide derivatives, which are prevalent in medicinal chemistry*.
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Fig. 2| Reactivity assessment of model substrates with the optimized
Conditions A, Band C. Deuterium incorporations were determined by 'H NMR
spectroscopy. °For substrate II, we added aniline (20 mol%).

Acetanilides bearing electron-donating or electron-withdrawing moi-
eties with different substitution patterns reached moderate to high
degrees of deuterium incorporation (47-53). Sterically demanding
groups connected to the carbonyl group proved to be beneficial for
this transformation (54 and 55). A urea derivative (56) and monosub-
stituted amides (57 and 58) were compatible with our protocol. A clear
decreaseindeuteriumincorporation was observed for disubstituted
amides (59-62), butlactam 63, acyclic disubstituted amide, afforded
improved deuteriumincorporation. Lastly, functional group compat-
ibility was tested in selected biologically active molecules containing
challenging moieties, such as hydroxy or carboxylic acid motifs (64
and 65).

Statistical analysis and mechanistic implications

In agreement with our results, the necessity of using different deute-
riumsourcesisalso widespread in the HIE literature'>. However, there
areno studies focused onuncovering the mechanisticimplications of
the deuterium source onagiven organic scaffold in base-assisted C-H
deuteration. Thus, we sought to apply MLR models to correlate the
structural features of scaffolds with their corresponding deuterium
incorporation values**.

Initially, we attempted to produce models using molecular
descriptors derived directly from substrate structures. However, these
features led to poor correlations (Supplementary Fig. 3). As a result,
we hypothesized that molecular descriptors produced from reaction
intermediates could provide improved models and might better cap-
ture mechanistic distinctions betweenthe tested condition sets (Fig. 4).
The main setback towards extracting such molecular descriptors is
the identification of catalytically relevant intermediates that could
represent the mechanism of the studied reaction.

We viewed this challenge as an opportunity to develop a work-
flow based onssifting through correlations of features extracted from
different plausible intermediates. This approach was based on the
assumption at the crux of LFER studies that the best correlation with
experimental results can enclose information regarding the relevant
mechanistic pathway. By extending this assumption to reactioninter-
mediates, we aimed to address a gap in the application of computa-
tional chemistry to tease out experimental mechanistic information.
Whereas density functional theory (DFT) studies play a crucial role in
revealing complete reaction pathways for a single model substrate,
our approach provides a view of the reaction mechanism landscape
through the prism of a broad set of substrates. In this work, to probe
the potential involvement of different D shuttles under our reaction
conditions, we selected several plausible intermediates to test on the
basis of previous mechanistic proposals for directed base-assisted
C-H activation**™*%,

Setting all the tested substrates in each of these intermediates,
we performed ground-state DFT computations and extracted relevant
molecular descriptors (Supplementary Figs. 4-30). A linear regres-
sion model search across the features of each of the seven proposed
intermediates was conducted to identify the best-fitted correlation
to the deuteration level in the three reaction condition sets (Fig. 4a).
We note that for intermediates where ROD molecules participate, we
computed both D,0 and CD;0D options.

For Condition A, a predictive model was identified based on
intermediate Int5,,,..,, where aceticacid is directly coordinated to the
metal and the deuterium source (D,0) bridges the D transfer through
hydrogen bonding. The model reveals a tight correlation between
deuterium incorporation and three molecular features: the partial
charge on an acetic acid oxygen atom connected to the metal centre
(qy), the overall dipole of the intermediate (u,,,) and the minimal width
ofthe substrate (Sterimol B,). According to the normalized regression
coefficients the most impactful features are the charge and the total
dipole of the intermediate, indicating that electronic effects probably
play an important role in determining deuterium incorporation. In
addition, all the features are localized on either the acetate or sub-
strates, with the purely steric feature, B,, reflecting that the planarity
of the substrates contributes to increasing deuteriumincorporation.
This model suggests that both acetic acid and water may be involved
in the deuteration event in a cooperative deuterium transfer mecha-
nism. When comparing the two models stemming from Int5 for the
results of Condition A, the structure containing water provided amore
robust model compared to the one with methanol (Int5,,..,: R>= 0.88,
Q%100 = 0.81; Int5 ,eenanot: R2 = 0.81, Q% o0 = 0.64). These outcomes are
consistent with the experimental observation that D,0is a more effec-
tive deuterium source under Condition A (Supplementary Table 2).

For Condition B, the model identified intermediate 3 (Int3,,,¢.,)
as having the best fit with the experimental results. Similarly to the
substrates under Condition A, we identified an improved fit for the
intermediate containing water as a deuterium source, which, here too,
agrees with the experimental results (Supplementary Table 3). The
model reveals a correlation between deuterium incorporation and
four molecular features: the partial charge on the hydrogen atom that
bridges between water and acetate (g,), the difference in partial charge
between the cobalt and the carbon undergoing deuteration (Ags), the
differencein partial charge between the water hydrogen atomand the
oxygen of the acetate (Aq,) and the distance between the cobalt and
directing group (d,). Here, similarly to Condition A, the features lean
towards stronger electronic control of reactivity, with charge-related
features being particularly dominant. The coefficients of the normal-
ized model are all similar in magnitude and the features are localized
to either the substrate or acetate, yet, unlike Condition A, here the
substrate features seem to be more electronicin nature.

Lastly, for Condition C, the model with the best fit to the experi-
mental results was Int2, inwhich aceticacidis directly coordinated to
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Fig. 3| Reaction scope. Condition A: substrate (0.25 mmol), Cp*Co(CO)I,

(10 mol%), KOAc (20 mol%), AgSbF, (20 mol%), D,0O (25 equiv.), DCE (0.5 ml),

50 °C, 2 h. Condition B: substrate (0.25 mmol), Cp*Co(CO)I, (10 mol%), Cu(OAc),
(10 mol%), AgSbF, (20 mol%), D,0 (10 equiv.), DCE (2.5 ml),100 °C, 2 h. Condition

C:substrate (0.25 mmol), Cp*Co(CO)l, (10 mol%), Cu(OAc), (10 mol%), AgSbF,
(20 mol%), CD,0D (10 equiv.), DCE (5 ml),100 °C, 2 h.?Reaction carried out at

0.1 mmolscale. *Aniline (20 mol%) was added. “Yield determined by 'H NMR of the
reaction crude with 1,3,5-trimethoxybenzene as internal standard.
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predicted and measured deuterium|levelstakenas A /AG = —RTlog “H

toreflect the energy difference for obtaining each product witha90% prediction
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to provide the best fit with the experimental outcomes. Each data point was

sampled fromacrude reaction performed in duplicates at a scale of 0.1 mmol.
Proposed intermediates (Int) that were tested by MLR. Below each of the
intermediates is a bar graph showing the goodness-of-fit R? values (blue) and the
leave-one-out (LOO) cross-validation Q* values (orange) for all the intermediates
(values givenbetween 0.6 and 0.9, see Supplementary Figs. 31-33) in each one of
the conditions. b, Comparison of the deuterium incorporation obtained with
different deuterium sources for Conditions A,Band C.
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the metal withno additional deuterium sourceincludedin theinterme-
diate. The molecular featuresinthismodelinclude the partial charge on
oneofthering carbons(gs), the overall dipole of the intermediate (1),
the component of the dipole moment perpendicular to the benzene
ring (¢,) and the maximal width of the directing group (Sterimol B;).
The normalized equation shows that u,,, and Sterimol B; are the most
significant features, whichindicates that this modelleans toward steric
control of deuteriumincorporation compared with other conditions.
Furthermore, the features are localized only on the substrates and not
the acetate, unlike in Conditions A and B. In this model, the substrate
is influenced by both steric and electronics features, and deuterium
incorporation is increased when the width of the substrates’ direct-
ing group is minimized and the dipole moment and charge on the
substrate increase.

Inallthree models, acetate or acetic acid is connected to the cobalt
centre. However, for Conditions A and B, the best-fitting intermediates
involve a well-orchestrated organization of the deuterium source,
acetate/aceticacid and substrate around the metal centre. By contrast,
the intermediate identified for Condition C, relies solely on acetic
acid. Interestingly, Conditions A and B use water as their deuterium
source, whereas Condition C requires methanol. Thus, theintermedi-
ates that correlate with the experimental results might imply that the
primary role of water as a deuterium source is deuterium shuttling at
the product-determining transition state, whereas methanol might
have adistinctrole.

Probing the mechanistic proposal

The superior performance of the model stemming from Int2 under
Condition C, which only contains acetic acid, led us to speculate that
methanol does not participate in the deuterodemetallation step, but
rather facilitates a prior deuterium exchange. This proposal was sup-
ported by the fact that methanol’s increased miscibility in dichloro-
ethane (DCE) compared to water could endow it with the propensity to
more easily transfer deuterium to acetate®. Indeed, under Condition
CD,0 leads to poor deuterium incorporation.

To test the hypothesis that under Condition C acetic acid might
be the effective deuterating agent, we conducted experiments using
AcOD-d, with model substrates under each of the reaction conditions
(Fig. 4b and Supplementary Tables 7-9). Gratifyingly, for acetanilide
under Condition C, AcOD-d, led to the same deuteriumincorporation
as CD,0D, supporting our hypothesis that acetic acid is the effective
deuterating agent. By contrast, for 2-phenylpyridine under Condition
A, AcOD-d, led to a significant decrease in deuterium incorporation
compared to D,0. Thisresult fits well with the suggested intermediate
Int5,,,..., Which requires the presence of both acetic acid and water to
reactin concert. Further supportingthis hypothesisisthe decreasein
deuteriumincorporation levels when switching from D,0 to AcOD-d,
for 1-phenyl pyrazole under Condition B, for which Int3,,,, that con-
tains both an acetate and water provided the best fit.

Interestingly, this decrease under Condition B is much less pro-
nounced compared to the decrease under Condition A. We turned
to the correlated models to seek an explanation for this difference in
outcomes and specifically to the correlations under each of these con-
ditions with Int2, which only contained acetic acid. For Condition Bthe
second best-fitted model corresponded to Int2 (R*= 0.75, Q% o0 = 0.63),
whereas for Condition A this intermediate provided a poor fit (R = 0.68,
Q@100 = 0.56; Supplementary Fig. 8). This result might suggest the exist-
ence of two competing pathways, which under Condition Bare closerin
energy and, therefore, could more easily be triggered by the presence
of adifferent deuterium source.

Conclusions

The work discussed here seeks to unlock the untapped potential of
reactionintermediate descriptorsto reveal hidden mechanistic struc-
ture-functionrelationships. Thisapproachis complementary toinsight

garnered by DFT computations, which often provide a detailed account
of the full reaction trajectory for a model substrate, but are seldom
extended to multiple substrates and conditions. By integrating this
approachwith detailed experimental datafrombase-assisted directed
HIE reactions, we demonstrate that beyond simple differences in deu-
terium incorporation levels, the choice of deuterium source might
lead to a mechanistic shift, highlighting the need to treat deuterium
sources with caution in mechanistic studies.

Our analysis suggests that under Conditions Aand B the deuterium
source (D,0) participates directly in the deuteration step, whereas
under Condition C isotope exchange with the deuterium source
(CD,0D) probably occurs off-cycle. These mechanistic hypotheses
were supported experimentally and illustrate the value of statistical
modelsbased on proposed reactive intermediates for uncovering hid-
denmechanistic complexity in catalytic reactions. Our findings reveal
that the deuterium source can actively influence the reaction pathway,
a factor that is critical for mechanistic interpretations, and which
impactsreaction efficiency. Our work argues against assuming asingle
mechanistic pathway across substrates or metals and underscores
the importance of evaluating multiple deuterium sources for each
directing group. Furthermore, whenemployedin their non-deuterated
form, these sources may mediate C-H bond cleavage when acting as
solvents or additives. Therefore, the implications of this work extend
beyond the specific catalytic system studied or HIE literature, as it
reveals overlooked mechanistic distinctions that might be prevalent
in organometallic catalysis.

Methods

Deuterium incorporations were determined by '"H NMR using D1=1s
when taking aromatic signals as reference. For the two examples (59,
62) in which aliphatic signals need to be taken as reference, D1=50 s
was used. Isolated yields were calculated taking into consideration
the deuteriumincorporationin the final product. Cross-validation of
the deuteriumincorporation with HRMS was performed in13 selected
examples across the three reaction conditions.

Standard procedure for Condition A

Cp*Co(CO)I, (11.9 mg, 0.025 mmol, 10 mol%) was charged into a 5 ml
crimped vial and transferred to a glovebox, where KOAc (4.9 mg,
0.05 mmol, 20 mol%), AgSbF, (17.2 mg, 0.05 mmol, 20 mol%), substrate
(0.25 mmol, 1 equiv. (note:if the substrateis aliquid, it was added after
the solvent)) and DCE (0.5 ml) were added. The vial was crimped, taken
out of the glovebox and D,0 (112 pl, 6.25 mmol, 25 equiv.) was added
through the septum of the cap. The mixture was stirred for 2 hours at
50 °C. The crude was purified by column chromatography employing
aAcOEt:hexane (1:1) mixture as eluent.

Standard procedure for Condition B

Cp*Co(CO)I, (11.9 mg, 0.025 mmol, 10 mol%) was charged into a 5 ml
crimped vial and transferred to a glovebox, where Cu(OAc), (4.5 mg,
0.025 mmol, 10 mol%), AgSbF, (17.2 mg, 0.05 mmol, 20 mol%), sub-
strate (0.25 mmol, 1 equiv. (note:if the substrateisaliquid, it was added
after the solvent)) and DCE (2.5 ml) were added. The vial was crimped,
taken out of the glovebox and aniline (4.6 pl, 0.05 mmol, 20 mol% (note:
only added for substrates that are aldehydes)) and D,0O (45 pl, 2.5 mmol,
10 equiv.) were added through the septum of the cap. The mixture
was stirred for 2 hours at 100 °C. The crude was purified by column
chromatography employing a AcOEt:hexane (1:5) mixture as eluent.

Standard procedure for Condition C

Cp*Co(CO)I, (11.9 mg, 0.025 mmol, 10 mol%) was charged into a 5 ml
crimped vial and transferred to a glovebox, where Cu(OAc), (4.5 mg,
0.025 mmol, 10 mol%), AgSbF, (17.2 mg, 0.05 mmol, 20 mol%), sub-
strate (0.25 mmol, 1 equiv. (note:if the substrateis aliquid, it was added
after the solvent)) and DCE (5 ml) were added. The vial was crimped,
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taken out of the glovebox and CD,0D (102 pl, 2.5 mmol, 10 equiv.)
was added through the septum of the cap. The mixture was stirred for
2 hoursat100 °C. The crude was filtered through a celite and silica pad.
Deuteriumincorporations were determined by 'H NMR spectroscopy
of thecrude.

Mathematical modelling

Allsubstrates were modelled ina conformation directing the hydrogen
anddirecting group inthe same orientation. Substrates were computed
using the M06-2X functional with the def2-TZVP basis set. Reaction
intermediates were computed using the M06-2X functional with the
6-31g(d) basis set. For each intermediate, a set of computations was cre-
ated, each time withadifferent substrate according to the experimental
scope. After geometry optimization, features were extracted for each
intermediate-substrate pair under each condition, and the resulting
dataset was used to generate linear regression models. Feature extrac-
tionand modelling were performed using the moleculaR*® packageinR.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text or Supplementary Information,
or are available from the authors upon request. The datasets (in .csv
format), .xyz files and the corresponding results are openly avail-
able via Zenodo at https://doi.org/10.5281/zenod0.17086123 (ref. 51)
and via GitHub at https://github.com/Milo-group/Deciphering HIE_
Multiple_Pathways.
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