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B Base-Mediated Remote Deuteration of N-Heteroarenes -
ey Broad Scope and Mechanism

Sara Kopf,® Jiali Liu,” " Robert Franke,™ < Haijun Jiao,*™ Helfried Neumann,*™ and

Matthias Beller*?!

Deuterated organic molecules provide the basis for many
applications in life sciences and material research. Thus,
methodologies to access labeled compounds with defined
selectivity continue to be important. Using KOtBu as base and
DMSO-d; as deuterium source, we present a general and
applicable method for the selective deuteration of a set of

Introduction

Kinetic isotope effects stemming from the replacement of the
lightest isotope of hydrogen, protium, by its heavier congeners,
deuterium and tritium, is a common concept in physical organic
chemistry for ~mechanistic studies of many organic
transformations.””! The profound mass difference of the isotopes
of hydrogen results in a measurably lower zero-point energy for
C—D bonds compared to C—H bonds, leading to higher
activation barriers;" and the comparative measurement of
reaction rates for substrates containing C—H and C—D bonds is
an important tool to probe the participation of the C—H bond
cleavage step in mechanisms of organic reactions.” The
significant difference in stability and activity between C—H and
C—D bonds provides the basis for applications in life sciences
where the selective replacement of protium by deuterium at
specific, metabolically labile, sites in a drug molecule can
enhance the pharmacokinetic properties such as metabolic
stability.” Successfully employing this approach, the first
deuterated drug, Austedo (deutetrabenazine), was launched in
2017 and currently more deuterated drug candidates are in
clinic trials.”? While this application requires chemical reactions
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nitrogen-containing heterocycles (pyridines, azines and bioac-
tive molecules). Experimental and DFT mechanistic studies
indicate that this reaction proceeds via deprotonation of the
substrates by the dimsyl anion. The relative thermodynamic
stability of the heterocycle anions determines the distribution
and degree of deuteration.

that enable selective installation of deuterium atoms in drug
scaffolds, methodologies that drive the incorporation of several
deuterium atoms at once are highly sought after for the
preparation of stable isotopically labeled internal standards for
mass spectrometric bioanalytics.!'#?*?

In this context, reactions targeting structural moieties
common in bioactive compounds are especially useful. Being
the second most common nitrogen heterocycle and the most
common nitrogen-containing aromatic heterocycle in drugs
approved by the federal drug administration in the US (FDA) as
of 2014, pyridines appear to be particularly attractive substrates
for deuteration reactions.”! Their further use as ligands in
material science™ and homogeneous catalysis®® may open up
more possible applications for deuterated compounds.”® It is
therefore not surprising that methodologies for the deuteration
of pyridines have been developed as early as in the 1960s.”!

For the selective deuterium installation in specific positions
of pyridines, prefunctionalized substrates, such as pyridine
carboxylic acids or halogenated pyridines, have been used in
deuterodehalogenation®'? and other reductive deuteration
reactions.®® Similarly, directed lithiation with subsequent
hydrolysis can afford good selectivity.'" However, the former
reaction may suffer from less accessible substrates and
selectivity problems in the prefunctionalization step, while the
latter requires harsh reaction conditions, impeding the use for
late stage deuteration of sensitive substrates. Therefore,
methodologies allowing for the direct exchange of a hydrogen
atom for a deuterium atom in one step (hydrogen isotope
exchange, HIE) at a late stage are more desirable."** While the
moiety of pyridine has been famously used as a directing group
for the iridium-catalyzed HIE in the ortho positions of adjacent
aromatic rings (Scheme 1) and the increased reactivity of
benzylic positions at pyridine rings can be exploited for acid-
catalyzed HIE™® more drastic conditions such as heating the
substrate in a solution of NaOD in supercritical D,O can enable
complete deuteration of all positions in a pyridine ring
(Scheme 1) Heterogeneous" and homogeneous'® noble
metal catalysts facilitate this transformation under milder
conditions. However, the selective deuteration of positions
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Scheme 1. Selectivity patterns accessed with various HIE methodologies for
the labeling of 2-phenylpyridine.

proximal to the heteroatom has been observed more often
when using heterogeneous catalysts"” and especially good
results under milder conditions have been achieved with
ruthenium nanoparticles (Scheme 1)."® In this case, the
observed selectivity results from the directing effect of the
nitrogen atom when coordinated to the metal surface.’® On
the other hand, when homogeneous catalysts are sufficiently
tuned to preferentially undergo C—H activation in electron-rich
positions, similar results have been achieved."

To allow for a broad range of labeling possibilities, it is
desirable to have a toolkit that can access various selectivity
patterns in the deuteration of pyridines. To this end, interesting
approaches have been the combination of homogeneous and
heterogeneous catalysts to combine their respective
selectivities,”” the use of catalysts that exhibit a purely sterically
driven selectivity®" as well as the implementation of a two-step
protocol that enables selective deuteration in position 4 of
pyridines (Scheme 1).% On the other hand, a preference for the
distal positions of pyridine derivatives was observed in kinetic
experiments with osmium complexes® as well as with NaOD.?¥
These reports arose our interest in remote labeling strategies,
leading to the development of a methodology for the HIE of
distal positions in pyridine derivatives with the aim to comple-
ment the existing labeling strategies for this substrate class. It
should be noted that during the preparation of this manuscript,
a related study on the deuteration of pyridines was
published.” Herein, we report our work including a comple-
mentary scope and additional mechanistic insights based on
experiments and DFT analysis.

Results and Discussion

Inspired by a manganese-catalyzed methodology for the
reduction of quinolines reported by our group™ and aiming to
extend our recent efforts in using manganese catalysts for
HIE,?” we tested the reaction of various deuterium sources with
quinoline with and without base in the presence of 10 mol %
manganese pentacarbonyl bromide. Using DMSO-d, and KOtBu,
we were pleased to see that a significant amount of deuterium
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had been introduced into the substrate. Surprisingly, assign-
ment of the NMR resonances using 2D NMR spectroscopy
revealed that deuterium had been incorporated in positions 3
and 4, remote from the potentially coordinating nitrogen atom
(Scheme 2). Intrigued by this selectivity, we performed control
reactions in the absence of the manganese complex and found
that the same result can be achieved with only base and
deuterium source. A quick survey of the literature showed that
the combination of KOtBu and DMSO-ds had previously been
used for the base-mediated deuteration of benzylic positions,
although the pyridine and quinoline aromatic positions them-
selves remained largely unreactive towards isotopic exchange
in the corresponding reports.”® Other base-mediated HIE
methodologies have targeted a-carbonyl positions or alkynes
among others but have not been used on pyridines.*”
Encouraged by the complementarity of this reaction to other
reports using the same deuteration system and to the existing
strategies for the deuteration of azines, we decided to develop
a general methodology for the remote deuteration of pyridine
derivatives as well as bioactive molecules based on our
findings.

To ensure a more general reaction and to allow for better
comparison with a variety of previously reported method-
ologies, we used 2-phenylpyridine as model substrate for
optimization. Under our initial reaction conditions and under an
inert atmosphere, high deuterium incorporation was observed
in distal positions 3, 4 and 5 (>80%), whereas only 23 % of the
hydrogen atom in a-nitrogen position 6 was exchanged and
the phenyl ring remained untouched (Table 1, entry 1). This
observed selectivity is remarkably different from previous HIE
methodologies on pyridine substrates (vide supra). Deuterium
incorporation for the targeted positions could be raised above
90% by using DMSO-d; as solvent (Table1, entry2) and
selectivity was further improved by adding small amounts of
water to the reaction mixture (Table 1, entry 3). This is probably
due to the diminished overall basicity of the reaction mixture
and the resulting slightly decreased reactivity. Lastly, it was
found that reactivity was not impaired by increasing the scale
of the reaction or by lowering the temperature to 90°C (Table 1,
entries4 and 5). At the same time, the recovery of the
deuterated product was slightly improved to 89% (Table 1,
entry 4), hinting at a better chemoselectivity at lower temper-
ature. Sequential deuteration of the isolated product could
increase the deuterium content to 98% in the remote positions
(entry 6), but a third run failed to raise the deuterium
incorporation further (entry 7). Interestingly, the second and
third deuteration cycle additionally resulted in an increased
deuterium incorporation in the ortho positions of the phenyl

Mn(CO)sBr (10 mol%)
KOtBu (1 eq.) 6310
| N DMSO-ds (3 eq.) Wmm
————
N 1,4-dioxane (1 M) N
2 120 °C, 16 h 2-d,

Scheme 2. Initial experiment: Remote deuteration of quinoline with KOtBu
and DMSO-d,.
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Table 1. Optimization of the deuteration of 2-phenylpyridine.

D
~ KOMBu (1eq)  DgB3.D
- | DMSO-dj (3 eq.) s °
N K > N m
1,4-dioxane (1 M)
120°C, 16 h P
1 1-dy
Entry®  Variation D(3/4/5) D(6) D (o/m/p) yield
[9%]®™ [%] [%] [%]*9
1 none 86 23 <10 83
2e DMSO-d; as solvent 96 20 13 (0) 82
(17 eq))
3@ DMSO-d; as solvent, 95 14 <10 84
1.1 eq. H,0
4k DMSO-d, as solvent, 94 18 <10 89
1.1 eq. H,0, 90°C
5 DMSO-d, as solvent, 95 1 <10 83
1.1 eq. H,0, 90°C,
5 mmol
6 DMSO-d, as solvent, 98 12 15 n.d.
1.1 eq. H,0, 90°C,
2™ cycle
7 DMSO-d, as solvent, 98 13 20 n.d.
1.1 eq. H,0, 90°C,
3" cycle
8 DMSO-d, as solvent, 83 1 <10 n.d.
1.1 eq. H,O,
0.5 eq. KOtBu
9 D,0 <10 <10 <10 n.d.
10 Acetone-dg <10 <10 <10 n.d.
11 THF-dg <10 15 <10 n.d.
12 NaOtBu, DMSO-d; as <10 <10 <10 nd.
solvent, 90°C
13 LiOtBu <10 <10 <10 n.d.
14 KOH, DMSO-d; as 431 709 16 <10 nd.
solvent, 90°C
15 18-C-6 (1 eq.) 48 <10 <10 n.d.
16 nBuLi (1 eq.) and 92™ 66" 39 10 nd.

KOtBu (1 eq.), dry
DMSO-d, as solvent, rt

[a] Scale: 0.5 mmol, work-up: extraction, then NMR in CDCl;, deuterium
incorporation was determined by 'H NMR using the resonances of the
non-deuterated meta and para positions in the phenyl substituent as a
reference; [b] average; [c] isolated yield; [d] average of 2 runs; [e] average
of 5 runs; [f] average of positions 3 and 5; [g] position 4; [h] average of
positions 3 and 4; [i] position 5.

substituent. Overall, the reaction was very clean with small
amounts (4% vyield) of 2-phenyl-6-trideuteromethylpyridine
being the only observed byproduct. Its formation likely stems
from a competing Minisci-type radical trideuteromethylation as
reported previously with DMSO-d,.*” Appreciable results could
still be achieved with base loadings as low as 0.5 eq. (Table 1,
entry 8). Interestingly, the reaction proved to be remarkably
specific to both the deuterium source and the base: Other
deuterium sources did not afford any isotopic exchange at all
(Table 1, entries 9-11) and even simple replacement of KOtBu
by NaOtBu or LiOtBu completely shut down reactivity (Table 1,
entries 12 and 13), whereas some reactivity was retained with
KOH (Table 1, entry 14). Moreover, sequestration of potassium
by addition of 18-C-6 significantly lowered the efficiency of the
reaction (Table 1, entry 15), indicating that the cation plays a
significant role in this transformation. When moving to
Schlosser’s base, the reaction could be carried out at room
temperature, albeit with a different selectivity (Table 1, en-
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try 16). Presumably, the reaction partially proceeds via dianions
resulting from deprotonation of the ortho-metalated intermedi-
ate under these strongly basic conditions. This hypothesis
would explain the higher amount of deuterium incorporation
observed in position 6 compared to the reaction with KOtBu as
well as the reduced deuteration in position 5. The latter can be
tentatively explained by the low stability of the vicinal dianion.

The reaction conditions explored above where applicable to
a range of substituted pyridines and the selectivity pattern was
maintained irrespective of the substitution sites (Scheme 3).
High deuterium incorporation is usually obtained for the distal
positions while deuteration in pyridine a-positions remained
low. Concomitant deuteration was observed at more acidic sites
such as in benzylic® (Scheme 3, compounds 5-d, and 8-d,) and
a carbonyl (Scheme 3, compound 13-d,) positions as well as in
a trifluoromethyl-substituted phenyl ring (Scheme 3, compound
3-d,). The reaction appeared to be somewhat sensitive to sterics
and lower deuterium contents were measured in the proximity
of larger aliphatic residues (Scheme 3, position 3 in compound
5-d,; positions 3 and 5 in compound 7-d). While the reactivity
appears to be higher for electron-deficient substrates, for more
electron-rich substrates a bias of the deuteration towards the
ortho positions of electron-donating substituents could be
observed, hinting at a change in mechanism in these cases
(Scheme 3, compounds 9-d, and 10-d). High recoveries of the
deuterated products were observed for pyridines exhibiting
aromatic, aliphatic, trifluoromethyl, amide, as well as tertiary
and free amine substituents, indicative of a good tolerance for
these functional groups. However, halogenated substrates
afforded a range of side products and therefore lower yields,
presumably resulting from competing halogen transfer reac-
tions under the basic reaction conditions.”” Pyridines exhibiting
cyano substituents, aldehyde moieties or terminal olefins and
alkynes decomposed under the reaction conditions.

When moving beyond simple substituted pyridine deriva-
tives, we were especially delighted to see that widely used
ligands such as 2,6-bipyridine (Scheme 3, compound 17-d,),
1,10-phenanthroline (Scheme 3, compound 25-d;) and oxazoli-
dinone 18-d; afforded high deuterium contents along with
useful yields. Further, some bioactive molecules could be
successfully labeled applying our methodology (Scheme 3,
compounds 29-37). For these molecules, deuterium was not
only incorporated in heterocycles (Scheme 3, compounds 29-d,
30-d, 33-d;, 34-d;, 36-d;, 37-d) but also in chloro-substituted
arenes (Scheme 3, 32-d, 34-d,,, 35-d,) as previously reported for
HIE reactions using KOtBu and DMSO-d,.**"’

Having confirmed that the unusual remote deuteration
pattern is consistently observed in the labeling reactions of
several substrates, we became interested in understanding its
origins. Initially, the fact that the reaction was significantly
impaired when carried out at air (Table 2, entry 2) or in the
presence of known radical scavengers such as (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO; Table 2, entry 3 and 4),
p-benzoquinone (Table 2, entry 5) or butylated hydroxytoluene
(BHT; Table 2, entry 6) led us to assume that free radicals could
be involved in the reaction mechanism.?? Besides, as no drastic
differences were observed for the control reaction in the dark

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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SN DI7] DI50] o) D[96] DIOT 7310 Bl ]D[BO]
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10-d (DMAP-d) 11-d3 12-d 13-d; 14-d, 15-d  16-d; (Propyl picolinamide-ds)
100%!b! 69%al 21% 12% 30% 15% 989%b!
D[53]
D4[92
Q (68D CD;[92] [31]D
[83]D 18 [97]D
\ <5
e e !
17-d; (2,6-Bipyridine-dy) 18-d; 2-d, (Quinoline-d,) 19-d; 20 21-d 22-d (Isoquinoline-d)
97%[°! 57% 58% 14% 29% 21%! 499%fal

[26]D

[23] b o o D[67] D[95]
s D3] 197D CD3[98]
. bsee ,
(<81 N, p1]  C7 N
23-d 24-d, (Benzofh]quinoline-d,) 25-ds (1,10-phenanthroline-dg) 26-dj (Acridine-dy) 27-ds 28-d
90% >90% 61%!! <10% 10% 89%

Bioactive Molecules

NH, le) DD[>99]
[8110\6 )i 291D }j
,& )\ )—DI95] “EC[N

H
N
[12] [8]
Cl [32]D
O NH D[90] 761D \ND[76]
F o

Br D
DI74]
29-d (Cytosine-d) 30-d (Caffeine-d) 31-d, 32-d 33-d;
36% 18% 93% 45-50%
SNH
[96]D o)
D[95] NP2 N | OH
[91]D N

34-d;4 (Desloratadine-dy1) 35-d, (Sertraline-dy)

42% 56%

[a] Yield determined by NMR; [b] Reaction at 120 °C.

Scheme 3. Scope of the remote deuteration of pyridine derivatives.
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Table 2. Effects of air and radical scavengers on the deuteration of
pyridines.

D
~ KOBu (1eq)  DgB3.D
| DMSO-dg (3 eq.) °
NS 6 NS
N - N m
1,4-dioxane (1 M)
120°C, 16 h P
1 1-d3
Entry® Variation D (3) D (4) D (5)
[%] [%] [%]
10! none 94 95 94
2 at air 2 11 6
3 TEMPO (1 eq.) 24 66 38
4 TEMPO (3 eq.) 154 154 16
5 p-benzoquinone (1 eq.) 1 1 1
6 BHT (1 eq.) 0 0 0
7 in the dark 66 94 84

[a] Scale: 0.5 mmol, crude NMRs were taken directly taken in the reaction
solvent (DMSO-dg), deuterium incorporation was determined by 'H NMR
using the resonances of the non-deuterated meta and para positions in
the phenyl substituent as a reference. [b] Average of 5 runs. [c] Positions 3
and 4 are average values.

(Table 2, entry 7), we reasoned that the reaction most likely
proceeds by a ground-state pathway.

Given the rich literature precedence for this type of
chemistry and its concordance with our results, we hypothe-
sized that dimeric organic super electron donors might form
from deprotonation of the substrate by KOtBu (Scheme 4a).®¥
They could then participate in single electron transfer (SET)
pathways, thus kick-starting a radical chain reaction. In line with
this hypothesis, we had observed intense color change when
adding substrate to a solution of KOtBu in DMSO-d (Sche-
me 4b), indicative of the formation of conjugated dianionic
species. Further, a similarly remarkable specificity for certain
potassium-containing bases has been observed for previously
reported reactions that proceed via the formation of organic
super electron donors.

To further evaluate the possibility of a radical mechanism,
we performed density functional theory (DFT) calculations and

9.2
©
g H
2 | N
= 0.0 _
1S3 -1.6 -_ H” N
<
H H | S H D5
H 7
| X H N Ph
Pz D4
H N Ph
D3
-21.0
H
H N H
L
N Ph
D6

Figure 1. Relative Gibbs free energies of radical species of 2-phenylpyridine.
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organic super
electron donor

after addition of
phenanthroline

KOfBu and DMSO

Scheme 4. a) Initially assumed formation of organic super electron donors
from pyridine derivatives with KOtBu. b) Color change observed after the
addition of heteroarenes (in this case: 1,10-phenanthroline) to a solution of
KOtBu in DMSO-d,.

started by comparing the relative thermal stabilities of hypothe-
sized intermediates to the observed selectivity. Based on
previous theoretical studies® we chose the MO062X
functional® with the 6-3114-G(d,p) basis set for optimization
in DMSO-d; solvent based on solute electron density (SMD).B®
Corrected Gibbs free energies at 298 K and 1 atm with solvation
effect are used for our following discussions.

We computed the relative stability of all possible positional
isomers of the radical species for 2-phenylpyridine (Figure 1). It
was shown that the most stable radical isomer is at the D6
position (—21.0 kJ/mol), followed by the ortho position (—5.7 kJ/
mol) of the phenyl ring and the D3 position (—1.6 ki/mol) of
the pyridine ring. The radical at the D4 position (0.0 kJ/mol) as
well as those at the meta and para positions (0.9 and 1.8 kJ/
mol) are close in energy. The least stable radical is at the D5
position (9.2 ki/mol). Considering that the deuteration degree
will follow the stability order of the radical species, the

1.8

0.9 —
H H b
O
H Py D Py ! H
H

Ph-para
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Figure 2. Relative Gibbs free energy of K™ coordinated radical species of 2-phenylpyridine.

corresponding relative stability of these radical species does not
agree with the deuteration distributions found experimentally.

In searching an alternative explanation for our experimen-
tally observed selectivity, we explored the effect of potassium
coordination on the stability of hypothesized radical intermedi-
ates. It was found that K* prefers coordinating with the
nitrogen center instead of the radical center and the aromatic
face site. As shown in Figure 2, the presence of K™ changes the
relative stability to some extent, however, it does not change
the relative order; and the D6 radical is still the most abundant
intermediate.

Next, we briefly investigated steric effects from KOtBu
coordination to the pyridine nitrogen atom that could override
thermodynamic preferences. However, we quickly discarded
this hypothesis after observing a clear indication for a polar
mechanism from additional experimental work for the analysis
of linear free energy relationships with Hammett parameters. As
shown in Figure 3, we found a very good correlation and a
positive slope for Hammett o and o~ values with the relative
initial reaction rates of substrates with various substituents at
the p-position in the phenyl ring of 2-phenylpyridine, indicative
of a transition state with a build-up of negative charge
(Figure 3a and b), while only poor correlation was observed for
radical 0" parameters (Figure 3c).

In general, the combination of DMSO and KOtBu is
considered as a super-base system®’ and the corresponding
anionic mechanism has been proposed.”®” Thus, we calculated
the relative Gibbs free energies of the anionic species of 2-
phenylpyridine (Figure 4). Apparently, the stability of these
anions can be divided into two groups, the more stable one
including the D3 (1.2 ki/mol), D4 (0.0 kJ/mol) and D5 (2.8 kJ/
mol) anions in very close energy; and the much less stable one
including the D6 anion (19.2 kJ/mol) as well as the ortho-, meta-
and para-anions of the phenyl ring (13.1, 18.8 and 19.0 kJ/mol,
respectively). This shows that deuteration at the 3, 4 and 5-
positions of the pyridine ring should be most favored
thermodynamically and deuteration at other positions is less
likely. This agrees perfectly with our experimental observation,
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i.e., 3-, 4 and 5-positions of the pyridine ring are nearly equally
populated (94, 95 and 94 %, respectively). In addition, long time
and sequential experimental results also show the possible
deuteration at the D6 position as well as at the ortho position
of the phenyl ring (Scheme 5). Remarkably, kinetic analysis

revealed

that the most stable anion

is deuterated first

(Scheme 5, position 4). Therefore, the anionic mechanism can
explain the generation of the main product thermodynamically.

Considering the existence of potassium in the reaction
system, we contemplated the effect of this cation on the
stability of anions and the corresponding data is shown in
Figure 5. The optimized structures show that the pyridine
nitrogen atom interacts with K* for D6 and Ph-ortho anions
which increases the thermal stability. However, those more
stable D6 (—5.3 kJ/mol) and Ph-ortho (—6.8 kJ/mol) anions pose
lower yield than less stable D4 (0.0 kJ/mol) and D5 (0.8 kJ/mol),
so this mechanism is not consistent with “thermal selectivity”. In
summary, the coordination of K* can affect the relative stability

100 4
. s
| |
80 4
A
D
60- o ~ KOtBu (1 eq.) D
- 'S | H,0 (1.1 eq.)
= = SN I —— N
o DMSO-dg (0.8 M)
40 - 1 90 °C 1-d3
=
N
W v b
204 ¢
0 T T - T T T T T 1
0 10 20 30 40 50 60 70

Scheme 5. Kinetic profile for the deuteration of 2-phenylpyridine.
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Figure 3. Hammett plots for the relative rates of deuteration in positions 3
and 4 for variously substituted 2-phenylpyridines a) with standard o
parameters, R>=0.97; b) with o~ parameters, R?=0.98; ¢) with ¢ parameters,
R?=0.03.

of anions and there is no correlation between relative Gibbs
free energy and deuteration yield. Therefore, this reaction
mechanism is not possible thermodynamically.

From the above experimental and computational results,
we know that the free anionic mechanism can account well for
the deuteration preference in experiment for 2-phenylpyridine.
The more thermally stable the pyridine ring anion, the higher

Eur. J. Org. Chem. 2022, e202200204 (7 of 10)

the experimental deuterated yield. In addition, we computed
the effect of pre-deuteration on the phenyl substituent
(Table S13) and found that starting with 1-d;, 1-d, and 1-d;, the
stability of the corresponding anions at the phenyl substituent
does not change and the observed increase in the deuteration
degree at the ortho position of the phenyl ring should be due
to the excess of the deuterium source.

Furthermore, we found the relative deuterated yield for
other pyridine derivatives, N,N-dimethylpyridin-4-amine, 4-(tert-
butyl)pyridine, 2-(4-(trifluoromethyl)phenyl)pyridine, 2,2"-bipyri-
dine, 4-chloro-7-(trifluoromethyl)quinoline, quinoline and phe-
nanthroline, can also be consistent with an anionic mechanism
(Figure S11.1-S11.7). Besides, excellent correlation between
relative thermal stability of anionic species and deuteration
yield are also found for other experimental results®®* of the
remote deuteration of pyridine derivatives, such as pyridine,
3,4-dimethylpyridine, 2,3-dimethylpyridine, 2-bromopyridine, 2-
bromo-5-methylpyridine,  6-bromonicotinonitrile  and  1-
(difluoromethyl)-4-fluorobenzene (Figure S11.8-511.14), as well
as the deuteration of bioactive molecules in our own scope
(caffeine, Figure S11.15). Using the anion stabilities, we have
been able to successfully predict the order of deuterium
incorporation in the different positions of new substrates
(Scheme 6, Figure S11.16-511.19). Although we have tried to
explain and predict the deuteration yield on the basis of the
ability of neutral substrates to generate anionic species, this has
failed due to the different kinetic properties of different
substrates.

Lastly, a measured KIE of 1.2 for positions 3 and 4 and 1.3
for position 5 hint at a reversible reaction. Since the KIE is small,
the rate-determining step might not involve C—H cleavage at
the substrate (Scheme 7). Rather, deuteration of the pyridyl
anions or the generation of the dimsyl anion in the first place
may represent the steps with the highest barriers.

Conclusion

In conclusion, we report a general and applicable base-
mediated methodology for the remote deuteration of pyridine
derivatives and other aromatic heterocycles with DMSO-d, as

D[90]
N
H—DI96]
N
D[33] CD3[%6]
38-dg
[ d] L |
n.
[90]D. | - \ D[94] [99]Dj/g7
| D[99]
N D[95] oIl N-N
[20] s \6[18]
40-d, a1- d6 42-d,

Scheme 6. Results of the deuteration reaction on substrates previously
studied computationally.
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Figure 5. Relative Gibbs free energy of coordinated K™ and anion species of 2-phenylpyridine.

deuterium source. Experimental and mechanistic studies includ-
ing DFT calculations indicate that the reaction takes place via
an anionic pathway and that thermodynamic stability of the
respective anions corresponds well with the regioselectivity of
deuteration. We have shown how these insights can be applied
to predict the main deuteration sites of new substrates and we
believe that these results will prove useful for the preparation
of labeled MS standards and deuterated drugs. In a broader
context, new transformations based on the generation of
pyridyl anions by deprotonation with the dimsyl anion might
be inspired by this report.

Experimental Section

General Deuteration Procedure: Potassium tert-butoxide (56 mg,
0.5 mmol, 1.0eq.) and the substrate (if solid; 0.5 mmol) were
weighed into a 25 mL pressure-resistant Schlenk tube equipped
with a magnetic stirring bar. The Schlenk tube was capped with a
rubber septum and evacuated and backfilled with argon three
times. DMSO-d, (600 pL, 8.5 mmol, 17.0 eq.) was added followed by
the substrate (if liquid; 0.5 mmol) and distilled water (10 pL,
5.6 mmol, 1.1 eq.). The Schlenk tube was closed, and the reaction
mixture was subsequently heated to 90°C and stirred at this
temperature for 16 h. The resulting mixture was diluted with DCM,
washed with brine (20 mL), and extracted with DCM (2x20 mL).

Eur. J. Org. Chem. 2022, e202200204 (8 of 10)

The combined organic layers were dried over sodium sulfate and
concentrated. Some compounds were sufficiently pure after
extraction. The other deuterated products were purified by silica
column chromatography.
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