Downloaded via80.1.103.166 on August 1, 2023 at 10:18:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

]O CThe Journal of Organic Chemistry

Ho®

pubs.acs.org/joc

Programmable Deuteration of Indoles via Reverse Deuterium

Exchange

Liam S. Fitzgerald, Rachael L. McNulty, Andrew Greener, and Miriam L. O'Duill*

Cite This: https://doi.org/10.1021/acs.joc.3c00819

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Methods for selective deuterium incorporation into drug-like
molecules have become extremely valuable due to the commercial, mechanistic,

Z, /S>\U
o

5 Pd"ca/t.«

and biological importance of deuterated compounds. Herein, we report a

programmable labeling platform that allows access to C2, C3, or C2- and C3- [D:\g HICD ©:\> reverse J H
deuterated indoles under mild, user-friendly conditions. The C2-deuterated N N+ oen9>
indoles are accessed using a reverse hydrogen isotope exchange strategy which . N N,
represents the first non-directed C2-deuteration of indoles. N

euteration is a crucial tool for drug absorption,

distribution, metabolism, and excretion studies and
biomolecular analysis techniques.' It can improve the
metabolic stability, pharmacokinetics, and toxicity profile of
drugs.”’ The landmark ruling by the U.S. Food and Drug
Administration classifying deuterated drugs as new chemical
entities has also added significant commercial importance to
these compounds.”> The development of new methods for
selective deuterium incorporation into drug molecules has
become an increasingly vital tool for drug discovery. A
substrate class of particular interest in this area are nitrogen
heterocycles—including indoles—due to their importance in
many small-molecule drugs.®”*

Given the importance of deuterated indoles, a significant
amount of work has gone into developing strategies for their
deuteration (Scheme 1A).” Heterogeneous catalysis generally
affords perdeuterated products.'°~"'* Deuteration at C2 and C3
has been achieved with ruthenium nanoparticles,15 rthodium,

Scheme 1. Regioselective Indole Deuteration
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or under homogeneous Ag,COj catalysis with chiral phosphine
ligands.17 Under acid/base-mediated conditions, selective
deuterium-incorporation at C3 is controlled by the molecule’s
intrinsic reactivity (2).'"7*" Selective functionalization of
indoles at C2 (3) is inherently difficult and can currently
only be achieved when the C3 position is blocked or by using
directed approaches, i.e., ortho-lithiation'® or transition-metal-
catalyzed methods requiring a directing group on the indole
nitrogen.””*° Directing group removal is not always
straightforward®' and can cause isotopic dilution.””** There-
fore, a directing group free method for C2-deuteration would
be highly beneficial.””** Herein, we report a programmable
approach allowing access to C2 (5), C3 (2), or C2-and-C3
(4)-deuterated indoles under mild conditions, taking advant-
age of innate indole reactivity and Pd(OAc), catalysis without
the need for directing groups (Scheme 1B).

B RESULTS AND DISCUSSION: REACTION
DEVELOPMENT

Based on previous work by Gaunt,®® Sames,'® and
others,"*°7** we hypothesized that palladium-catalyzed
deuteration would afford a mixture of C2- and C3-deuterated
products through the pathways depicted in Scheme 2.
However, we also reasoned that we could exploit the innate
reactivity of indole in the absence of palladium to affect reverse
deuterium exchange at C3.*” Such an approach was attractive
as it provides a simple route to C2-deuterated indoles without
recourse to protecting groups.
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Scheme 2. Proposed Strategy for C2-Selective Deuteration
by Reverse Deuterium Exchange
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We were delighted to find that this was indeed the case.
When indole reacted in the presence of 10 mol % Pd(OAc), in
an anhydrous dioxane/CD;CO,D solvent mixture at 120 °C
for 16 h, we observed 40% C2-deuteration and 52% C3-
deuteration by 'H NMR spectroscopy, with no hydrogen
isotope exchange at any other position (Table 1, entry 1).
Deuterium incorporation increased at both positions in the
presence of NaOAc to 81% (C2) and 72% (C3), respectively
(entry 2). Reducing the amount of deuterated acetic acid

Table 1. Reaction Optimization”
Pd(OAc), (10 mol%)

CD3;CO,D
0 -
” dioxane, 120 °C, 16 h

IS
o
w
Z g
N
o

1a
CD,CO,D C2-deuteration ~ C3-deuteration
(mL) additive [%] [%]
1 1.14 40 52
2 1.14 NaOAc (1.5 equiv) 81 72
3 0.6 NaOAc (1.5 equiv) 80 70
4 03 NaOAc (1.5 equiv) 70 25
S 0.6 NaOAc (15 equiv) 80 0
6" 0.6 NaOAc (1.5 equiv), 81 0
then: K,CO;
(1 equiv),
MeOH/H,0
7° 0.6 NaOAc (1.5 equiv) 0 50

“Reaction conditions: la (0.2 mmol), Pd(OAc), (10 mol %),
CD;CO,D, 1,4-dioxane (1.5 mL), NaOAc (1.5 equiv), 120 °C, 16 h.
Deuterium 1ncorporat10n determined by 'H NMR (see the
Supporting Information). “Reaction conditions: (i) 1a (0.2 mmol),
Pd(OAc), (10 mol %), CD;CO,D (0.6 mL), 1,4-dioxane (1.5 mL),
NaOAc (1.5 equiv), 120 °C, 16 h; (ii) K,CO; (1 equiv.), MeOH/
H,0 (0.5 mL / 1 mL), 100 °C, 16 h. “No Pd catalyst.

(entries 3—4) only had a small effect on C2-deuteration, but a
significant reduction of deuterium incorporation at the C3
position is observed, suggesting that the Pd-catalyzed process
becomes more important as acid-mediated deuteration at C3 is
slowed. Lower reaction temperatures, alternative deuterium
sources, different solvents, and a reduced reaction time all had
a negative effect on the reaction outcome (see the Supporting
Information).

Next, we attempted to achieve reverse hydrogen isotope
exchange at C3 to access the C2-deuterated indole. Careful
balancing of pH in one pot required a large excess of NaOAc
(1S equiv), which afforded complete protonation at C3 while
deuterium incorporation at C2 remained high (80%, entry S).
Due to the impracticalities of using a large excess of base on
scale, we wanted to reduce this amount. Indeed, further
optimization revealed that a similar result could be obtained
with a telescoped approach using milder conditions: indole was
reacted with 10 mol % Pd(OAc), in anhydrous CD;CO,D/
dioxane at 120 °C for 16 h. After filtration through silica and
removal of solvents in vacuo, 1 equiv. K,CO; and protic
solvents (MeOH/H,0) were added and reacted for a further
16 h (entry 6), resulting in 81% deuterium incorporation at C2
(with no isotopic labeling at C3).

A control reaction confirmed that the palladium catalyst was
necessary for C2-deuteration: as expected, in the absence of
Pd(OAc),, only C3-deuteration was observed (entry 7).

B REACTION SCOPE

With optimized conditions in hand, we explored the substrate
scope of indoles amenable to this selective C2-deuteration
methodology (Scheme 3).

Indoles with no substituent on the pyrrole ring were
submitted to palladium-catalyzed deuteration (method A, step
1), followed by reaction with K,CO; in MeOH/H,O after
purification (step 2), while indoles with a substituent on C3
did not require this second step (Scheme 3A).

Medium to high deuterium incorporation at C2 was
achieved for unsubstituted indole (5a), as well as indoles
bearing electron-donating methyl and methoxy substituents
(5b—5d). When Sa was scaled up from 0.2 to 1.0 mmol, longer
reaction times were required in step 1 to sustain deuterium
incorporation levels. Some unselective background deuteration
was observed for more electron-rich indoles: 6-methoxyindole
(1d) underwent 25% C7-deuteration, while 4-hydroxyindole
showed unselective deuteration on all free positions (Sm).
Similarly, the methodology could not be extended to highly
electron-rich pyrrole In—p (with or without protecting groups
on nitrogen) which polymerized under the reaction conditions,
or other electron-rich aromatics such as N,N-dimethylaniline
1q, which was recovered without any deuteration. For
electron-poor 4-nitroindole, lower levels of deuterium
incorporation were observed (5f: 32% deuteration at C2),
but this result could be improved (to 65%) by increasing the
reaction time of step 1 to 32 h. To the best of our knowledge,
there are no other examples of selective C2-deuteration of
electron-poor 4-nitroindole in the literature. Initial screening
results for 4-fluoroindole looked promising (79% deuterium
incorporation), but the compound decomposed in our hands
after treatment with K,CO;. Free hydroxyl groups were
tolerated, albeit with lower yields (5g: 39%). Free NH groups
are not tolerated and require protection (see Sk below).
Benzimidazole showed high deuterium incorporation at C2
under these conditions (Sh: 92%). However, this result is
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Scheme 3. Selective C2 (A), C3 (C), and C2- and C3- (B) Deuteration of Indoles”

A. C2 deuteration
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R | > R+ | D —» RrE | D
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Me
A\ [67%] (0.2 mmol) N 180%] ; [65%] 65%] [65%]
N 160%] (1.0 mmol) N o N [65%] o
H H Me [25%
5a 80% (0.2 mmol) 5b 83% 5¢c 68% 5d 71% 5f 67%
71% (1.0 mmol)? (step 1) (step 1+2) (step 1+2) (step 1+2)2
(step 1+2)
Fmoc
N [6%]
AN
60% O W 18%] COH
[60%] N Z 34%)
H N" N 56%) [34%]
HN [57%
5g 39% 5h 94% 4i 83%
Pindolol / Visken 41 70%
(step 1) (step 1) (step 1+2)° 5k 83% in °°(Ste '51 f;) o
(step 1)° P
unsuccessful or non-selective substrates
o 1x
F 85%] [84%)] /\—/\/ \ NMe,
A M [89%] N
g [75%] N R
H -
H [84%]* R= H, BOC, Me
5e (step 1+2) 5m (step 1)° 1n-p 1q
decomposition perdeuteration polymerization no deuteration
B. C2-and-C3 deuteration C. C3 deuteration
D D
= N Pd(OAc), (10 mol%) N = A CD;CO,D Z \
Re | Ra | > R |
N NaOAc, CD3CO,D H N dioxane, 80 °C, 16 h N
1 dioxane, 120 °C, 16 h 1 2
0,
[45%] [76% [45%] [95%] A\ [54%] [95%]
N [819 N 9 N 75% H
N [81%] [65 %] [ o] ” Ve MeO H
[27%]
4a 83% (0.4 mmol) 4a 61% (2.0 mmol)® 4c 90% 2a >99% 2¢ >99% 2d 97%
[45%] [75%] NO> [91%] F NO,
m [93%] [74%] N
N [80%] : e N\ N @[ Y 196%]
[30%] [85%] [65“ N N N
4d 58% 4e 75% 4f 69% 2e >99% 2f 97% 5h 97%
OH
[90%] [98%] 0\)\/"‘
S \|/
m [34%] I
N’ [1%] ’ NZ N ) [86%]
HN [570/] oo HN
4i 57% Pindolol / Visken 41 70% 2i>99% Pindolol / Visken 21 98%

“Gray circles show the labeling positions, with values in square brackets denoting isotope incorporation, as determined by 'H NMR. Yields and
deuteration values are given for isolated products. (A) C2-deuteration conditions: Step 1: 1 (0.4 mmol), Pd(OAc), (10 mol %), NaOAc
(0.6 mmol), CD;CO,D/dioxane (1.2 mL/3 mL), 120 °C, 16 h. Step 2: K,CO; (0.2 mmol), MeOH/H,0 (1.2 mL / 0.4 mL), 80 °C, 16 h. [a] Step
1: reaction time = 32 h. [b] Step 2 was carried out twice. [c] From Fmoc-Trp(Boc)-OH. Reaction proceeded with deprotection of the N-Boc
group. [d] '"H NMR signals for H; and H, overlap, and an average value is given for deuterium incorporation across both positions. (B) C2- and
C3-deuteration conditions: 1 (0.4 mmol), Pd(OAc), (10 mol %), NaOAc (0.6 mmol), CD,CO,D (1.2 mL), 1,4-dioxane (3 mL), 120 °C, 16 h.
Higher C3-deuteration levels were observed before purification by silica flash column chromatography. [e] Reaction time = 32 h. C. C3-deuteration

conditions: 1 (0.4 mmol), CD;CO,D (1.2 mL), 1,4-dioxane (3 mL), 80 °C, 16 h.
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comparable to results obtained under palladium-free con-
ditions (see Scheme 3C), suggesting that simple acid-mediated
H/D exchange may be taking place. For 7-azaindole, C2
incorporation was low, possibly due to protonation or the
coordination of the palladium catalyst to the nitrogen
heterocycle: 4i was formed with only 8% deuterium
incorporation at C2 and 47% at C3, with C3-deuteration
reduced to 6% when submitted to K,CO; twice. To further
demonstrate the utility of our methodology for late-stage
functionalization, we submitted two high-value products to our
deuteration conditions. The Boc/Fmoc-protected amino acid
tryptophan showed $6% deuteration at C2 (Sk) with
concomitant Boc deprotection, a promising result for the use
of this methodology on indole alkaloid natural products. We
believe that this is the first example of C2-selective tryptophan
deuteration. Efficient C2- and C3-deuteration of the clinically
approved beta blocker pindolol/Visken** was achieved (41:
57% D incorporation at C2 and 34% at C3); however, no
reduction of C3-deuteration was observed after treatment with
K,CO3;, even when 3 equivalents of the base were used.

Many of the C2- and C3-deuterated intermediates 4 have
not previously been reported in the literature. If these
compounds are desired, they can easily be isolated after the
palladium-catalyzed deuteration step (Scheme 3B). C3-
deuteration under these conditions was very high (75—95%)
for all substrates; however, purification by silica flash column
chromatography was required which reduced the deuterium
content at C3 to the values shown in Scheme 3B (e.g., from 70
to 45% for 4a). This effect was less pronounced for electron-
poor indoles 4e, 4f, and 4i. Deuteration of pindolol was
achieved in 57 and 34% at C2 and C3, respectively. The use of
anhydrous dioxane or the addition of molecular sieves was of
the utmost importance to avoid isotopic dilution at C3 (see
Supporting Information, Table SS). Interestingly, some
isotopic dilution also seemed to occur at C2 in the reverse
deuterium exchange reaction of certain electron-rich indoles
(e.g., 4a/5a, 4b/Sb, 4d/5d, Scheme 3A,B). Further studies are
required to explain this observation.

As seen in Table 1, no C2-deuteration occurs in the absence
of palladium. Selectively C3-deuterated indoles can thus be
obtained in quantitative yields by treatment with CD;CO,D
under palladium-free conditions (Scheme 3C). The products
from this palladium-free method did not require purification by
column chromatography, which resulted in high C3-deutera-
tion values (74—98%) across the board.

With only small modifications to the reaction conditions,
selective access to C2, C3, or C2- and C3-deuterated indoles
has been achieved, providing a user-friendly, programmable
scaffold for selective late-stage deuteration.

B CONCLUSIONS

We have described a regiodivergent methodology for the
selective deuteration of indoles. Directing-group-free palladium
catalysis in the presence of deuterated acetic acid allows for
hydrogen isotope exchange at the C2 and C3 position with
high levels of deuterium incorporation. Reaction of these
compounds with K,CO; and a protic solvent selectively
removes the isotopic label at C3, yielding C2-deuterated
products. Metal-free, acid-mediated deuteration instead affords
selective isotope incorporation at C3 only. The methodology
allows for selective, regiodivergent late-stage deuteration of
drug targets (as demonstrated on pindolol/Visken). On a more
fundamental level, our reverse hydrogen isotope exchange

strategy enables selective deuteration of bioactive molecules
with automatic removal of labels in positions that are likely to
be labile in vivo.

B ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.3c00819.

Experimental procedures and analytical data of products
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Miriam L. O’Duill — School of Chemistry, University of
Nottingham, Nottingham NG7 2RD, UK,; © orcid.org/
0000-0002-8312-824X; Email: miriam.oduill@
nottingham.ac.uk

Authors

Liam 8. Fitzgerald — School of Chemistry, University of
Galway, Galway H91 TK33, Ireland

Rachael L. McNulty — School of Chemistry, University of
Galway, Galway H91 TK33, Ireland

Andrew Greener — School of Chemistry, University of
Nottingham, Nottingham NG7 2RD, UK; © orcid.org/
0000-0001-8098-6276

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.3c00819

Author Contributions

All authors have given approval to the final version of the
manuscript. L.S.F.: conceptualization, methodology, investiga-
tion, analysis, and writing—original draft, review, and editing;
R.L.McN.: investigation and analysis; A.G.: investigation,
validation, and analysis; and M.L.O.D.: conceptualization,
methodology, analysis, and writing—original draft, review, and
editing.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank the University of Nottingham,
NUI Galway, CURAM Centre for Research in Medical
Devices, the Science Foundation Ireland (SFI), and the
European Regional Development Fund for financial support
(studentship to L.S.F., grant number 13/RC/2073 and 17/
RCPhD/3480). The authors would like to thank Kevin Butler
for useful discussions about inversion recovery NMR experi-
ments.

B REFERENCES

(1) Atzrodt, J.; Derdau, V.; Kerr, W. J; Reid, M. C—H
Functionalisation for Hydrogen Isotope Exchange. Angew. Chem.,
Int. Ed. 2018, 57, 3022—3047.

(2) Belleau, B.; Burba, J.; Pindell, M.; Reiffenstein, J. Effect of
Deuterium Substitution in Sympathomimetic Amines on Adrenergic
Responses. Science 1961, 133, 102—104.

https://doi.org/10.1021/acs.joc.3c00819
J. Org. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c00819/suppl_file/jo3c00819_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c00819/suppl_file/jo3c00819_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00819?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c00819/suppl_file/jo3c00819_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+L.+O%E2%80%99Duill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8312-824X
https://orcid.org/0000-0002-8312-824X
mailto:miriam.oduill@nottingham.ac.uk
mailto:miriam.oduill@nottingham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liam+S.+Fitzgerald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachael+L.+McNulty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Greener"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8098-6276
https://orcid.org/0000-0001-8098-6276
https://pubs.acs.org/doi/10.1021/acs.joc.3c00819?ref=pdf
https://doi.org/10.1002/anie.201708903
https://doi.org/10.1002/anie.201708903
https://doi.org/10.1126/science.133.3446.102
https://doi.org/10.1126/science.133.3446.102
https://doi.org/10.1126/science.133.3446.102
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

(3) Pirali, T'; Serafini, M.; Cargnin, S.; Genazzani, A. A. Applications
of Deuterium in Medicinal Chemistry. J. Med. Chem. 2019, 62, 5276—
5297.

(4) Mullard, A. FDA Approves First Deuterated Drug. Nat. Rev.
Drug Discovery 2017, 16, 305.

(5) Mullard, A. First de Novo Deuterated Drug Poised for Approval.
Nat. Rev. Drug Discovery 2022, 21, 623—625.

(6) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57, 10257—10274.

(7) Zhang, M. Z.; Chen, Q.;; Yang, G. F. A Review on Recent
Developments of Indole-Containing Antiviral Agents. Eur. . Med.
Chem. 20185, 89, 421—441.

(8) Goyal, D.; Kaur, A.; Goyal, B. Benzofuran and Indole: Promising
Scaffolds for Drug Development in Alzheimer’s Disease. ChemMed-
Chem 2018, 13, 1275—1299.

(9) Kopf, S.; Bourriquen, F.; Li, W.; Neumann, H.; Junge, K.; Beller,
M. Recent Developments for the Deuterium and Tritium Labeling of
Organic Molecules. Chem. Rev. 2022, 122, 6634—6718.

(10) Yau, W.-M,; Gawrisch, K. Deuteration of Indole and N-
methylindole by Raney Nickel Catalysis. J. Label. Compd. Radiopharm.
1999, 42, 709-714.

(11) Esaki, H.; Ito, N.; Sakai, S.; Maegawa, T.; Monguchi, Y.; Sajiki,
H. General Method of Obtaining Deuterium-Labeled Heterocyclic
Compounds Using Neutral D,0 with Heterogeneous Pd/C.
Tetrahedron 2006, 62, 10954—10961.

(12) Matsubara, S.; Asano, K.; Kajita, Y.; Yamamoto, M. C-H Bond
Activation by Water on a Palladium or Platinum Metal Surface.
Synthesis 2007, 2007, 2055—2059.

(13) Li, W.; Rabeah, J.; Bourriquen, F.; Yang, D.; Kreyenschulte, C.;
Rockstroh, N.; Lund, H.; Bartling, S.; Surkus, A. E.; Junge, K;
Briickner, A.; Lei, A.; Beller, M. Scalable and Selective Deuteration of
(Hetero)Arenes. Nat. Chem. 2022, 14, 334—341.

(14) Yamada, T.; Arai, K.; Kikuchi, R.; Okamoto, S. Deuteration of
Indole Compounds: Synthesis of Deuterated Auxins, Indole-3-Acetic
Acid-DS$ and Indole-3-Butyric Acid-DS. ACS Omega 2021, 6, 19956—
19963.

(15) Pieters, G.; Taglang, C.; Bonnefille, E.; Gutmann, T.; Puente,
C.; Berthet, J. C; Dugave, C.; Chaudret, B.; Rousseau, B.
Regioselective and Stereospecific Deuteration of Bioactive Aza
Compounds by the Use of Ruthenium Nanoparticles. Angew. Chem.,,
Int. Ed. 2014, 53, 230—234.

(16) Wu, J.; Qian, B; Ly, L.; Yang, H.; Shang, Y.; Zhang, J. Access to
the C2 C-H Olefination, Alkylation and Deuteration of Indoles by
Rhodium(III) Catalysis: An Opportunity for Diverse Syntheses. Org.
Chem. Front. 2021, 8, 3032—3040.

(17) Tlahuext-Aca, A.; Hartwig, J. F. Site-Selective Silver-Catalyzed
C-H Bond Deuteration of Five-Membered Aromatic Heterocycles
and Pharmaceuticals. ACS Catal. 2021, 11, 1119—1127.

(18) Lane, B. S,; Brown, M. A, Sames, D. Direct Palladium-
Catalyzed C-2 and C-3 Arylation of Indoles: A Mechanistic Rationale
for Regioselectivity. . Am. Chem. Soc. 2008, 127, 8050—8057.

(19) Guo, X; Pan, S.; Liu, J.; Li, Z. One-Pot Synthesis of Symmetric
and Unsymmetric 1,1-Bis-Indolylmethanes via Tandem Iron-Cata-
lyzed C—H Bond Oxidation and C—O Bond Cleavage. J. Org. Chem.
2009, 74, 8848—88S1.

(20) Patel, M.; Saunthwal, R. K; Verma, A. K. Base-Mediated
Deuteration of Organic Molecules: A Mechanistic Insight. ACS
Omega 2018, 3, 10612—10623.

(21) Darshana, D.; Sureram, S.; Mahidol, C.; Ruchirawat, S.;
Kittakoop, P. Spontaneous Conversion of Prenyl Halides to Acids:
Application in Metal-Free Preparation of Deuterated Compounds
under Mild Conditions. Org. Biomol. Chem. 2021, 19, 7390—7402.

(22) Murray, A. T.; Challinor, J. D.,; Guldcsy, C. E; Lujan, C;
Hatcher, L. E;; Pudney, C. R;; Raithby, P. R;; John, M. P.; Carbery, D.
R. Modelling Flavoenzymatic Charge Transfer Events: Development
of Catalytic Indole Deuteration Strategies. Org. Biomol. Chem. 2016,
14, 3787—-3792.

(23) Groll, B.; Schniirch, M.; Mihovilovic, M. D. Selective Ru(0)-
Catalyzed Deuteration of Electron-Rich and Electron-Poor Nitrogen-
Containing Heterocycles. J. Org. Chem. 2012, 77, 4432—4437.

(24) Dong, B.; Cong, X; Hao, N. Silver-catalyzed regioselective
deuteration of (hetero)arenes and a-deuteration of 2-alkyl azaarenes.
RSC Adv. 2020, 10, 25475—25479.

(25) Qin, X; Liu, H;; Qin, D.; Wu, Q; You, J.; Zhao, D.; Guo, Q.;
Huang, X.; Lan, J. Chelation-Assisted Rh(III)-Catalyzed C2-Selective
Oxidative C—H/C—H Cross-Coupling of Indoles/Pyrroles with
Heteroarenes. Chem. Sci. 2013, 4, 1964—1969.

(26) Sandtorv, A. H. Transition Metal-Catalyzed C-H Activation of
Indoles. Adv. Synth. Catal. 2015, 357, 2403—2435.

(27) Kerr, W. J; Lindsay, D. M.; Owens, P. K; Reid, M.; Tuttle, T;
Campos, S. Site-Selective Deuteration of N-Heterocycles via Iridium-
Catalyzed Hydrogen Isotope Exchange. ACS Catal. 2017, 7, 7182—
7186.

(28) Jess, K.; Derdau, V.; Weck, R; Atzrodt, J.; Freytag, M.; Jones, P.
G.; Tamm, M. Hydrogen Isotope Exchange with Iridium(I)
Complexes Supported by Phosphine-Imidazolin-2-Imine P,N Ligands.
Adv. Synth. Catal. 2017, 359, 629—638.

(29) Zhang, J.; Zhang, S.; Gogula, T.; Zou, H. Versatile
Regioselective Deuteration of Indoles via Transition-Metal-Catalyzed
H/D Exchange. ACS Catal. 2020, 10, 7486—7494.

(30) Kumar, P.; Nagtilak, P. J; Kapur, M. Transition Metal-
Catalyzed C—H Functionalizations of Indoles. New J. Chem. 2021, 45,
13692—13746.

(31) Fitzgerald, L. S.; O’Duill, M. L. A Guide to Directing Group
Removal: 8-Aminoquinoline. Chem.—Eur. J. 2021, 27, 8411—8436.

(32) Cooper, L.; Alonso, J. M.; Eagling, L.; Newson, H.; Herath, S.;
Thomson, C.; Lister, A,; Howsham, C.; Cox, B.; Munoz, M. P.
Synthesis of a Novel Type of 2,3’-BIMs via Platinum-Catalysed
Reaction of Indolylallenes with Indoles. Chem.—Eur. J. 2018, 24,
6105—6114.

(33) Gelbard, H. A.; Dewhurst, S.; Goodfellow, V. S.; Wiemann, T.;
Ravula, S. B.; Loweth, C. J. Bicyclic Heteroaryl Kinase Inhibitors and
Methods of Use. WO 2011149950 A2, 2011.

(34) Gelbard, H. A.; Dewhurst, S.; Gendelman, H. E. Mixed Lineage
Kinase Inhibitors for HIV/AIDS Therapies. WO 2014085795 Al,
2014.

(35) Grimster, N. P.; Gauntlett, C.; Godfrey, C. R. A,; Gaunt, M. J.
Palladium-Catalyzed Intermolecular Alkenylation of Indoles by
Solvent-Controlled Regioselective C-H Functionalization. Angew.
Chem,, Int. Ed. 2005, 44, 3125—3129.

(36) Atzrodt, J; Derdau, V.; Fey, T.; Zimmermann, J. The
Renaissance of H/D Exchange. Angew. Chem. Int. Ed. 2007, 46,
7744—7765.

(37) Chen, X; Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Palladium(II)-
Catalyzed C-H Activation/C-C Cross-Coupling Reactions: Versatility
and Practicality. Angew. Chem., Int. Ed. 2009, 48, 5094—5115.

(38) Tan, D. X; Han, F. S. The Application of C-H Bond
Functionalization in the Total Syntheses of Indole Natural Products.
Org. Chem. Front. 2022, 9, 1195—1210.

(39) Voges, R; Heys, J. R.;; Moenius, T. Preparation of Compounds
Labeled with Tritium and Carbon-14; Wiley: Hoboken, New Jersey,
20009.

(40) Wong, G. W. K;; Boyda, H. N.; Wright, J. M. Blood Pressure
Lowering Efficacy of Partial Agonist Beta Blocker Monotherapy for
Primary Hypertension. Cochrane Database Syst. Rev. 2014, 2017,
CD007450.

https://doi.org/10.1021/acs.joc.3c00819
J. Org. Chem. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/acs.jmedchem.8b01808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd.2017.89
https://doi.org/10.1038/D41573-022-00139-6
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2014.10.065
https://doi.org/10.1016/j.ejmech.2014.10.065
https://doi.org/10.1002/cmdc.201800156
https://doi.org/10.1002/cmdc.201800156
https://doi.org/10.1021/acs.chemrev.1c00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1099-1344(199907)42:7<709::AID-JLCR235>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1099-1344(199907)42:7<709::AID-JLCR235>3.0.CO;2-2
https://doi.org/10.1016/j.tet.2006.08.088
https://doi.org/10.1016/j.tet.2006.08.088
https://doi.org/10.1055/s-2007-983738
https://doi.org/10.1055/s-2007-983738
https://doi.org/10.1038/s41557-021-00846-4
https://doi.org/10.1038/s41557-021-00846-4
https://doi.org/10.1021/acsomega.1c02940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c02940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c02940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201307930
https://doi.org/10.1002/anie.201307930
https://doi.org/10.1039/d1qo00133g
https://doi.org/10.1039/d1qo00133g
https://doi.org/10.1039/d1qo00133g
https://doi.org/10.1021/acscatal.0c04917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja043273t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja043273t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja043273t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/JO902093P?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/JO902093P?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/JO902093P?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b01329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b01329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d1ob01275d
https://doi.org/10.1039/d1ob01275d
https://doi.org/10.1039/d1ob01275d
https://doi.org/10.1039/c6ob00361c
https://doi.org/10.1039/c6ob00361c
https://doi.org/10.1021/jo300219v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo300219v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo300219v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0ra02358b
https://doi.org/10.1039/d0ra02358b
https://doi.org/10.1039/c3sc22241a
https://doi.org/10.1039/c3sc22241a
https://doi.org/10.1039/c3sc22241a
https://doi.org/10.1002/ADSC.201500374
https://doi.org/10.1002/ADSC.201500374
https://doi.org/10.1021/acscatal.7b02682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ADSC.201601291
https://doi.org/10.1002/ADSC.201601291
https://doi.org/10.1021/acscatal.0c01674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1NJ01696B
https://doi.org/10.1039/D1NJ01696B
https://doi.org/10.1002/chem.202100093
https://doi.org/10.1002/chem.202100093
https://doi.org/10.1002/chem.201705417
https://doi.org/10.1002/chem.201705417
https://doi.org/10.1002/anie.200500468
https://doi.org/10.1002/anie.200500468
https://doi.org/10.1002/anie.200700039
https://doi.org/10.1002/anie.200700039
https://doi.org/10.1002/anie.200806273
https://doi.org/10.1002/anie.200806273
https://doi.org/10.1002/anie.200806273
https://doi.org/10.1039/d1qo01636a
https://doi.org/10.1039/d1qo01636a
https://doi.org/10.1002/14651858.CD007450.pub2
https://doi.org/10.1002/14651858.CD007450.pub2
https://doi.org/10.1002/14651858.CD007450.pub2
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

