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Abstract Direct hydrogen isotope exchange represents a distinctive strategy for deuterium labelling, where the protium is 
directly replaced by deuterium. In this graphic review, we summarized the progress in deuteration via transition metal 
catalyzed hydrogen isotope exchange. The review was organized according to the mechanism of C-H bond activation in the 
homogeneous catalysis, and the heterogeneous catalysis was also discussed according to the catalyst type. Representative 
mechanistic processes were depicted, and proven cases for tritiation were also highlighted. 
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Deuterium	labelling	has	become	an	increasingly	important	tool	in	biomedical	and	materials	science,	with	
its	successful	applications	in	drug	development,1	biological	compound	imaging	and	tracking2	and	organic	
light-emitting	diodes	(OLEDs).3	Their	application	has	been	accompanied	by	the	development	of	synthetic	
strategies	 for	 efficient	 deuterium	 incorporation,	 such	 as	 conventional	 chemical	 transformation	 by	
catalytic	 hydrogenation	 on	 unsaturated	 bonds,	 and	 the	 defunctionalization	 of	 aromatic	 halides.4	
Meanwhile,	in	contrast	to	the	transformation	of	functional	groups,	the	direct	hydrogen	isotope	exchange	
(HIE)	of	C-H	bonds	had	also	been	extensively	developed	since	the	early	days	of	deuterium	incorporation,	
especially	under	a	pH-dependent	manner	with	harsh	acid	or	base	environments,	which	is	still	employed	
industrially	 in	 the	 current	 production	 of	 massive	 deuterium	 compounds.	 Therefore,	 the	 strategy	
development	of	milder	and	environmentally	friendly	deuteration	remains	a	necessity,	especially	with	
which	is	compatible	with	economic	deuterium	sources,	such	as	heavy	water	or	deuterium	gas.	

Accompanied	with	 the	 in-depth	understanding	of	 the	 characteristic	 of	 C-H	activation	with	 transition	
metals,5	scattered	cases	of	transition	metal	facilitated	HIE	have	been	used	as	a	chemical	tool	to	check	the	

reversibility	of	the	unit	reaction.	Thus,	benefiting	from	the	mechanistic	investigation,	catalytic	HIE	was	
enabled	 based	 on	 reversible	manipulation	 of	 established	 catalytic	 systems.6	 For	 instance,	 Crabtree's	
catalyst	designed	for	hydrogenation	was	found	to	facilitate	dehydrogenation	under	low	H2	pressure.7a	
This	 finding	 was	 further	 developed	 as	 a	 major	 genre	 of	 HIE	 process	 based	 on	 reversible	 oxidative	
addition,	catalyzed	by	a	family	of	iridium	catalysts	such	as	Kerr's	catalysts,8-9	with	D2	gas	as	main	source	
of	deuterium.	Similar	HIE	processes	had	also	been	employed	with	HIEs	with	Ir,	Rh,	Ru,	and	Pt,10–12g,13,15	
and	earth-abundant	metals	such	as	Fe,	Co	and	Ni	had	also	shown	promising	reactivities.12f-h,14	On	the	
other	hand,	 the	 recently	burgeoning	strategy	of	 concerted	metalation-deprotonation	 (CMD)	was	also	
converted	in	a	reversible	manner,16-22	which	employing	D2O	or	deuterated	acids	as	deuterium	source.	
Despite	 the	 CMD’s	 challenge	 of	 subsequent	 route	 control	 between	 functionalization	 and	 C-D	 bond	
reconstruction,	ortho-	or	meta-selective,	as	well	as	undirected	deuteration	had	been	developed	mainly	
based	Pd-catalysis,20-22	where	Mn,21a	Co,18d	Ni,18f	 and	Ag19	had	also	shown	 their	HIE	activity	 recently.	
Moreover,	 HIE	 could	 also	 be	 accomplished	 through	 scheme	 of	 hydrogen	 borrowing	 strategy	 by	
exploiting	the	remarkable	kinetic	isotope	effect	of	deuterium.23-24	Its	reversible	process	had	also	been	
utilized	 in	 HIE	 on	 olefins.25	 Additionally,	 some	 other	 specialized	 strategies	 had	 also	 been	 reported,	
including	Lewis	acid	enhanced	local	acidity	of	proton,26	η6	complex	facilitated	arenes	activation,27	and	σ-
metathesis	enabled	H/D	exchange	between	metal	and	D2.28	On	the	other	hand,	heterogeneous	catalysts	
also	compromise	a	large	family	for	HIE	based	on	a	similar	strategy	of	reversibility	control	under	low	D2	
pressure,31-37	where	recent	findings	suggest	that	the	nanoparticle	collides,38-39	and	corresponding	ligand-
loaded	nanoparticles40	may	also	achieve	astonishing	regioselectivity	as	their	homogeneous	alternatives.	
Noticeably,	in	most	cases,	the	tritiation	could	be	easily	achieved	by	replacing	the	deuterium	sources	with	
the	corresponding	tritium	sources.	We	hope	that	this	graphical	review	will	stimulate	further	research	
on	the	development	of	innovative	HIE	strategies	in	this	rapid	evolving	field.	 
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Figure 1 HIE based on oxidative addition with directing group (1): Early attempts of iridium catalysts,7a-p and Kerr’s iridium catalysts.8a-k 
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Figure 2 HIE based on oxidative addition with directing group (2): Application of Kerr’s iridium catalysts.9a-m 
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Figure 3 HIE based on oxidative addition with directing group (3): Iridium catalysts with bidentate ligands.10a-i 

Design concept of bidentate ligands for OA based H/D exchange

(10a) Muri, Chem. Eur. J. 2014, 20, 11496. (10f) Atzrodt and Derdau, Eur. J. Org. Chem. 2017, 1418; (10g) Atzrodt and Derdau, J. Label Compd. Radiopharm. 
2017, 60, 343; (10h) Derdau, ChemistryOpen 2019, 8, 1183.
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(10b) Tamm, Adv. Synth. Catal. 2017, 359, 629; (10c) Tamm, Atzrodt and Derdau, J. Label. 
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Figure 4 HIE based on oxidative addition without directing group (1): phosphine ligands supported metal catalysts.11 
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Figure 5 HIE based on oxidative addition without directing group (2): Bipyridine, imine, NHC ligands supported metal catalysts 12a-k 
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Figure 6 HIE based on oxidative addition without directing group (3): Tridentate ligands supported noble metal catalysts.13a-i 
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Figure 7 HIE based on oxidative addition without directing group (4): Tridentate ligands supported earth-abundant metal catalysts.14a-e 
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Figure 8 HIE based on oxidative addition without directing group (5): Half-sandwich type metal catalysts 15a-m 
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Figure 9 HIE based on concerted metalation-deprotonation (1): Directing group enabled ortho-selective deuteration.16a-h 

Basic process for CMD based H/D exchange

(16f) Young, Org. Lett. 2019, 21, 7044; (16g) Chen and Gao, Synthesis 2022, 54, 4907.

(16d) Yu, Angew. Chem. Int. Ed. 2014, 53, 734.
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Figure 10 HIE based on concerted metalation-deprotonation (2): Supporting ligands and bidentate substrate enabled regioselective deuteration.17a-g 

(17a) Jung, Tetrahedron Lett. 2015, 56, 6231.
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(17b) van Gemmeren, J. Am. Chem. Soc. 2021, 143, 10895.
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Figure 11 HIE based on concerted metalation-deprotonation (3): Regioselective deuteration on indoles, and earth abundant metal catalyzed deuteration.18a-g 

Rhodium and Cobalt-catalyzed ortho-H/D exchange on indole

Manganese-catalyzed ortho-H/D exchange

Nickel-catalyzed ortho-H/D exchange

(18e) McGlacken, Tetrahedron Green Chem 2023, 2, 100019.

(18f) Jiang and Gao, Chem. Commun. 2024, 60, 384.
Further reading for [Ru] and [Os] promoted HIE based on CMD: (18g) Lokare, Neilsen and Periana, J. Mol. Catal. A 
Chem. 2011, 339, 17; for [Cu] promoted HIE based on CMD: (18h) Jiang, Chen, and Gao, Chem. Eur. J. 2024, in press, 
doi: 10.1002/chem.202403121.

(18d) Zou, ACS Catal. 2020, 10, 7486.

C2-selective labellingC2&C3-labelling

(18a) O’Duill, J. Org. Chem. 2023, 88, 10772.

(18b) Wu, Shang and Zhang, Org. Chem. Front. 2021, 8, 3032.
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Figure 12 HIE based on concerted metalation-deprotonation (4): Silver catalyzed deuteration,19a-g and meta-selective deuteration20a-e 

Pd-catalyzed meta-selective H/D exchange

(20e) Maiti, Chem. Eur. J. 2019, 25, 9433; (20f) Dai and Yu, Org. Lett. 2019, 21, 4887.
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Biomol. Chem. 2022, 20, 1176; (19d) Zhang, Org. Biomol. Chem. 2020, 18, 6627; (19e) Zhang, Org. Lett. 2021, 23, 
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Figure 13 HIE based on concerted metalation-deprotonation (5): Application of transient-directing strategy,21a-d and non-directing strategy in deuteration.22a-e 

Transient directing group enabled H/D exchange
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(21c) Jiang and Gao, J. Org. Chem. 2023, 88, 17164.

(21a) Beller, Chem. Commun. 2021, 57, 1137; Further reading: (21b) Gao, J. Org. Chem. 2021, 86, 13350.

(21d) Neumann and Beller, Chem. Eur. J. 2021, 27, 9768.
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Figure 14 HIE based on hydrogen-borrowing (1): Principles, seminal work, and ɑ-deuteration on alcohols via metal hydride intermediate.23a-f 

Basic process for hydrogen-borrowing based H/D exchange

- Continuous oxidation and reduction promoted H/D exchange
- Ligand or metal-center act as hydrogen transferring center
- Available for H/D exchange of alcohols and amines
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Figure 15 HIE based on hydrogen-borrowing (2): ɑ- and β-deuteration on alcohols via ligand enabled hydride transfer.23g-j 

- H/D exchange with ligand as proton acceptor

(23g) Gunanathan, Org. Lett. 2015, 17, 4794; (23h) Dumeignil and Gauvin, Catal. Commun. 2016, 84, 67. 
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Figure 16 HIE based on hydrogen-borrowing (3): deuteration on amines, nitriles, and alkynes.24a-f 
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Figure 17 HIE based on iterative migratory insertion/β-elimination (1): deuteration on olefins.25a-l 

(25a) Faller, Organometallics 1989, 8, 602; 
Further reading: (25b) Ender, Organometallics 2005, 24, 4774; (25c) Di Giuseppe, Castarlenas and Oro, Chem. Eur. 
J. 2014, 20, 8391.

Basic process for migratory insertion /β-elimination based H/D exchange

(25d) Brookhart, J. Am. Chem. Soc. 1999, 121, 4385; (25e) Brookhart, Organometallics 2000, 19, 1247.
Further reading: (25f) Brookhart, J. Am. Chem. Soc. 1997, 119, 3165; (25g) Brookhart, J. Organomet. Chem. 1997, 
528, 199; (25h) Brookhart, J. Am. Chem. Soc. 1998, 120, 6965;

H/D exchange on alkene ligands

Proposed mechanism of H/D scrambling on olefin

(25i) Lin, Jia, Adv Synth Catal 2010, 352, 1512.
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Figure 18 HIE based on iterative migratory insertion/β-elimination (2): deuteration on allyl and chain-walking deuteration.25m-r Miscellaneous case of homogenous HIE (1): Lewis acid catalyzed deuteration.26a-c 

H/D scrambling on olefin

(25n) Grotjahn, J. Am. Chem. Soc. 2009, 131, 10354;
(25o) Grotjahn, Top. Catal. 2010, 53, 1055.
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Figure 19 Miscellaneous case of homogenous HIE (2): deuteration catalyzed by η6 complex27a-b, σ-metathesis28, π-acid29, and metal chloride.30a-d 
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Figure 20 Heterogeneous HIE catalyzed by active carbon supported metal catalyst (1): seminal works of PtO2,31a-e and Pd/C-H2-D2O system (1).32a-f 
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Figure 21 Heterogeneous HIE catalyzed by active carbon supported metal catalyst (2): Pd/C-H2-D2O System(2).32g-o 
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Figure 22 Heterogeneous HIE catalyzed by active carbon supported metal catalyst (3): Further application of M/C-H2-D2O systems, Pt/C33a-c, Rh/C 34a-e, and Ru/C.35a-c 
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Figure 23 Heterogeneous HIE catalyzed by active carbon supported metal catalyst (4): M/C-iPrOH-D2O system36a-g, and Pt/C-nBuNH2-D2O. 37 
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Figure 24 Heterogeneous HIE catalyzed by metal nanoparticles (1): PVP supported metal nanoparticle.38a-i 
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(38a) Chaudret, C. R. Chimie, 2003, 6, 1019; (38b) Buntkowsky, Limbach and Chaudret, ChemPhysChem 2005, 6, 
605; (38c) Chaudret, Angew. Chem. Int. Ed. 2008, 47, 2074.
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(38i) Pfeifer, Angew.Chem. Int. Ed. 2021, 60, 26671;
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O

HO

O

HO

[76]

[100]
D

DO

O

Me

MeN

HN
N

N
HO

OH
OH

P
O

P
OO

[54]

N

HO

O

HO

N

NH2

D

N

N

D [59]

OHN

OH

O

OH

N

O

H2N

HN

N

RuNp@PVP (3.3 mol%)
D2 (2 bar), THF. 80 °C, 48 h

(38f) Pieters, Angew. Chem. Int. Ed. 2015, 54, 10474; (38g) Chaudret and Castillón, Chem. Commun. 2015, 51, 16342; 
(38h) Feuillastre and Pieters, Angew.Chem. Int. Ed. 2019, 58, 4891.

D
N

N

NH

D

NH

N

N N

O

F

[80]
[35]

- HIE on nucleotide

RuNp@PVP (5 mol%)
D2O, D2 (2 bar), 55 °C, 36 h

- HIE on arylphoshpines

P

F

F

F

[72]

RuNp@PVP (3 %)
D2O, D2 (2 bar), 55 °C, 36 h

P

P

[~ 100]

- HIE on amino acids

(38d) Chaudret and Rousseau, Angew. Chem. Int. Ed. 2014, 53, 230; 
(38e) Poteau and Pieters, Chem. Eur. J. 2020, 26, 4988. 

D
Ru Ru

Ru
D

Ru Ru
Ru

D

N
H

Ru Ru
Ru

D

N H

Ru Ru
Ru

D

HN
Ru Ru

Ru
H

DN

Ru Ru
Ru

H

N D

Ru Ru
Ru

H

N
D

ND
N

N
H

N

N
H

N

HN

DFT calculated

O

H
N

F

O

O

H

H

[53] [99]

8.7 Ci mmol-1

N

N
[50] [62]

[62]
23.7 Ci mmol-1

38.2 Ci mmol-1

N
H

H

O

NH

CO2Et

CO2HN

O
OMe

OMe

N

MeO OMe

51.5 Ci mmol-1

N
H

[91]

N
H

PdNp@PVP 
(2-20 mol%)

D2 (1.1 bar)
THF or DMA 
55 °C, 20 h

N
H

O N
H

O

[86]

D

D

D

D

D

D

D

H

H

H

H

H

H
+ D2, -HD

H
Ru

Ru(COD)(COT)

Polymers  
or Ligands

H2

N
H

O
H2N NH2

O
N

N
H

D D [99][51]

[18]
OH

O

HN

H2N

[99]

NH
NH2

Mechanism proposed

N DD[90]N

RuNp@PVP (3%)

D2 (1-2 bar), THF
20-55 °C, 36 h

Me Me

[80]
N N

[93]

or or

N
H

O

OHO
N

T

T [13]

[13]

OMe
BocF

N

N
NH

N

MeO

T

[19]

[42]
Th

is
 a

rt
ic

le
 is

 p
ro

te
ct

ed
 b

y 
co

py
rig

ht
. A

ll 
rig

ht
s 

re
se

rv
ed

.

Ac
ce

pt
ed

 M
an

us
cr

ip
t



Template for SynOpen Thieme 

 
Figure 25 Heterogeneous HIE catalyzed by metal nanoparticles (2): NHC supported metal nanoparticles (1).39a-g 

NHC Stabilized Nanoparticle
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Figure 26 Heterogeneous HIE catalyzed by metal nanoparticles (3): NHC supported metal nanoparticles (2),39h-i and pyrolytic carbon supported novel metal nanoparticle.40a-f 

(40d) Chaudret, Catal. Sci. Technol. 2024, 14, 4904.
Further reading: (40e) Wang, ChemSusChem 2023, 16, e202202395; (40f) Shao and Wang, Asian J. Org. Chem. 
2023, 12, e202200662.

(40c) Wang, ACS Catal. 2023, 13, 15746.
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