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Abstract: This review summarizes the highlights of aliphatic C(sp3)-H carbon hydrogen isotope exchange (HIE) methods developed in the last ten years. In particular, new highly selective and reactive protocols in the areas of nanoparticle and metal catalyzed homogeneous catalysis are reported. 
1. Introduction
[bookmark: _Ref3961371]In this review we would like to highlight hydrogen isotope exchange (HIE) methods at aliphatic C(sp3)-H carbons which have been explored in the last ten years. Interestingly, there have been many different approaches to how this challenge could be addressed. While pH-dependent and heterogeneous catalyzed HIE reactions  have been known for some time, many new applications and reaction protocols have been recently described in the area of homogeneous catalysis.[endnoteRef:1] As there are already some comprehensive summaries on HIE reactions in general[endnoteRef:2] we would like just to focus on deuterium and tritium introduction into aliphatic positions. Based on the mechanisms recently summarized by Oro et. al.[endnoteRef:3] HIE reactions can either proceed via a bond breaking, bond forming mechanism, as in the case of base or acid catalyzed reactions (scheme 1) which generally require harsher conditions.  Another way is the use of metal catalyzed reactions which use directing groups to generate selectivity in the HIE reactions. As the catalysts decrease the activation barrier in the transition states significantly, the conditions for successful HIE reactions are much milder. Even though the bond strength for C(sp3)-H at around 105 kcal/mol is considerably lower than  aromatic C(sp2)-H at  110.7 kcal/mol, there are surprisingly many more examples in the literature of aromatic C(sp2)-H hydrogen isotope exchange reactions. One of the reasons might be the differing applications in life sciences where isotopically labelled compounds are used.[endnoteRef:4] While for the use as mass spectrometry (MS) standards a higher number (>4) of introduced deuterium atoms into the substrates is mandatory, it is essential for tritium labelled products to be labelled in physiologically or metabolically stable positions. In this case position selective labelling is more important than highly efficient introduction of multiple labels. Due to the high acidity of C(sp3)-H positions, especially at benzylic or heteroatom-neighboring positions, tritium labelling applications, particularly for in vivo experiments, have been applied reluctantly. Due to much more sophisticated HIE protocols reported in the last years, the access to labeled compounds has become much faster, easier and cheaper and has paved the way to more risk taking and to new applications.  [1:  Atzrodt J, Derdau V, Reid M, Kerr WJ. C–H Functionalization for Hydrogen Isotope Exchange. Angew. Chem. Int. Ed. 2018; 57: 3022–3047.]  [2:  (a) Junk T, Catallo WJ. Hydrogen isotope exchange reactions involving C–H (D, T) bonds. Chem. Soc. Rev. 1997; 26: 401−406. (b) Atzrodt J, Derdau V, Fey T, Zimmermann J. The renaissance of H/D exchange. Angew. Chem., Int. Ed. 2007; 46: 7744−7765. (a) Voges R, Heys JR, Moenius T. Preparation of Compounds Labeled with Tritium and Carbon-14. New York: John Wiley and Sons; 2009.]  [3:  Di Giuseppe A, Castarlenas R, Oro LA. Mechanistic considerations on catalytic H/D exchange mediated by organometallic transition metal complexes. Comptes Rendus Chimie. 2015; 18: 713-741.]  [4:  Atzrodt J, Derdau V, Kerr WJ, Reid M. Deuterium- and Tritium- Labelled Compounds: Applications in the Life Sciences. Angew. Chem. Int. Ed. 2018; 57: 1758.] 



Scheme 1: Possible mechanism for HIE on aliphatic C(sp3)-carbons 

2.1 Acid and base catalysed HIE methods 
Acid or base catalyzed HIE methods are in principle the easiest protocols to perform as long there is no issue with stability, solubility or selectivity. Generally deuterium oxide is used both as the deuterium source and solvent and strong deuterated acids such as DCl or D2SO4 (A) or strong inorganic bases like KOtBu, NaOD (B) are added.[2] At temperatures above 100°C generally a very efficient but unselective hydrogen deuterium exchange takes place (scheme 2). Unfortunately these methods are, due to the large excess of label present, not very useful for tritium label introduction. In this case  selective deprotonation with a very strong organometallic base (C), for example n-butyllithium, at a C(sp2)-H or C(sp3)-H position followed by reaction with a deuterium/tritium source as electrophile is much more useful,[4,[endnoteRef:5]] however now superseded by other CH-functionalization approaches.  [5:  Tan EHP, Lloyd-Jones GC, Harvey JN, Lennox AJJ, Mills BM. Reaction Mechanisms [(RCN)2PdCl2]-Catalyzed E/Z Isomerization of Alkenes: A Non-Hydride Binuclear Addition–Elimination Pathway. Angew. Chem. Int. Ed. 2011; 50: 9602–9606.] 































Scheme 2: General overview of state-of-the-art acid/base catalyzed HIE reactions 

A recent submission in this area from Goddard and Gunnoe et al. (1→3; Scheme 3).[[endnoteRef:6]]  described the influence of Lewis acidity, anions, charge, and ligands on the H/D exchange of toluene by transition-metal catalysis and common inorganic salts. The experiments provided insights into activation energy, regioselectivities, kinetics,  isotope and solvent effects and, together with density functional theory (DFT) calculations, supported a proton catalysis mechanism. As a conclusion, highly Lewis acidic metal compounds, such as aluminum(III) triflate, were extraordinarily active in the H/D exchange reactions. While the general target was the explanation of exchange at C(sp2)-carbons in arenes it is worth mentioning that by these methods aliphatic positions were also exchanged significantly.  [6:  Munz D, Webster-Gardiner M, Fu R, Strassner T, Goddard WA, Gunnoe TB. Proton or Metal? The H/D Exchange of Arenes in Acidic Solvents. ACS Catal. 2015; 5: 769-775.] 









Scheme 3. Lewis acid-assisted labeling in acidic media. 

Chen and Yin et. al. demonstrated, by Brønsted acid-catalyzed deuteration at the methyl group of N-heteroarylmethanes, the deuteration of complex molecules like tropicamide 6 or papverine 8 under mild reaction conditions(4→5; Scheme 3).[[endnoteRef:7]] Quinolines, pyridines, benzo[d]thiazoles, indoles and imines were all deuterated at the methyl groups with high (>90%D) deuterium incorporation.  [7:  Liu M, Chen X, Chen T, Yin SF. A facile and general acid-catalyzed deuteration at methyl groups of N-heteroarylmethanes. Org. Biomol. Chem. 2017; 15: 2507.] 






























Scheme 4. Bronsted acid-assisted labeling in benzylic position of heteroarenes 4. 


Kemnitz and Braun et. al. reported  a catalytic method for efficient H/D exchange reactions at aromatic and aliphatic carbons (9→10; Scheme 5).[[endnoteRef:8]] Solid nanoscopic Lewis acids, such as aluminium chlorofluoride, and high-surface area aluminium trifluoride (HS-AlF3) were used as catalysts to synthesize deuterated alkanes at mild to moderate temperatures (40 °C to 110 °C). [8:  Prechtl MHG, Teltewskoi M, Dimitrov A, Kemnitz E, Braun T. Catalytic C-H Bond Activation at Nanoscal Lewis Acidic Aluminium Fluorides: H/D Exchange Reactions at Aromatic and Aliphatic Hydrocarbons. Chem. Eur. J. 2011; 17: 14385–14388.] 






Scheme 5. Aliphatic H/D exchange using high surface area-AlF3. 

Another application of Frustrated Lewis acid/base pairs (FLPs), which has been reported increasingly in the last years, is in the context of hydrogen isotope exchange reactions.[[endnoteRef:9]] Remarkably H/D exchange can be observed in the gas phase.[[endnoteRef:10]] In another example, Marek et. al. reported on a series of ligands/boranes in the reduction of imines,[[endnoteRef:11]] or carbonyl groups (for example, 11→12; Scheme 6).[[endnoteRef:12]] An equivalent HIE reaction applying these reagents on hydrocarbons has yet to be realised.  [9:  Stephan DW, Erker G. Frustrated Lewis Pair Chemistry: Development and Perspectives. Angew. Chem. Int. Ed. 2015; 54: 6400-6441.]  [10:  a) Harhausen M, Froehlich R, Kehr G, Erker G. Reactions of Modified Intermolecular Frustrated P/B Lewis Pairs with Dihydrogen, Ethene, and Carbon Dioxide. Organometallics 2012; 31: 2801-2809. b) Chellappa RS, Autrey T, Somayazulu M, Struzhkin VV, Hemley RJ. High‐Pressure Hydrogen Interactions with Polyaminoborane and Polyiminoborane. ChemPhysChem. 2010; 11: 93-96. c) Jiang C, Blacque O, Fox T, Berke H. Reversible, metal-free hydrogen activation by frustrated Lewis pairs. Dalton Trans. 2011; 4: 1091-1097.]  [11:  Tussing S, Greb L, Tamke S, Schirmer B, Muhle-Goll C, Luy B, Paradies J. Autoinduced Catalysis and Inverse Equilibrium Isotope Effect in the Frustrated Lewis Pair Catalyzed Hydrogenation of Imines. Chem. Eur. J. 2015; 21: 8056-8059.]  [12:  Marek A, Pedersen MHF. Frustrated Lewis pairs-assisted reduction of carbonyl compounds. Tetrahedron. 2015; 71: 917-921.] 



Scheme 6. Frustrated Lewis pairs in HIE reactions of imines and carbonyl derivatives 11 for tritium labelling.


Zhang and Yan et al. reported in 2015 a convenient way to prepare deuterated amines and nitrogen-containing heterocycles (13→14; Scheme 7).[[endnoteRef:13]] They used KOtBu and DMSO-d6 and postulated a free radical deuteration mechanism initiated by deprotonation of DMSO. With this method exceptionally high deuterium incorporations of up to 99%D in the benzylic positions have been observed.  However, in some examples (e.g. 14) exchange was also seen at C(sp2)-carbons.    [13:  Hu Y, Liang L, Wie W, Sun X, Zhang X, Yan M. A convenient synthesis of deuterium labeled amines and nitrogen heterocycles with KOt-Bu/DMSO-d6. Tetrahedron. 2015; 71: 1425-1430.] 




Scheme 7. Base-mediated deuterations of benzylamines. 

The development of HIE reaction methods for amino acids has increased greatly in the last years. One example to deuterate L-alanine 15 was by using a mixture of aldehyde 16 and a chiral base 17 to yield the D-alanine 18 with 67%ee under inversion of stereo information without any use of protecting groups (Scheme 8).[[endnoteRef:14]] When the reaction time was prolonged from 4h to 3 days, the D/L ratio of deuterated alanine changed to 1:1. The decrease of the D/L ratio (5:1 to 1:1) was explained by catalytic racemization of the deuterated D-alanine. Interestingly, if D-alanine was used as starting material the catalytic deuteration was successful with retention of stereochemistry to give deuterated D-alanine only. [14:  Moozeh K, So SM, Chin J. Catalytic Stereoinversion of L-Alanine to Deuterated D-Alanine. Angew. Chem. Int. Ed. 2015; 54: 9381-9385.] 






















Scheme 8. Enantioselective deuteration of amino-acids by inversion of stereo information.

Recently, Szewczuk et. al. studied an unexpected racemization and H/D exchange at the α-C atom of N-spiro proline (5-azoniaspiro[4.4.] nonyl-carbonyl) derivative under basic aqueous conditions (1% water solution of triethylamine). The deuterium atom, substituted to the α-C atom, did not undergo back-exchange under acidic aqueous conditions which makes the deuterated isotopologue a promising stable isotope-coded internal standard for quantitative analysis by mass spectrometry. The deuterium atom was introduced by basic conditions (1% TEA in deuterium oxide).[[endnoteRef:15] ] [15:  Setner B, Wierzbicka M, Jerzykiewicz L, Lisowski M, Szewczuk Z. The unexpected racemization and hydrogen– deuterium exchange of the hydrogen at the α-carbon of proline analogs containing the 5-azoniaspiro[4.4]nonyl-group. Org. Biomol. Chem. 2018; 16: 825–831.] 

In summary there are indeed some very convincing examples for base and acid catalyzed HIE reactions reported in recent times and it is expected that more complex examples will appear in the next years.   
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Scheme 9. State of the art heterogeneous labelling techniques


[bookmark: _Ref5613674]Heterogeneous catalyzed HIE reactions are one of the major methods to synthesize multi-deuterated compounds. While the selectivity between CH/CD exchange on C(sp2)- or C(sp3)-carbons remains a challenge, as most of the protocols utilise elevated temperatures, the reactivity and efficiency of these deuterations are remarkably high. State-of-the-art methods are summarized in scheme 9. Sajiki’s method uses heterogeneous catalysts. e.g. palladium or platinum on charcoal, which are pre-activated by hydrogen gas. The HIE reaction is generally applying deuterium oxide as deuterium source at elevated temperatures >100°C. [[endnoteRef:16]] Another highly explored method is working without any solvents. It is called High temperature Solid state Catalytic Isotope Exchange (HSCIE) and was discovered by Myasoedov some years ago.[[endnoteRef:17]] A recent heterogeneous method is based on the use of nanoparticles as catalysts in HIE reactions. Pieters et al. demonstrated that PVP-coated ruthenium nanoparticles can catalyze HIE reactions of amines and heteroarenes.[[endnoteRef:18]] Examples of these general methods are discussed later in this article in more detail.  [16:  Sajiki H, Aoki F, Esaki H, Maegawa T, Hirota K, Efficient C-H/C-D exchange reaction on the alkyl side chain of aromatic compounds using heterogeneous Pd/C in D2O. Org Lett 2004; 6(9):1485-1487.]  [17:  Zolotarev YA, Dorokhova EM, Nezavibatko VN, Borisov YA, Rosenberg SG, Velikodvorskaia GA, Neumivakin LV, Zverlov VV, Myasoedov NF. The solid-state catalytic synthesis of tritium labeled amino acids, peptides and proteins. Amino Acids 1995; 8(4): 353-365.]  [18:  Pieters G, Taglang C, Bonnefille E, Gutmann T, Puente C, Berthet JC, Dugave C, Chaudret B, Rousseau B. Regioselective and Stereospecific Deuteration of Bioactive AzaCompounds by the Use of Ruthenium Nanoparticles. Angew. Chem., Int. Ed. 2014; 53: 230-234.] 

For example Sajiki et. al. reported of a regioselective deuteration of carbinol carbons by the combination of ruthenium on carbon (Ru/C), activation by hydrogen gas, and deuterium oxide (D2O). The HIE reaction proceeded with high deuterium efficiency and regioselectivity at the position to the hydroxy moiety, with hydrogen exchange of either one deuterium atom for secondary or two deuterium atoms for primary alcohols, respectively (19→20; Scheme 10). They also reported the HIE reaction of 2(S)-hydroxynonane (97%ee) with high deuterium incorporation, but unfortunately nearly complete racemization (1.8%ee).[[endnoteRef:19]] [19:  Maegawa T, Fujiwara Y, Inagaki Y, Monguchi Y, Sajiki H. A Convenient and Effective Method for the Regioselective Deuteration of Alcohols. Adv. Synth. Catal. 2008; 350: 2215-2218.] 




Scheme 10. Heterogeneous Ru-catalyzed α-deuteration of alcohols 19. 

This method was further developed to deuterate various sugars without loss of stereo information.[[endnoteRef:20]] Several pyranosides, such as -D-galactopyranoside, D-(+)-trehalose, 1-deoxy-D-glucopyranoside, -D-ribofuranoside, and D-(+)-saccharose were deuterated at the 2-, 3-, 4-, and 6-positions with deuterium incorporation of up to 100%D. A further improvement was to utilize protected sugars as starting materials. By this modification a site-selective deuteration of the various sugars was achieved in a regio- and stereoselective fashion. After simple work-up nearly quantitative deuterated sugars could be obtained. (21→22; Scheme 11).[[endnoteRef:21]]  [20:  Fujiwara Y, Iwata H, Sawama Y, Monguchi Y, Sajiki H. Method for regio-, chemo- and stereoselective deuterium labeling of sugars based on ruthenium-catalyzed C–H bond activation. Chem. Commun. 2010; 46: 4977-4979.]  [21:  Sawama Y, Yabe Y, Iwata H, Fujiwara Y, Monguchi Y, Sajiki H. Stereo‐ and Regioselective Direct Multi‐Deuterium‐Labeling Methods for Sugars. Chem. Eur. J. 2012; 18: 16436-16442.] 




Scheme 11. Ru-catalyzed deuteration of sugar derivatives. 
Roche et. al. reported a stereo retentive deuteration of amino acids and amines using ruthenium on charcoal under a hydrogen atmosphere and deuterium oxide as deuterium source (23→24; Scheme 12). The process was successfully scaled-up to 10 grams scale and high deuterium incorporations and yields of the deuterated compounds were obtained after simple filtration.[[endnoteRef:22]]  [22:  Michelotti A, Rodrigues F, Roche M. Development and Scale-Up of Stereoretentive α‑Deuteration of Amines. Org. Process Res. Dev. 2017; 21: 1741-1744.] 















Scheme 12. Ru-catalyzed deuteration of amines and amino acids. 


Pieters et. al. reported on the first example of C(sp3)–H activation directed by a sulfur atom and catalyzed by Ru/C (25→26; Scheme 13). They observed a hydrogen isotope exchange reaction with deuterium and tritium on a variety of different thioether molecules  e.g. pergolide or methionine. [[endnoteRef:23]] [23:  Gao L, Perato S, Garcia-Argote S, Taglang C, Martinez-Prieto LM, Chollet C, Buisson DA, Dauvois V, Lesot P, Chaudret B,  Rousseau B, Feuillastre S, Pieters G. Ruthenium-catalyzed hydrogen isotope exchange of C(sp3)–H bonds directed by a sulfur atom. Chem. Commun. 2018; 54: 2986-2989.] 




















Scheme 13. Sulfur-directed Ru-catalyzed HIE reactions. 

Instead of using hydrogen gas as catalyst activation reagent Derdau and Atzrodt et al. developed a method applying NaBD4 in D2O.[[endnoteRef:24]] Sajiki et. al. reported  interesting synergistic effects with bimetallic Pt/Pd/C catalysts and various reducing agents.[[endnoteRef:25]] Depending on the reducing agent, the activity of the in situ prepared active bimetallic catalysts differed. Interestingly, the NaBH4 reduced catalyst showed the highest overall catalytic activity for the deuteration of 1,2,4,5-tetramethylbenzene, and was even superior than the species reduced by H2 alone (27→28, Scheme 14). Furthermore, the substrate 27 gave first hints of selectivity between C(sp2)- and C(sp3)-carbon hydrogen isotope exchange. The highest differentiation was achieved using Pd/C (10% Pd) after hydrogen gas activation with 97:13 in favour of the aromatic position. Nevertheless, the benzylic position C2 could be nearly completely deuterated (94 %D) in addition to the aromatic position C1 (95 %D) applying the Pd/Pt/C mixture activated by NaBH4.  [24:  a) Derdau V, Atzrodt J. C-H/C-D Exchange Reactions of Aromatic Compounds in D2O with NaBD4-Activated Catalysts. Synlett 2006; 1918-1922. b) Derdau V, Atzrodt J, Zimmermann J, Kroll C, Brückner F. Hydrogen-Deuterium Exchange Reactions of Aromatic Compounds and Heterocycles by NaBD4 activated Metal Catalyst. Chem. Eur. J. 2009; 15: 10397-10404.]  [25:  Maegawa T, Ito N, Oono K, Monguchi Y, Sajiki H. Bimetallic Palladium-Platinum-on-Carbon-Catalyzed H-D Exchange Reaction: Synergistic Effect on Multiple Deuterium Incorporation. Synthesis 2009; 2674-2678.] 



Scheme 14. H/D exchange with bimetallic platinum/palladium-on carbon catalysts. 
A further possibility is to modify the activity of a heterogeneous catalyst surface with organic bases. This was studied in hydrogenation reactions of protected ethers or amines some years ago.[[endnoteRef:26]] However, in HIE reactions there are only a few examples reported where this method has been applied, e.g. with the catalyst Pd/C–ethylenediamine complex [Pd/C(en)] only deuterium exchange of 1-benzyloxy-3-phenylpropane at the benzylic positions took place. The benzylic site was deuterated at 50 °C using 5% Pd/C(en) without  hydrogenolysis of the benzyl ether (yield 90%), while in the reactions catalyzed by Pd/C alone, a significant deprotection of the O-benzyl group was observed yielding the benzyl ether in only 36%. Similar results were reported for N6-benzyladenine 29, a plant growth regulator, where instead of debenzylation as in the Pd/C case, a remarkable hydrogen deuterium exchange at the benzylic position was observed (29→30, Scheme 15).[[endnoteRef:27]]   [26:  a) Hattori K, Sajiki H, Hirota K. Pd/C(en)-Catalyzed Chemoselective Hydrogenation with Retention of the N-Cbz Protective Group and its Scope and Limitations. Tetrahedron 2000; 56: 8433-8441. b) Sajiki H, Hattori K, Hirota K. The Formation of a Novel Pd/C−Ethylenediamine Complex Catalyst:  Chemoselective Hydrogenation without Deprotection of the O-Benzyl and N-Cbz Groups. J. Org. Chem. 1998; 63: 7990. c) Sajiki H, Hattori K, Hirota K. Easy and partial hydrogenation of aromatic carbonyls to benzyl alcohols using Pd/C(en)-catalyst. J. Chem Soc., Perkin Trans. 1. 1998; 4043.]  [27:  a) Modutlwa N, Tada H, Sugahara Y, Shiraki K, Hara N, Deyashiki Y, Ando T, Maegawa T, Monguchi Y, Sajiki H. Synthesis of deuterated benzyladenine and its application as a surrogate. Nucleic Acids Symp. Ser. 2009; 53: 105-106. b) Modutlwa N, Tada H, Sugahara Y, Shiraki K, Hara N, Deyashiki Y, Maegawa T, Monguchi Y, Sajiki H. Deuterium-Labeled Benzyladenine: Synthesis and Application as a Surrogate. Heterocycles 2012; 84: 419-429.] 



Scheme 15. Pd/C–ethylenediamine as inactivated catalyst in HIE reaction of N6-benzyladenine



Scheme 16. Pd-catalyzed tritium labeling of human insulin 31. 

While most of the reported heterogeneous catalyzed HIE reactions are performed in solution, Myasoedov et. al. studied metal catalysts with inorganic catalyst carriers in HIE reactions without any solvents at the solid/gas threshold. The so called high-temperature solid-state catalytic isotope exchange (HSCIE) method is based on the action of gaseous deuterium/tritium on a solid, highly dispersed mixture of the substrate and the transition-metal catalyst (mostly on an inorganic carrier e.g. CaCO3, BaSO4, etc.) without any solvent at high temperatures (130-180 °C).[[endnoteRef:28], [endnoteRef:29]] For example the HSCIE method has been successfully applied to label larger peptides, such as insulins, compounds whose radiolabeled syntheses would be very time consuming and troublesome. To have a one-step method in hand is considered a real improvement. Therefore insulin 31 was subjected to HSCIE conditions (5% Pd/BaSO4, 30 kPa T2/H2, 20 min, 120 °C) with a hydrogen–tritium 1:1 atmosphere to obtain  3H-insulin with a specific activity of 40 Ci/mmol (Scheme 16). Digestion of the peptide followed by MS analysis made the percentage of 3H-labeling for each amino acid available. Histidine (46%), arginine (13%), and glycine (5%) were identified as the amino acids with the highest tritium content, however the remaining 36% of the total radioactivity was distributed unselectively within the other amino acids.[[endnoteRef:30]] Recently Zolotarev et. al. (see also the report on HSCIE in this special issue) examined the HSCIE reaction under the action of spillover hydrogen[[endnoteRef:31]] on amino acids from a physical chemistry point of view. The experimentally determined and calculated activation energies for H/T and H/D exchange in the amino acids were very close, with the hydrogen isotopes reacting at virtually the same rate. It was shown that for the solid-state reaction studied, with deuterium and tritium the kinetic isotopic effect was 1.2−1.4, which is several times smaller than the kinetic isotopic effect in hydrogen transfer reactions in the liquid phase. No racemization was observed.[[endnoteRef:32]] Finally it is necessary to state that the applied conditions are generally not able to distinguish between C(sp2)- or C(sp3)-carbon hydrogen exchange.     [28:  Zolotarev YA, Dadayan AK, Borisov YA, Kozik VS. Solid State Isotope Exchange with Spillover Hydrogen in Organic Compounds. Chem. Rev. 2010; 110: 5425-5446.]  [29:  a) Sidorov GV, Myasoedov NF, Lomin SN, Romanov GA. Synthesis of tritium- and deuterium-labeled isopentenyladenine. Radiochemistry 2015; 57: 108-110. b) Shevchenko VP, Nagaev IY, Myasoedov NF. Introduction of deuterium and tritium into 2-methyl-5-(p-methoxyphenyl)benzoic acid N-methylamide and N-methyl-N-(2-methyl-4-methoxy-5-trifluoromethylphenyl)-N′-methylurea. Radiochemistry 2014; 56: 292-295.]  [30:  Zolotarev YA, Dadayan AK, Kozik VS, Gasanov E.V, Nazimov IV, Ziganshin RK, Vaskovsky BV, Murashov AN, Ksenofontov AL, Kharybin ON, Nikolaev EN, Myasoedov NF. Solid phase isotope exchange of deuterium and tritium for hydrogen in human recombinant insulin. Russ. J. Bioorg. Chem. 2014; 40: 26-35.]  [31:  a) Gardes GEE, Pajonk GM, Teichner SJ. Catalytic demonstration of hydrogen spillover from nickel-alumina catalyst to alumina. J. Catal. 1974; 33: 145-148. b) Psofogiannakis GM, Froudakis GE. DFT Study of the Hydrogen Spillover Mechanism on Pt-Doped Graphite. J. Phys. Chem. C 2009; 113: 14908–14915. c) Prins R. Hydrogen Spillover. Facts and Fiction. Chem. Rev. 2012; 112: 2714-2738.]  [32:  Zolotarev YA, Dadayan AK, Borisov YA, Kozik VS, Nazimov IV, Ziganshin RH, Bocharov EV, Chizhov AO, Myasoedov NF. New Development in the Solid-State Isotope Exchange with Spillover Hydrogen in Organic Compounds. J. Phys. Chem. C 2013; 117: 16878-16884.] 



Another cutting edge catalyst application is the use of nanoparticles.[[endnoteRef:33]] These heterogeneous particles are fully dispersed in an aqueous or organic matrix and invisible to the human eye, and could be considered homogeneous, although they are still formally heterogeneous catalysts. Therefore, the critical reaction parameter continues to be the surface of the activated catalyst. Nevertheless, nanoparticles have shown very interesting reactivities and selectivities in a number of HIE reactions. For example, Pieters et al. (see also report in this special issue) reported an efficient H/D exchange in the presence of RuNP@PVP nanoparticles of pyridines, quinolines, indoles, and alkyl amines allowing  selective deuteration α to the nitrogen atom position (32→33; Scheme 17). At stereo genic centres the reaction proceeded under full retention of stereo information.[18] Under the described reaction conditions there was no difference in reported C(sp2)- or C(sp3)-labeling selectivity as long as a stereoscopic proximity to a nitrogen atom was present.      [33:  For review on particles, see: a) Nanoparticles and Catalysis (Volume 1) edited by D. Astruc, Wiley-VCH, 2008, Weinheim. b) The Nano-Micro Interface: Bridging the Micro and Nano Worlds edited by M. Van de Voorde, M. Werner, H.-J. Fecht; Wiley-VCH, 2015, Weinheim. ] 



Scheme 17. Ru-nanoparticle-mediated HIE of amines. 
The same Ru@PVP nanoparticles were applied in the selective deuteration of amino acids and peptides (34→35; Scheme 18).[[endnoteRef:34]] An enantiospecific C–H activation reaction followed by deuterium incorporation at stereo genic centres was demonstrated. Deeper insights into the mechanism of the process suggested that the key intermediate is probably a four membered dimetallacycle which is triggering the selectivity in the HIE reaction for the α-position of the directing heteroatom.  [34:  Taglang C, Martinez-Prieto LM, Del Rosal I, Maron L, Poteau R, Philippot K, Chaudret B, Perato S, Sam Lone A, Puente C, Dugave C, Rousseau B, Pieters G. Enantiospecific C-H Activation Using Ruthenium Nanocatalysts. Angew. Chem., Int. Ed. 2015; 54: 10474-10477.] 



Scheme 18. Ru-nanoparticle-mediated HIE of amino acids and small peptides.

Recently, Jackson et. al. described a HIE reaction catalyzed by electro activated ruthenium particles on an activated carbon cloth (Ru/ACC), that enabled stereo retentive C–H activation at sp3 C–H sites bearing amine or alcohol groups.[[endnoteRef:35]] Generally nanoparticles, on the borderline between homogeneous and heterogeneous catalysts, show unique reactivities or selectivities compared to the already known catalysts applied in HIE reactions. It is, therefore, anticipated that advances in material science or inorganic catalysis will also enrich the armory of HIE reaction methods in the future. For readers interested in the HIE reactions at alkane C-H bonds in hydrocarbons we like to direct you to the recent review of Sattler.[[endnoteRef:36] ] [35:  Bhatia S, Spahlinger G, Boukhumseen N, Boll Q, Li Z, Jackson JE. Stereoretentive H/D Exchange via an Electroactivated Heterogeneous Catalyst at sp3 C–H Sites Bearing Amines or Alcohols. Eur. J. Org. Chem. 2016; 4230–4235.]  [36:  Sattler A. Hydrogen/Deuterium (H/D) Exchange Catalysis in Alkanes. ACS Catal. 2018; 8: 2296–2312.] 




2.4 Homogeneous catalysed methods
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Scheme 19. State of the art homogeneous labelling techniques

[bookmark: _Ref465267159][bookmark: _Ref3296581][bookmark: _Ref3299049]Homogeneous catalysts  generally constitute  a transition metal core and different surrounding organic ligands.  As these can be conveniently manipulated the catalytic properties of the catalyst can be tuned easily. Furthermore, homogeneous catalysis can be performed under very mild, widely applicable reaction conditions. Therefore, parallel to advances in pH-mediated HIE and heterogeneous catalysis, the homogeneous catalysed HIE reaction dominates modern research.[[endnoteRef:37]] Interestingly, mostly iridium and ruthenium catalysts have been studied in HIE reactions in the past. While iridium catalysts have been known for many years to catalyse HIE reactions at aromatic positions, the field of iridium catalysed aliphatic HIE applications stayed a rather orphaned field of research, however now  gaining more and more scientific interest starting in 2017 with MacMillan’s photo redox method.[[endnoteRef:38]]] However, very successful homogeneous catalysed deuteration protocols with ruthenium catalysts have been reported  since 2012.          [37:  a) Lockley WJS, Hesk D. Rhodium‐ and ruthenium‐catalysed hydrogen isotope exchange. J. Label. Compd. Radiopharm. 2010; 53: 704-715. b) Nilsson GN, Kerr WJ. The development and use of novel iridium complexes as catalysts for ortho‐directed hydrogen isotope exchange reactions. J. Label. Compd. Radiopharm. 2010; 53: 662-667. c) Allen PH, Hickey MJ, Kingston LP, Wilkinson DJ. Metal‐catalysed isotopic exchange labelling: 30 years of experience in pharmaceutical R&D. J. Label. Compd. Radiopharm. 2010; 53: 731-738. d) Lockley WJS. Hydrogen isotope labelling using iridium(I) dionates. J. Label. Compd. Radiopharm. 2010; 53: 668-673. e) Heys JR. Organoiridium complexes for hydrogen isotope exchange Labeling. J. Label. Compd. Radiopharm. 2007; 50: 770-778. f) Hesk D, McNamara P. Synthesis of isotopically labelled compounds at ScheringPlough, an historical perspective. J. Label. Compd. Radiopharm. 2007; 50: 875-887.]  [38:  Loh YY, Nagao K, Hoover AJ, Hesk D, Rivera NR, Coletti SL, Davies IW, MacMillan DWC. Photoredox-catalyzed deuteration and tritiation of pharmaceutical compounds. Science 2017; 358: 1182-1187.] 



2.4.1 Ruthenium
Beller et. al. were able to exploit the bimetal containing Shvo catalyst,[[endnoteRef:39]] 36, in the α,β-deuteration of complex tertiary amines (39→40; Scheme 20).[[endnoteRef:40]] Above 120°C the Shvo catalyst dimer breaks down into two distinct, catalytically active monomers: one the dehydrogenated form 37, and the other the hydrogenated form 38. It was proposed that both species are involved in the catalytic cycle of the reaction of 39 to 40 using deuterated iso-propanol (IPA-d8) as the isotope source. This method was applied to several different drug molecules, including lidocaine and metoclopramide. [39:  Conley BL, Pennington-Boggio MK, Boz E, Williams TJ. Discovery, Applications, and Catalytic Mechanisms of Shvo’s Catalyst. Chem. Rev. 2010; 110: 2294-2312.]  [40:  Neubert L, Michalik D, Bähn S, Imm S, Neumann H, Atzrodt J, Derdau V, Holla W, Beller M. Ruthenium-Catalyzed Selective α,β-Deuteration of Bioactive Amines. J. Am. Chem. Soc. 2012; 134: 12239-12244.] 





Scheme 20. Ru-catalyzed α,β-deuteration of biologically-relevant amines. 

Gunanathan et. al. reported in 2016  a ruthenium-catalysed (42) α-selective deuteration of amines, using D2O as the isotope source under basic conditions.[[endnoteRef:41]] They postulated that the HIE reaction proceeds via an amine N–H activation and amide-ligated ruthenium deuteride intermediates (41→43; Scheme 21).  [41:  Chatterjee B, Krishnakumar V, Gunanathan C. Selective α-Deuteration of Amines and Amino Acids Using D2O . Org. Lett. 2016; 18: 5892-5895.] 






Scheme 21. Ru-catalyzed α-selective labeling of amines. 
With a more rigid catalyst ligand system Szymczak and Hale demonstrated the selective deuteration of α-chiral amines with complete retention of stereo information (44→45; Scheme 22).[[endnoteRef:42]] They applied electron-deficient Ru(II) catalysts (such as 46) generating strong substrate-catalyst complexes and observed a kinetically fast hydrogen isotope exchange, which circumvents racemization by dissociation of planar imine intermediates.   [42:  Hale LVA, Szymczak NK. Stereoretentive Deuteration of α-Chiral Amines with D2O. J. Am. Chem. Soc. 2016; 138: 13489-13492.] 




Scheme 22.  Regioselective and stereo retentive deuteration of α-chiral amines. 
Schnürch et. al. reported in 2012 the regioselective deuteration of N-heterocycles using the Ru3(CO)12 and tBuOD as the deuterium source (47→48, scheme 23).[[endnoteRef:43]] In some substrates deuteration occurred at aromatic and benzylic positions ,postulated to react via a nitrogen coordination directed intermediate 49, favoring the C(sp3)-carbon for H/D exchange when both were available.  [43:  Gröll B, Schnürch M, Mihovilovic MD. Selective Ru(0)-Catalyzed Deuteration of Electron-Rich and Electron-Poor Nitrogen-Containing Heterocycles. J. Org. Chem. 2012; 77: 4432-4437.] 



Scheme 23. Ru-catalyzed directed HIE with N-heterocycles. 
In addition to  amines ruthenium catalysts have been explored by Lin and Jia et. al. for the regioselective labeling of aliphatic alcohols. They reported the β- and α,β-labeling of alcohols with D2O applying two complementary pre-catalysts 51 and 53 (Scheme 24).[[endnoteRef:44]] With the help of calculations it was postulated that pre-catalyst 53 produced hydride intermediates that exchange with D2O more readily than with 51. As a result with catalyst 51 only labelling at the α-position to give 52 was observed. Conversely, β-labeling to give 52 and 54 was facilitated by enolisation of aldehyde intermediates with catalyst 53. [44:  Bai W, Lee KH, Tse SKS, Chan KW, Lin Z, Jia G. Ruthenium-Catalyzed Deuteration of Alcohols with Deuterium Oxide. Organometallics 2015; 34: 3686-3698.] 




Scheme 24. Complementary labeling strategies for aliphatic alcohols.  
2.4.2 Iridium
[bookmark: _Ref485018320][bookmark: _Ref465320063]As outlined before among all the transition metals applied in homogeneous HIE reactions, iridium is one of the most widely studied in ortho-directed aromatic HIE reactions[[endnoteRef:45]]. This has arisen mainly because of their wide use in hydrogenation chemistry.[[endnoteRef:46]] In the area of Ir-catalysed HIE, several catalysts (55 – 58) were used extensively in the period up to 2007, using D2 or T2 as the main isotope source (Scheme 25), the commercial available Crabtree’s catalyst 57 most prominently.  Although these catalysts remain in use,[[endnoteRef:47]] focus has been moved to improved catalytic systems which allow a broader application with fewer side reactions and higher deuterium or tritium introduction efficiency (59-62)  [45:  a) Isin EM, Elmore CS, Nilsson GN, Thompson RA, Weidolf L. Use of Radiolabeled Compounds in Drug Metabolism and Pharmacokinetic Studies. Chem. Res. Toxicol. 2012; 25: 532-542. b) Herbert JM. Deuterium exchange promoted by iridium complexes formed in situ. J. Label. Compd. Radiopharm. 2010; 53: 658-661. c) Salter R. The development and use of iridium(I) phosphine systems for ortho‐directed hydrogen‐isotope exchange. J. Label. Compd. Radiopharm. 2010; 53: 645-657.]  [46:  Perry M, Burgess K. Chiral N-heterocyclic carbene-transition metal complexes in asymmetric catalysis. Tetrahedron Asymm. 2003; 14: 951-961. b) Crabtree RH. Iridium compounds in catalysis. Acc. Chem. Res. 1979; 12: 331-337. c) Verendel J, Pàmies O, Diéguez M, Andersson PG. Asymmetric Hydrogenation of Olefins Using Chiral Crabtree-type Catalysts: Scope and Limitations. Chem. Rev. 2014; 114: 2130-2169.]  [47:  a) Simonsson R, Stenhagen G, Ericsson C, Elmore CS. Synthesis of ximelagatran, melagatran, hydroxymelagatran, and ethylmelagatran in H‐3 labeled form. J. Label. Compd. Radiopharm. 2013; 56: 334-337. b) Heys JR, Elmore CS. Meta‐substituent effects on organoiridium‐catalyzed ortho‐hydrogen isotope exchange. J. Label. Compd. Radiopharm. 2009; 52: 189-200. c) Bushby N, Killick DA, Hydrogen isotope exchange at alkyl positions using Crabtree's catalyst and its application to the tritiation of methapyrilene. J. Label. Compd. Radiopharm. 2007; 50: 519-520.] 



Scheme 25. Overview of Ir(I) -HIE precatalysts 
In studies of ortho directed aromatic tritium exchange, C(sp3)- carbon hydrogen isotopic labelling side reactions have been observed on rare occasions over the last 30 years.[4,38] Surprisingly no detailed studies of this phenomenon have been reported which makes following each piece of this puzzle in the literature very difficult. This is even more remarkable as in the area of CH functionalization (scheme 26) many CH-activation processes at aliphatic C(sp3)- or C(sp2)-carbons with C-C or C-X bond formation have been described recently.[[endnoteRef:48]]   [48:  a) Gandeepan P, Müller T, Zell D, Cera G, Warratz S, Ackermann L. 3d Transition Metals for C–H Activation. Chem. Rev. 2019; 119: 2192-2452. b) Abrams DJ, Provencher PA, Sorensen EJ. Recent applications of C–H functionalization in complex natural product synthesis. Chem. Soc. Rev. 2018; 47: 8925-8967. c) Basu D, Kumar S, Sudhir S, Bandichhor R. Transition metal catalyzed C-H activation for the synthesis of medicinally relevant molecules. J. Chem. Sci. 2018; 130: 71. d) Revathi L, Ravindar L, Fang WY, Rakesh KP, Qin HL. Visible Light‐Induced C−H Bond Functionalization: A Critical Review. Adv.Synth.Catal. 2018; 360: 4652–4698. e) Pototschnig G, Maulide N, Schnuerch M. Direct Functionalization of C-H Bonds by Iron, Nickel, and Cobalt Catalysis. Chem. Eur. J. 2017; 23: 9206–9232.] 


[image: ]
Scheme 26. Overview of CH-activation and followed CH-functionalization (C-X bond formation or HIE).  
In 2017 MacMillan reported the first example of direct installation of tritium at -amino C(sp3)-H bonds (63→64, scheme 27) utilizing a photo redox-mediated (catalyst 65) hydrogen atom transfer (HAT) protocol with D2O/T2O as isotope source.[39] While the underlying mechanism is complex due to the photochemical activation and the following redox process the observed exchange regioselectivities and deuterium/tritium values were remarkably high. However, a more preferred tritium source is tritium gas as it is both less toxic than T2O, routinely handled with modern manifold systems and higher specific activities can be more easily achieved.[[endnoteRef:49]]  [49:  Yang H, Dormer PG, Rivera NR, Hoover AJ. Palladium(II)-Mediated C-H Tritiation of Complex Pharmaceuticals. Angew. Chem. Int. Ed. 2018; 57: 1883-1887.] 

 


Scheme 27. Photo redox-mediated hydrogen isotope exchange with D2O/T2O 

Derdau and Atzrodt et. al. described for the first time a highly selective homogeneous iridium-catalyzed hydrogen isotope exchange (HIE) of unactivated C(sp3)-centres in aliphatic amides. They used the commercially available Kerr-catalyst 59 to introduce deuterium selectively into several antibody-drug-conjugate (ADC) linker side chains (67→68, scheme 28). The method was further fully translatable to the specific requirements of tritium chemistry and its effectiveness was demonstrated by direct tritium labelling of a maytansinoid. The scope of the method was extended to simple amino acids 69→70, with high HIE activity observed for glycine and alanine. In di- and tripeptides a very interesting protecting group-dependent tunable selectivity was observed.[[endnoteRef:50] [50:  Valero M, Weck R, Güssregen S, Atzrodt J, Derdau V. Highly Selective Directed Iridium-Catalyzed Hydrogen Isotope Exchange Reactions of Aliphatic Amides. Angew. Chem. Int. Ed. 2018; 57: 8159–8163.] 



Scheme 28. Highly selective iridium-catalyzed hydrogen isotope exchange (HIE) of unactivated C(sp3)-centres in aliphatic amides

Kerr et. al. described recently the HIE at aliphatic C(sp3)-H bonds directed by several heterocyclic aromatics (71→72, scheme 29) under mild reaction conditions.[endnoteRef:51] In a high number of examples they succeeded to introduce deuterium selectively in the aliphatic positions of morpholines, piperazines, piperidines, azepine, pyrrolidine and azetidine in up to 99 %D. Finally, they demonstrated by labelling of the drugs mirtazapine, azaperone and caffeine the high applicability of this method to more complex molecules.   [51:  Kerr WJ, Mudd RJ, Reid M, Atzrodt J, Derdau V. Iridium-Catalyzed Csp3−H Activation for Mild and Selective Hydrogen Isotope Exchange. ACS Catal. 2018; 8: 10895−10900.] 



















Scheme 29. HIE at aliphatic C(sp3)-H bonds directed by several heterocyclic aromatics

In summary these results clearly demonstrate the potential of aliphatic C(sp3)-H  HIE labelling with homogeneous catalysts and that further progress and applications are to be expected in the near future. 



2.4.3 Others
















Scheme 30. Cobalt-catalyzed stereo retentive HIE of arylarenes in the aliphatic position
Chirik et. al. reported in 2017 the cobalt-catalysed (75), stereo retentive HIE of arylarenes in the aliphatic position (73→74, scheme 30).[[endnoteRef:52]] In various alkyl-substituted benzenes they demonstrated the mainly selective deuteration in the benzylic position with up to 93 %D. In three examples this reaction was proven to be stereoselective. However, the reaction was carried out in heptane or dodecane at 50°C which limits the substrate scope of this method due to the solubility issue. Nevertheless it seems possible to apply this method easily to tritium chemistry as deuterium gas (D2) was used.    [52:  Palmer WN, Chirik PJ. Cobalt-Catalyzed Stereoretentive Hydrogen Isotope Exchange of C(sp3)–H Bonds. ACS Catal. 2017; 7: 5674–5678.] 




Scheme 31. Palladium-catalysed, auxiliary-supported, selective H/D exchange reaction applying 8-aminoquinoline as the directing group and D2O as deuterium source

In 2018 Yu et. al. developed a palladium-catalysed, auxiliary-supported, selective H/D exchange reaction applying 8-aminoquinoline as the directing group and D2O as deuterium source (76→77, scheme 31). A reaction mechanism was postulated according to similar CH-functionalization references [[endnoteRef:53],[endnoteRef:54]] involving C-X or C-C formation via a palladium amide or cyclometallation intermediate 78. Some ortho-deuterated benzoic acids and β-deuterated valproic acid were obtained on gram scale following  removal of the directing group Q.[[endnoteRef:55] ]  [53:  a) Parella R, Babu SA. J. Org. Chem. 2015; 80: 12379–12396. b) Cheng X, Chen Z, Gao Y, Xue F, Jiang C. Aminoquinoline-assisted vinylic C–H arylation of unsubstituted acrylamide for the selective synthesis of Z olefins. Org. Biomol. Chem. 2016; 14: 3298–3306. c) Padmavathi R, Sankar R, Gopalakrishnan B, Parella R, Babu SA. Pd(OAc)2/AgOAc Catalytic System Based Bidentate Ligand Directed Regiocontrolled C–H Arylation and Alkylation of the C‐3 Position of Thiophene‐ and Furan‐2‐carboxamides. Eur. J. Org. Chem. 2015; 3727–3742. d) Bisht N, Babu SA. Synthesis of ortho-arylated/benzylated arylacetamide derivatives: Pd(OAc)2-catalyzed bidentate ligand-aided arylation and benzylation of the γ-CH bond of arylacetamides. Tetrahedron. 2016; 72: 5886–5897.]  [54:  For a review on directing groups in CH-functionalization, see: Sambiagio C, Schönbauer D, Blieck R, Huy TD, Pototschnig G, Schaaf P, Wiesinger T, Zia MF, Wencel-Delord J, Besset T, Maes BUW, Schnürch M. A comprehensive overview of directing groups applied in metal-catalysed C–H functionalisation chemistry. Chem. Soc. Rev. 2018; 47: 6603-6743.]  [55:  Zhao D, Luo H, Chen B, Chen W, Zhang G, Yu Y. Palladium-Catalyzed H/D Exchange Reaction with 8-Aminoquinoline as the Directing Group: Access to ortho-Selective Deuterated Aromatic Acids and β-Selective Deuterated Aliphatic Acids. J. Org. Chem. 2018; 83: 7860-7866.] 






Scheme 32. Selective deuteration of alcohols at α or α, β positions applying inexpensive earth abundant iron or manganese based pincer complexes

In another example Prakash et al. reported recently a selective deuteration of alcohols at α or α, β positions applying inexpensive earth abundant iron or manganese based pincer complexes 81 as catalysts and D2O as the deuterium source (79→80, scheme 32).[[endnoteRef:56]] The reaction selectivity depends upon  the used metal (Mn or Fe). With manganese a high degree of deuterium incorporation was observed selectively either at the α and β position or by applying iron exclusively at the α position of primary alcohols. It was predicted that probably a metal–deuteroxide species are involved in the catalytic cycle.  [56:  Kar S, Goeppert A, Sen R, Kothandaraman J, Surya Prakash, G. K. Regioselective deuteration of alcohols in D2O catalysed by homogeneous manganese and iron pincer complexes. Green Chem. 2018; 20: 2706-2710.
] 





4. Conclusion
Due to the high significance of hydrogen isotopes in modern biological, chemical and ecological sciences, the development of HIE reaction methods remains highly relevant and urgent. Besides, especially the use of tritium in the life sciences and the pressure in industry in general to become more efficient, cost-saving, fast and flexible is adding further to the importance of HIE method development. The wide range of applications and the high number of different modalities e.g. polymers, gels, biologicals, small molecules, etc., involving hydrogen isotopes makes their introduction an important and continuing challenge to synthetic chemists. 
As outlined in this review, the further development of catalyst activity and selectivity beyond the established array of C(sp2)-functionalization methods towards the more challenging goal of successful C(sp3)-H labeling is giving hope for the discovery of more general labelling methods in the future. Importantly, as the growing need to develop HIE methods to synthesize mass spectrometry (MS) stable isotopically labelled (SIL) standards with a higher number of deuteriums than in the past, with a minimum of remaining unlabeled starting material (< 0.1%), remains an unaccomplished chemical challenge, we expect that C(sp3)-labelling method development will become more urgent. 
We hope that this review will provide a strong starting point for the development of novel C(sp3)-labelling HIE reaction methods and that the content will prove useful to chemists and isotope scientists alike.
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	This review gives an overview of of aliphatic C(sp3)-H carbon hydrogen isotope exchange (HIE) methods developed in the last ten years. In particular, new highly selective and reactive protocols in the areas of nanoparticle and metal catalyzed homogeneous catalysis are reported.
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