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Superacid-Mediated Late-Stage Aromatic Polydeuteration of Pharmaceuticals

The field of medicinal chemistry is currently witnessing a deuterium rush owing to the remarkable properties of this element as bioisoster of hydrogen atom. Aromatic hydrogen isotope exchange (HIE) is one of the most studied strategies nowadays as it promises to access deuterium-modified drugs directly from their non-labeled parents. While most of the recent studies focus on metal-catalyzed C-H activation strategy, the use of superacidic conditions has been largely overlooked. Here, we show that the use of TfOD as reaction medium allows the late-stage polydeuteration of a broad library of pharmaceuticals bearing a wide array of functional groups, complementing existing procedures.

Introduction

The applications of deuterium-labeled compounds in the pharmaceutical industry have been growing considerably over the last decades, [1] especially for their use as stable isotopicallylabeled standards for mass spectrometry analyses of biological samples in toxicological and metabolism studies. [1c,2] Deuteriummodified drugs also beneficiates from the greater stability of the C-D bond (in particular towards oxidative process) usually improving their pharmacokinetics while retaining biochemical potency and selectivity. [1a,b] Deuterium isosteric replacement can also have a favorable effect on the reduction of toxicity or on the stereoisomeric stability of pharmaceuticals. [1a] Since 2017 and the first FDA approval of a D-containing drug (deutetrabenazine), [1d] deuterium is thus expected to play a major role in the emergence of new drug candidates. [1a] For all these reasons, the development of new methods to directly insert deuterium atoms into organic molecules with high D-incorporation has recently received a considerable attention. [3] Amongst them, aromatic hydrogen isotope exchange (HIE) has been particularly investigated owing to the remarkable progress made in the field of metal-catalyzed C(sp 2 )-H activation over the last two decades. [3a,3j,3l] Selective deuteration can be achieved in high yields by using temporary or native directing groups (DGs) but these methods usually fail to incorporate deuterium atoms at distal positions of the DGs and are of limited interest for the preparation of labeled standards with high overall D-content. [START_REF] Hesk | For representative examples of directing-group oriented aromatic H/D exchange including pharmaceuticals[END_REF] Heterogeneous transition metal catalysis allows multisite H/D exchange without the requirement of a dedicated DG but such approaches usually necessitate the use of harsh reaction conditions which might hamper their application for the labeling of fragile polyfunctionalized molecules. [3j,5] Only recently has the multisite aromatic HIE under heterogeneous [5h,i] or homogeneous [6] catalysis been successfully shown as a general method for the labeling of pharmaceuticals. Methods using hydrogen isotop gas are particularly well-suited to mediate late-stage tritiation, affording high specific activities with good radiochemical yields, although the overall rate of HIE remains highly substrate-dependent. [6a-c] On the other hand, the use of iron or manganese nanoparticles with D2O under hydrogen pressure allows for the labeling of electron-rich (hetero)arenes with substantially higher degree of deuteration (Figure 1A). [5h,i] Multisite homogeneous Pd-catalyzed H/D exchange was also successfully achieved via the design of dedicated amide ligands but this method can suffer from low deuterium incorporation at sterically hindered positions or from catalyst poisoning by nitrogen-containing substrates (Figure 1B). The main alternative to these C(sp 2 )-H activation methods mostly rely on acid-mediated SEAr-type H/D exchange which benefits notably from low sensitivity to steric factors and ease of setup. [START_REF] Köves | For representative examples of acid-mediated aromatic H/D exchange[END_REF] However, this approach is mainly restricted to the deuteration of electron-rich positions and is poorly efficient for the labeling of substrates containing several basic functional groups [7h] (Figures 1C-D). In addition, when deuterated aqueous solutions of mineral acids are used, unwanted hydrolysis of functional groups can occur which could limit their applications for the labeling of elaborated compounds. Our group has recently demonstrated that anhydrous superacids [START_REF] Olah | Superacid Chemistry[END_REF] can be used to characterize longlived polycationic species derived from polyfunctionalized substrates [START_REF] Martin | [END_REF] and to directly functionalize complex natural alkaloids and steroids, [10] benefiting from the protection of the functional groups by protonation [11] and from the spectator role of the weakly-basic counter-anions. A superacid is conventionally defined as being more acidic than pure sulfuric acid, [START_REF] Olah | Superacid Chemistry[END_REF] which can be quantified by using the Hammett acidity function H0. [12] A more practical definition could be its ability to fully protonate low-basic arenes such as toluene, the acidity of toluenium ions lying at the edge of the superacidity border (H0 = -12) (Figure 2). [13] This implies that deuterated superacids should act as powerful reagents for aromatic H/D exchange and should be compatible with a broad range of substrate. Very recently, the group of Oestreich has reported a method for aromatic H/D exchange using a superelectrophilic silylium ion catalyst with success on aryl halides. [14] On the other hand, the use of superacidic media to promote aromatic deuteration is very scarce in the literature and only a handful of substrates were polydeuterated with neat TfOD. [7j,7l] Herein, we describe the first general study on superacid-mediated polydeuteration of arenes including a broad range of relevant natural compounds and pharmaceuticals, showing the efficiency of superacid-promoted late-stage reactions on classically recalcitrant deactivated aromatic compounds.

Results and Discussion

Aromatic amines being ubiquitous in medicinal chemistry, N,3dimethylacetanilide 1 which displays four aromatic protons with different steric and electronic environment was selected as a model substrate to evaluate our hypothesis (Table 1). With aqueous deuterium chloride solution or deuterated trifluoroacetic acid, no significant deuterium incorporation was observed after 20 hours of reaction at room temperature (Table 1, entries 1-2). While only traces of deuterium was detected in the product using a 74% aqueous solution of D2SO4, carrying out the reaction with concentrated D2SO4 allows to obtain 1-d with a moderate degree of deuteration (Table 1, entries 3-4). The poorly nucleophilic position 5 remained however unreactive under these conditions. Switching to deuterated trifluoromethanesulfonic acid (TfOD), compound 1-d was isolated with a good deuterium incorporation (Table 1, entry 5). More importantly, 12% deuteration was observed in position 5 demonstrating the superior activity of TfOD in promoting H/D exchange of unactivated C-H bonds. While the use of stoichiometric amount of main group or transition metal Lewis acids along with TfOD did not prove beneficial to the conversion, [15] raising the temperature to 80 °C eventually led to the isolation of 1-d in 86% yield with a good overall D content in all aromatic positions and higher temperature had no major effect on the outcome of the reaction (Table 1, entries 7 and8).

Table 1. Preliminary studies on acid-mediated C-H deuteration of N,3dimethylacetanilide 1.

Entry

Acid-d (H0) T (°C) Yield (%) [a] D content (%) [b] Total D content [c] 2 4 5 6

1 DCl 20% (-2.
2) [d] ) [e] 120 83 85 86 86 84 3.4

[a] Yield of the isolated product. We next moved to the study of the scope and limitations of this superacid-mediated aromatic H/D exchange starting with the screening of model arenes exhibiting scaffolds frequently encountered in drugs (Figure 3, top). [16] We first focused on aromatic amines owing to the lack of general and efficient methods for their labeling despite their importance in pharmacochemistry. [4ac,5h-i,6c,7h,17] Following the optimized procedure, aniline 1-d was obtained with 91% deuterium incorporation in all four exchangeable positions after three runs in TfOD at 80 °C. Under similar conditions, acetanilide 2 and aniline 3 were efficiently converted to their deuterated analogues 2-d and 3-d, demonstrating the applicability of the method to free anilines. Tetrahydroquinolines and tetrahydroisoquinolines 4-7 were also smoothly polydeuterated, competing nicely with the most recent procedure employing heterogeneous catalysis, [5h-i] although greater yields and D-incorporation were obtained when the amine was protected with an acetyl group. This might be explained by the in-situ formation of a strongly electron-withdrawing ammonium moiety from the free amine which decreases the nucleophilicity of the aromatic ring. 

number of iterations indicated in parenthesis). The %D incorporation (in brackets) on each position was estimated by 1 H-NMR analysis and the overall D incorporation was determined by HRMS analysis of the pure product. # Indistinguishable by 1 H-NMR: the %D incorporation is an average value of the marked positions. Reaction conditions: neat TfOD (12 equiv. per aromatic C-H bond), a 20 °C, 20 h; b 80 °C, 20 h; c 80 °C, 40 h; d -20 °C, 20 h.

Free carbazole 8-d and tetrahydrocarbazole 9-d could nevertheless be obtained with high overall D-incorporation, also with deuteration in activated aliphatic position for the latter. Oxindole 10 and benzylamide 11 were deuterated evenly on every aromatic positions with high efficiency. This method also tolerates the presence of heteroaromatic pharmacophores as exemplified by the partial deuteration of compounds 12-14. Phenylpyridine 14-d illustrates well the complementarity of this method to recent C-H activation procedures which are more selective of the pyridyl moiety. [6b,6c] Nitrogen-free aromatic drug precursors also readily undergo H/D exchange with TfOD as shown by the isolation of acetonaphthone 15-d, chalcone 16-d and flavone 17-d with very high overall D-content. For the latter two compounds, it is worth noting that the challenging α,βunsaturated ketone function was also deuterated in each case, highlighting the potency of this superacid-mediated procedure. We next moved to the evaluation of our method for the late-stage polydeuteration of bioactive molecules including synthetic drugs and natural products (Figure 3, bottom). As expected, anilides 18-21 were converted to their deuterated analogues with good to excellent efficiency. The common indole residue [16] found at the core structure of tryptamine 22, melatonine 23, tryptophane 24, indometacine 25 and vinca alkaloids 26-28 was labeled on every free aromatic positions unless it was substituted by a methoxy group on C5 as in 23 and 25 for which the inactivated C7-H bond remained untouched. These results are yet in striking contrast to those obtained from recent C-H activation procedures on similar substrates which hardly allow to exchange more than two aromatic C-H bonds. [5h,6c] Interestingly, in the case of tryptamine derivatives 22-24, the indolylic protons were also substituted by deuterons suggesting that the C3-carbocation generated upon C2-protonation is in equilibrium with the formation of an exocyclic double bond under these conditions. The lower rate of HIE for melatonine 23 is a result of the softer conditions used in this case, extensive degradation being observed at higher temperature. Also, the 80% methylenic deuteration obtained for vincamine 28d indicates that the hemiaminal function most likely undergoes dehydration under these acidic conditions, resulting in an iminium/enamine equilibrium which converts back to vincamine upon aqueous work-up. Interestingly, indapamide 29 which displays a sensitive hydrazide function was well tolerated under these conditions affording analogue 29-d. This method can also be applied to a broad range of heteroaromatic-containing active ingredients as illustrated by the isolation of celecoxib 30-d, zolpidem 31-d, thienothiazine 32-d, [START_REF]Thienothiazine 32 is a selective hCAXII enzyme inhibitor (unpublished results from our group). For its synthesis[END_REF] olanzapine 33-d, dasatinib 34-d, rivaroxaban 35-d and papaverine 36-d. To complete the scope of this study, a selection of bioactive molecules composed of electron-rich arenes were subjected to this superacid-mediated H/D exchange including estrone 37, dextromethorphan 38, ibuprofen and flurbiprofen derivatives 39-40, trimebutine 41 and amino acid derivatives 42-43. They all tolerated the superacidic conditions and yielded the corresponding deuterated analogues with moderate to good overall D-content even at low temperature. Unexpectedly, the benzylamine subunit of trimebutine 41 did not undergo H/D exchange but this might be explained by the low temperature necessary to avoid degradation of the molecule and by the in situ formation of an ammonium at proximity of the phenyl moiety disfavoring the generation of a cationic charge within the benzene ring. This scope study demonstrates the large functional group compatibility of this procedure despite the superacidic nature of TfOD. Moreover, this method is technically very simple as it is solvent, catalyst and additive free.

An eventual limitation could be that TfODwhose commercial availability varies over timeis a relatively expensive source of deuterium that would hamper its applicability on larger scale. [3a] To address this issue, we designed an alternative procedure [19] to prepare in situ TfOD directly from D2O, one of the cheapest and most convenient sources of deuterium. After reacting an equimolar mixture of D2O and triflic anhydride for three hours at 80 °C, the reaction was conducted as before. This new procedure was evaluated on a selection of eight molecules requiring various reaction temperatures for efficient labeling and afforded the corresponding labeled molecules with consistent degrees of deuteration (Figure 4). In particular, this one-pot protocol could be applied to the gram-scale labeling of vinburnine to furnish 0.82 g of 27-d using only 1.5 mL of D2O. 

Conclusion

In summary, previously used with great success in organic synthesis, superacid activation has been underestimated as an efficient tool to perform late-stage H/D exchange on elaborated compounds. This strategy allows to insert deuterium atoms in positions that are hard to reach by other strategies. This easy-tosetup procedure could be considered as a useful method for the preparation of high D-content bioactive compounds. From a more fundamental perspective, we believe that this study will pave the way for the emergence of new superacid-oriented strategies for late-stage functionalization in the growing field of superacid catalysis. [20,21] Experimental Section TfOD-mediated aromatic polydeuteration (Figure 3): the arene 1-43 (1 equiv.) was added to TfOD (12 equiv. per aromatic C-H bond) at 0 °C (unless stated otherwise, see SI) in an Ace pressure tube. The tube was sealed with a Teflon screw cap and the resulting mixture was then stirred at the appropriate temperature for the indicated time. The mixture was then hydrolyzed on ice and neutralized with a saturated aq. solution of Na2CO3. The aqueous phase was extracted thrice with DCM or EtOAc. The combined organic layers were dried over MgSO4, filtrated and concentrated under reduced pressure. The crude residue was purified by flash column chromatography.

Aromatic polydeuteration using in situ prepared TfOD (Figure 4): D2O (6 equiv. per aromatic C-H bond) was added to Tf2O (6 equiv. per aromatic C-H bond) at 0 °C under argon in an Ace pressure tube. The resulting mixture was stirred at 80 °C for 3 h. The arene was added at 0 °C (unless stated otherwise, see SI). The resulting mixture was then stirred at the appropriate temperature for the indicated time. The mixture was then hydrolyzed on ice and neutralized with a saturated aq. solution of Na2CO3. The aqueous phase was extracted thrice with DCM or EtOAc. The combined organic layers were dried over MgSO4, filtrated and concentrated under reduced pressure. The crude residue was purified by flash column chromatography.
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 1 Figure 1. Representative examples of the different strategies recently used for the multisite H/D exchange of arenes.
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 2 Figure 2. Relative acidities of protonated arenes on the Hammett acidity scale.

  [b] Estimated by 1 H-NMR analysis.[c] Determined by HRMS analysis of the pure product.[d] From ref. 12b. [e] From ref. 12c. [f] From ref. 12d.

Figure 3 .

 3 Figure 3. Scope of the superacid-mediated polydeuteration of arenes. Isolated yields. * Successive runs were performed: the yield correspond to the overall yield (number of iterations indicated in parenthesis). The %D incorporation (in brackets) on each position was estimated by 1 H-NMR analysis and the overall D incorporation was determined by HRMS analysis of the pure product. # Indistinguishable by 1 H-NMR: the %D incorporation is an average value of the marked positions. Reaction conditions: neat TfOD (12 equiv. per aromatic C-H bond), a20 °C, 20 h; b 80 °C, 20 h; c 80 °C, 40 h; d -20 °C, 20 h. 

Figure 4 .

 4 Figure 4. Scope of deuterated arenes using in situ prepared TfOD. The %D incorporation (in brackets) on each position was estimated by 1 H-NMR analysis and the overall D incorporation was determined by HRMS analysis of the pure product. # Indistinguishable by 1 H-NMR: the %D incorporation is an average value of the marked positions. Reaction conditions: Tf2O:D2O 1:1 (12 equiv.TfOD per aromatic C-H bond), 80 °C, 3 h followed by addition of substrate and then a 20 °C,20 h; b 80 °C, 20 h; c 80 °C, 40 h; d -20 °C, 20 h. 
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The simpler the better: while most of the recent studies on late-stage aromatic polydeuteration focus on the design of metal-catalyzed C-H activation procedures, we developed an easy-to-setup and broadly applicable method based on the use of superacidic TfOD that opens new perspectives for the preparation of deuterated drugs.