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Introduction

Oxamic acids such as 1 are attractive precursors to access urethanes via isocyanates (Scheme 1a), [1] and for the synthesis of heteroaromatic amides through the Minisci reaction. [2] Inter-and intramolecular additions of oxamic acids to olefins were also reported to provide a broad range of nitrogenated systems. [3] The decarboxylation of these acids was originally achieved by organometallic catalysis using silver and copper salts [1a,2] in the presence of an oxidant in a stoichiometric amount, but more recently photocatalytic [1b-c,4] and electrochemical [5] means have emerged as environmentally more benign solutions. In all cases, the decarboxylation proceeds through a carbamoyl radical intermediate. Our laboratory has shown that the decarboxylation of oxamic acids occurs efficiently under visible light irradiation using a stoichiometric amount of a hypervalent iodine reagent such as BI-OAc (Scheme 1a). [1b,4c] Other I(III) reagents, like BI-OH, BI-OMe, PhI(OAc)2 (PIDA), and PhI(TFA)2 (PIFA), in contrast, were shown to be much less efficient. The photocatalyzed process in Scheme 1a is believed to proceed through the quenching of the photocatalyst in its excited state by an hypoiodite intermediate resulting from ligand exchange at the BI-OAc iodine center. [1b] This then leads to the generation of a carbamoyl radical, which is further oxidized into the desired isocyanate and eventually trapped by the alcohol to give 2. Scheme 1. Oxidative decarboxylation of oxamic acids under photocatalytic and thermal conditions.

Wang and co-workers disclosed a hypervalent iodine-mediated intramolecular Heck-type process involving oxamic acids such as 3 to afford 2-quinolinones 4 (Scheme 1b). [6] The reaction was believed to proceed in this case through a macrocyclic iodine(III) trimer I, the homolysis of which leading to the decarboxylation and the formation of 4. Trimer I was however not isolated and its occurrence was solely based on the characterization through X-ray diffraction studies of a similar trimer formed during the oxidation of a iodobenzene-decorated amino-acid with dimethyl dioxirane. [7] Recent investigations in our laboratory showed that urethanes (i.e. 2) were also accessible through decarboxylation of oxamic acids in the presence of PIDA and an alcohol, but under thermal conditions (vide infra) (Scheme 1c). Our efforts to isolate or unambiguously characterize an hypoiodite, as in the photocatalyzed conditions (Scheme 1a), however met with failure, suggesting a different pathway using PIDA under thermal conditions. It thus appears that the nature of the intermediates formed during the oxidative decarboxylation of oxamic acids in the presence of I(III) reagents as well as the complete reaction pathway to form urethanes remains speculative. In addition, the difference of reactivity between I(III) reagents in these processes, as illustrated by the contrasting behavior of PIDA and BI-OAc, respectively under thermal and photocatalytic conditions, is also unexplained to date. We thus report here on a combined experimental and theoretical study on the oxidative decarboxylation reaction of oxamic acids 5 in the presence of PIDA and alcohols, leading to the formation of urethanes 6 (Scheme 1c). This work provides a complete picture of the process, highlighting the previously overlooked role of the acidity of the NH proton on the carbamoyl radical intermediate, and rationalizes the low reactivity of BI-OAc, as compared to PIDA under thermal conditions.

Results and Discussion

The PIDA-mediated oxidative decarboxylation of oxamic acids into urethanes in the presence of alcohols was thus optimized using oxamic acid 5a as a model compound and ethanol, as summarized in Table 1. At 60°C, in DCE as a solvent, the expected urethane 6a was obtained with 88% conversion after 12h (entry 1). Decreasing the reaction time to 6h still delivered the urethane in high yield (entry 2). PIFA showed reduced efficiency with respect to PIDA, but still provided useful yields (entry 3), BI-OAc or BI-OH, however, resulted in very low to trace amounts of 6a (entry 4-5). This is in staggering contrast with the high yield (80%, vide infra) observed with BI-OAc in the same reaction run under visible light irradiation using 4-CzIPN as a photocatalyst (Scheme 1a). [1b] The hypervalent iodine was shown to be essential for the reaction as no urethane was observed in its absence (entry 6). At 40°C, 75% of urethane was observed, (entry 7), while at room temperature (23°C), the expected urethane was not detected after 12h (entry 8), further highlighting the temperature effect in this process. However, after a prolonged reaction time of five days, the product was formed in satisfying amount (79%), indicating that the reaction still proceeded at room temperature but with low kinetics (entry 9). Using 1.1 eq. of PIDA, 82% conversion was observed after 6h (entry 10), while the reaction did not progress using catalytic amounts (entry 11). Using half equivalent of PIDA led to 50% yield further indicating the need for a stoichiometric amount of PIDA relative to 5a (entry 12). Acid catalysis using BF3-OEt2 inhibited the reaction (entry 13). Interestingly, unlike the photocatalyzed protocol, only proceeding efficiently in DCE or DCM as solvents, the PIDA-mediated procedure progressed smoothly with other organic solvents including DMF and CH3CN (entry 14-15).

Table 1. Optimization of the PIDA-mediated synthesis of urethane 6 from oxamic acid 5a.

Entry [a] Oxidant Time (h) T(°C) Solvent Yield [%] [b] 1 [c] PIDA 6 60 DCE 82 (74) 11 [d] PIDA 12 60 DCE Trace 12 [e] PIDA 12 60 DCE 50 13 [f] PIDA DMF 85 [a] Unless otherwise stated, all reactions were performed with 5 (0.5 mmol), EtOH (3.0 eq.), oxidant (1.5 eq.), solvent (1.0 mL), in a sealable test tube. The heating was done in an oil bath. [b] Yields of 6a were determined by 1 H NMR with 1,3,5trimethylbenzene as an external standard; isolated yields of 6a inside brackets. [c] Reaction using 1.1 eq. of PIDA. [d] Reaction using 10 mol% of PIDA. [e] Reaction using 50 mol% of PIDA. [f] Reaction using 1 eq. of BF3-OEt2.

A series of urethanes 6b-q was then prepared based on the optimized conditions above (entry 1, Table 1), and the scope summarized in Scheme 2. Isolated yields under photochemical conditions reported earlier (using 4-CzIPN as a photocatalyst and BIOAc as an oxidant) were added for comparison. [1b] As indicated, yields under thermal conditions using PIDA compare well with those using photochemical conditions. For instance, with methoxysubstituted benzylic oxamic acid 5i, thermal conditions led to urethane 6i in moderate yield, while photochemical conditions only provided anisaldehyde, resulting from benzylic oxidation without traces of 6i. More generally, all benzylic systems led to satisfying yields using PIDA. Electron-rich and poor arenes 6b, 6e-h were found to be compatible with the reaction conditions, leading to similar yields. Thiophene and furane based oxamic acids afforded the desired urethanes 6j-l in satisfying yields. Bis-oxamic acids were also converted into bis-urethanes 6n-q in moderate to good yields using both conditions.

In order to further understand the reasons for the difference in reactivity between I(III) reagents (entry 1 vs entry 4-5, Table 1) and to determine the reaction pathway of the process, we initially resorted to DFT simulations using 5 (R=Me) as an oxamic model precursor (Scheme 3). First, and to explore the possible pathways for the oxidative decarboxylation of oxamic acids via hypervalent iodine, we assumed that the initial oxamate-acetate anion exchange at the iodine coordination sphere could occur in at least 3 plausible ways: (1) a single oxamic acid molecule could displace the two acetate units in PIDA to form A, as suggested in earlier work, [6,7] (2) a single oxamic acid molecule may displace only one acetate fragment (i.e. B) and (3) two oxamic acid units can displace both acetate fragments (i.e. C).

Table 1. Optimization of the PIDA-mediated synthesis of urethane 6 from oxamic acid 5a.

Scheme 2. Scope of the PIDA-mediated urethane synthesis using oxamic acids 5a-q. Isolated yields of urethanes 6a-q, under thermal conditions. a Under brackets are given isolated yields under photochemical conditions (4-CzIPN, BIOAc, blue LED, RT). [1b] The competition among these three modes of initiation are governed by two basic features, i.e. the acid-base equilibria between oxamic acid and acetic acid in the reaction medium and the kinetic viability and stability of the intermediates generated upon subsequent fragmentation of the complex formed in each alternative.

Scheme 3. Iodine-ligand exchange in PIDA using oxamic acid 5 (R = Me) (PBE0/Def2SVP relative free energies in kcal/mol, using methanol as solvent through the PCM formalism).

As shown in Scheme 3, the chelate A formation by dual substitution of the acetate ligands with a single unit of oxamic acid is disfavored, which contrasts with the known formation of the corresponding 5-membered ring from -amino acids. [6,7] Subsequent fragmentation to yield an isocyanate intermediate, however, is kinetically inexpensive (once the chelate A is formed) with an energy barrier of only 15.2 kcal/mol (Scheme 4). The combination of the energetic cost of both steps (31.8 kcal/mol) however suggests that this reaction would not be operative under the thermal conditions used in our experiments. We hypothesized that such a mechanism to decarboxylate oxamic acids and other similar derivatives may only operate if relatively strong bases or acids [8] are added to the reaction medium so that they facilitate the chelate formation, which contrasts with the optimized conditions in Table 1.

Scheme 4. Reaction path from oxamic acid to the observed carbamate via a single chelating substitution at PIDA (PBE0/Def2SVP relative free energies in kcal/mol, using methanol as solvent).

Single acetate substitution by oxamic acid to afford complex B was therefore considered. In this case the exchange reaction is thermodynamically favored by about 6 kcal/mol, a natural consequence of not requiring the deprotonation at the nitrogen site and in good agreement with the higher acidity of oxamic vs. acetic acid. We were able to locate a concerted transition state on an energy plateau for the direct fragmentation of this complex into four species: carbon dioxide, iodobenzene, acetoxyl carbamoyl radicals (Scheme 5). The barrier for this step is 27.2 kcal/mol, significantly lower than the alternative for the chelate A considered above. The fragmentation process is also slightly favored thermodynamically, compared to the reacting complex N (by -2.7 kcal/mol). For this reaction mode, however, we could not find any evolution of the fragmentation intermediates that would afford the observed carbamate with low or moderate barriers likely due to the unavoidable formation of oxygen-centered radical species (Scheme 5). From the carbamoyl intermediate (INT1) we explored a stepwise mechanism involving hydrogen atom abstraction from methanol, both at the C and the O atoms to yield N-methyl formamide which would subsequently be attacked by the formed radical (either methoxyl or hydroxymethyl, see Scheme 5). Both paths appear as dead ends due to the eventual formation of oxygen centered radicals, which are quite unstable and high in energy (INT3B and INT3B'). These results are in good agreement with the experimental results, since no C-C bond formation was ever observed in this chemistry, as the evolution of INT3B' would imply. A concerted addition of methanol onto the carbamoyl intermediate via TS5B, was also considered in order to avoid oxygen centered radical intermediates. This alternative was however only marginally less demanding than the stepwise pathway (35.6 kcal/mol) and thus, kinetically unfavourable. A third route involving the barrierless recombination of the two radicals formed at the starting fragmentation yields O-acyl carbamate INT2B'' which, through a retroene reaction, would yield isocyanate and acetic acid. This latter pathway is energetically feasible although it implies the initial recombination of two transient radical species that should be present in very small concentrations under the reaction conditions. Thus, an energetically similar pathway not involving such unlikely event would be kinetically more favourable.

Scheme 5. Reaction path from oxamic acid to the observed carbamate via a single substitution at PIDA (PBE0/Def2SVP relative free energies in kcal/mol, using methanol as solvent).

Finally, we considered the possibility of a double oxamate-acetate exchange at the hypervalent iodine center (i.e. C, Scheme 3). The formation of the dioxamate C derivative is indeed quite favourable (-16.3 kcal/mol) and, despite this stability, the subsequent fragmentation transition state is affordable (with a barrier of only 7.6 kcal/mol, Scheme 6). We strived for the location of a concerted transition state in which both oxamic units decarboxylate, therefore yielding two carbamoyl radicals and two molecules of CO2 in a single step. Such transition state could not be located. It is however worth noticing that once the first oxamate is fragmented, it leaves behind a loosely bound mono-oxamate radical complex INT1C, which suffers decarboxylation in a barrierless manner (Scheme 6).

In essence, a single kinetically relevant transition state is responsible for the fragmentation of both units of the oxamic acid, although the actual decarboxylation events for each of the oxamate units are extremely asynchronous. [9] The first decarboxylation is roughly thermoneutral, but once the second one is considered, the overall process is exergonic by about 26 kcal/mol. This, therefore, seems to be the most plausible reaction mode for the title reaction, but the question still remains on how, and with what energy cost, are the two units of carbamoyl radical INT1 transformed into the observed isocyanate? Scheme 6. Reaction path from oxamic acid to carbamoyl intermediates via a double substitution at PIDA (PBE0/Def2SVP relative free energies in kcal/mol, using methanol as solvent).

In this last alternative, two carbamoyl radicals INT1 are formed for each molecule of PIDA employed and, since the evolution of these radicals via reaction with alcohol has already been discarded due to the formation of very unstable intermediates, the only option left is the intervention of a second molecule of PIDA in agreement with the stoichiometry of the reaction (Table 1, entries 9-12). We considered the displacement of acetate by these radical species, but the lack of nucleophilicity and their inability to neutralize the positive charge on iodine results in unfavourable energetics (Supporting information). The displacement of acetate from PIDA therefore seemed to require deprotonation at the N site of the carbamoyl units. This deprotonation was responsible for high energy barriers and unfavorable thermodynamics in the formation of the chelate A (Scheme 3). Interestingly, however, radical enhanced deprotonation (RED-shift) [10] has been described for related radicals such as carboxyl (HO . C(=O)) and hydroperoxyl radicals (HOO . ) for instance, which are strong Brønsted-Lowry acids. These transient radical species exhibit enhanced acidity as compared with the saturated valence analogue (pka 3.85 and 6.69 for HOC(=O)H respectively). A similar enhanced acidity was calculated for INT1 with a pka of 5.45 as compared to the corresponding formamide HC(=O)NHMe (See supporting information). [11] This effect may explain why the single acetate-carbamoyl anion displacement is only mildly endergonic (6.4 kcal/mol in Scheme 7 vs 16.6 kcal/mol for the chelate A in Scheme 3). Additionally, the formed intermediate INT2C is rather unstable and fragments with a barrier of less than 5 kcal/mol to furnish methyl isocyanate and a periodinane monoacetate radical, INT3C (Scheme 7). A termination sequence involving the radical collapse of the remaining unit of carbamoyl radical and the monoacetate occurs without barrier and forms a second isocyanate molecule. From this point, two additions of alcohol onto the recently formed isocyanate molecules yield the observed carbamates.

Scheme DFT calculations on the PIDA-mediated oxidative decarboxylation of oxamic acids under thermal conditions (PBE0/Def2SVP relative free energies in kcal/mol, using methanol as solvent through the PCM formalism).

A complete picture of the PIDA-mediated decarboxylative oxidation of oxamic acid may thus be proposed as depicted in Figure 1 below. This mechanism involves the formation of a carbamoyl radical intermediate INT1, in contrast with the early work of Kita and co-workers [6a] on the I(III)-mediated oxidative fragmentation of -amino acids where no radical species could be observed through ESR. The mechanism was believed to proceed instead through the fragmentation of a 5-membered ring chelate closely related to high energy intermediate A in Scheme 3. The reaction path hereby proposed is however compatible with a number of observations on this chemistry. For instance, with this profile in hand, we could also explain why PIFA and BI-OAc are not as efficient for this chemistry. PIFA features a less basic anion that hampers the thermodynamics of the initial oxamic exchange, but it can still operate through the most competitive double substitution mechanism, hence the moderate reduction in yield. BI-OAc, however, can only operate through the single substitution path since only one acetate unit is available for ligand exchange (the benzoate I-O bond is unlikely to be released without a high energy penalty).

As we have seen with PIDA in this work, the single substitution alternative is far less competitive than the double ligand exchange, hence the deleterious effect on the kinetics the reaction yield (details on these two alternatives can be found in the Supporting information). Another consequence of the hereby proposed reaction mechanism is that N,N-disubstituted oxamic acid derivatives should not react with PIDA to form carbamates (vide infra). Our mechanism anticipates the need for at least one proton on nitrogen for the reaction to be operative. For this reason, and to verify the plausibility of this proposal, we decided to run a series of experiments using 5a as a model oxamic acid (Scheme 8). The radical nature of the reaction was first established using TEMPO as a radical trapping agent. The presence of TEMPO totally quenched the formation of 6a and traces of carbamoyl radical-TEMPO adduct 7 were isolated from the reaction mixture as confirmed by HRMS. [START_REF] De Mico | The low yield of 7 may result from the competitive reaction between PIDA and TEMPO[END_REF] The treatment of 5a using 1.5 eq. of PIDA under above reaction conditions, but in the absence of alcohol, confirmed the in-situ generation of isocyanate 8. Interestingly, while the occurrence of a carbamoyl radical intermediate INT1 (Scheme 6) was assessed by the detection of 7, when the PIDA-mediated oxidation was repeated in the presence of 4-methyl-quinoline (not shown), no trace of the amide resulting from the Minisci addition [4c] was observed (Figure S1-2), [START_REF]Small amount of isocyanate 8 was formed during the process[END_REF] which may be ascribed to the rapid trapping of carbamoyl radical INT1 to form INT2C, which readily suffers fragmentation into INT3C and methyl isocyanate (Scheme 7).

To further interrogate the reaction pathway of this process, and the possible occurrence of a cationic carbamoyl species (a protonated isocyanate form), the intermolecular addition of 5a to electron rich 1,2-dimethoxybenzene was tested but the expected amide 9 was not observed. Instead, diamide 10 was isolated in 17% yield, again confirming the formation of the carbamoyl radical INT1, which is known to readily dimerize. [5a] These results further show that the oxidative decarboxylation reaction of oxamic acids in the presence of PIDA follows a distinct pathway from that of BI-OAc under photochemical conditions. [1b,4c] Finally, the process was extended to secondary oxamic acid 11, which remained unchanged under the above conditions, pointing out the crucial role of the oxamic NH proton and the radical enhanced acidity effect raised by DFT calculations (Scheme 7).

Scheme 8.

Trapping experiments during PIDA-mediated oxidative decarboxylation of oxamic acids under thermal conditions.

Conclusion

As a summary, experimental studies supported by DFT calculations reveal that the PIDA-mediated decarboxylation of oxamic acids into isocyanates proceeds through a mechanism encompassing several keyfeatures: (1) a double exchange at the iodine center between OAc and oxamic acid ligands; (2) the formation of a carbamoyl radical, detected experimentally; (3) an unprecedented exchange between this radical and an OAc ligand on PIDA facilitated by the increased acidity of the carbamoyl radical NH. [10] Experimental Section General procedure: Oxamic acid 5 (1.0 eq.), ROH (3.0 eq.) and PIDA (1.5 eq.) were charged into an oven-dried sealable test tube equipped with a magnetic stirrer, and dissolved in DCE (0.5 M). The content was degassed and backfilled with argon. The tube was heated to 60°C (oil bath) during 12 h. The reaction mixture was then concentrated under vacuum and the crude purified by flash column chromatography on silica gel (Column: 2 cm x 10 cm, SiO2 x 100: 15 g) using petroleum ether/EtOAc as an eluent (ratio depending on the nature of the substrate) to afford the product.

Figure 1 .

 1 Figure 1. DFT calculations on the PIDA-mediated decarboxylative oxidation of oxamic acids. Complete pathway. (PBE0/Def2SVP relative free energies in kcal/mol, using methanol as solvent. Geometry of the transition state for the starting fragmentation with key bond lengths (in Angstroms)
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