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A combined quantum mechanical and experimental approach towards chiral diketopiperazine

Introduction

Chiral hydroperoxides have been utilized successfully in a variety of asymmetric oxidations, e.g. alkene epoxidations, [1,2] Weitz-Scheffer epoxidations of enones [3][4][5] and sulfoxidations. [5][6][7][8][9][10] Therefore several synthetic routes have been explored towards chiral hydroperoxides, e.g. kinetic resolution using peroxidases, [7,11] Sharpless epoxidation, [12] separation by column chromatography on a chiral stationary phase, [13] via diastereomeric perketals, [14] chiral flavine-derived cyclophanes, [15] nucleophilic attack to in situ formed N-(menthylcarbamoyl)-isoquinolinium ions, [16] and nor-camphor derivatives [17] utilizing hydrogen peroxide to generate the hydroperoxide. [18] In contrast, molecular oxygen has been rarely used for such purpose.

Oda reported the aerobic Weitz-Scheffer epoxidation of enones under chiral phase transfer catalysis with in situ formed 9-hexylfluorenone-9-hydroperoxide as a chiral oxidant. [19] Chiral hydroperoxides can be also obtained by enzyme catalysis, e.g. by employing lipoxygenases. [20] However, in this work we focussed on non-enzymatic hydroperoxide formation.

Scheme 1. The autoxidation of diketopiperazine (-)-1a to hydroperoxide (-)-1b with molecular oxygen. The BDE of the radical formation and the reaction enthalpy of the hydroperoxide formation are calculated in this work.

We have recently prepared the known hydroperoxide (-)-1b via aerobic oxidation of diketopiperazine (-)-1a according to a procedure by Schmidt. [21] This reaction has already been investigated by Schmidt who also described the radical mechanism of the autoxidation of (-)-1a with molecular oxygen in the presence of catalytic amounts of benzophenone whilst being irradiated with UV radiation. [21] Within the proposed We applied the chiral organic hydroperoxide (-)-1b successfully for the chemoselective sulfoxidation of sulfide 2 to sulfoxide 3 without overoxidation to sulfone and the enantioselective epoxidation of 4 to (-)-5 (Scheme 2). [5] Scheme 2. Application of the chiral organic hydroperoxide (-)-1b in chemoselective sulfoxidations and enantioselective epoxidations.

Liebscher further extended this work towards Weitz-Scheffer epoxidations of naphthoquinones and enantioselective sulfoxidations in the presence of (-)-1b and Ti(OiPr) 4 albeit with accompanying overoxidation. [16] However, with regard to our results we found that further optimization was hampered by the low reactivity of diketopiperazine (-)-1a towards autoxidation and the poor yield despite extended reaction times. Thus we had to deal first with the reactivity of the diketopiperazine prior to improvement of the oxidation reactions. Diketopiperazines were originally chosen because the steric bulkiness of these cyclic dipeptides can be properly adjusted by suitable choice of amino acid precursors. [22,[START_REF]For applications of diketopiperazine scaffolds[END_REF] In order to limit the number of diketopiperazine analogues and thus the experimental effort with regard to synthesis and autoxidations we planned to do a computational screening of potentially interesting candidates prior to experimental studies. Although several theoretical studies on diketopiperazines exist in the literature, most of them deal with calculation of spectroscopic properties, such as fragmentation patterns in ESI MS spectra, [24] vibrational and electronic spectra, [25] circular dichroic spectra, [26] confor-F o r P e e r R e v i e w 5 mational analysis [27] and crystal packing. [28] Only a couple of references treated reaction pathways such as radical formation of methionine-derived diketopiperazines as calmodulin mimics, [29] formation of imidazo[1,2-a]pyrazine-3,6-diones from diketopiperazines [30] and Pictet-Spengler cyclization of N-2-bromoacetyltetrahydroisoquinoline methyl ester in the presence of primary or secondary amines to the corresponding diketopiperazines. [31] Rauk used DFT methods to calculate kinetics and bond dissociation enthalpies of H-abstraction from symmetrical diketopiperazines by methyl or thiyl radicals. [32][33][34] For example, for glycine-and alanine-derived diketopiperazines bond dissociation enthalpies of 351 kJ mol -1 and 335 kJ mol -1 respectively were determined, which agreed well with experimental values of 340±15 kJ mol -1 and 325±15 kJ mol -1 by Rauk [32] and Schöneich. [35] Due to the captodative radical stabilization these bond dissociation enthalpies are lower than those observed for α-hydroxy-substituted C-H bonds (370 -390 kJ mol -1 ). [36] A related field of study where H-abstraction, including H-tunneling, plays an important role as the reaction rate limiting step are chemical reactions catalysed by lipoxygenase. [37][38][39][40][41][42] In light of the results obtained by Rauk and Schöneich, our aim was to use computational chemistry to identify suitable precursors with enhanced reactivity towards molecular oxygen which would allow further optimization of stereoselectivity.

The results are reported below.

Experimental

Computational details: All quantum chemical calculations presented here were performed at the DFT level of theory using the Becke3-Lee-Yang-Parr (B3LYP) [43][44][45][46][47][48] hybrid functional together with a valence triple ζ (TZVP) basis set [49][50][51] for all atoms, or using spin-restricted open-shell Møller-Plesset perturbation theory (RMP2) [52][53][54] with restricted Hartree-Fock (RHF) reference functions in combination with a correlation consistent augmented triple ζ (aug-cc-pVTZ) basis set. [55,56] Density fitting was used to compute the integrals in RHF and RMP2, employing the cc-pVTZ/JKFIT and aug-cc-pVTZ/MP2FIT basis sets of Weigend. [57,58] All DFT calculations, geometry optimizations and harmonic frequency calculations were performed at the B3LYP level of theory using TURBOMOLE [START_REF]a development of the University of Karlsruhe and Forschungszentrum Karlsruhe GmbH[END_REF][START_REF] Treutler | [END_REF][61][62][63][64][65] , whereas for all single point RMP2 calculations the MOLPRO [START_REF] Molpro | 1, a package of ab initio programs[END_REF] package of ab initio programs was used. 170 °C for 6 h. The resulting solid was isolated by filtration and the desired diketopiperazines 19 [73] (1.66 g, 56 %) and 20 [74,75] (3.16 g, 84 %) were obtained as colourless crystals after recrystallization from ethanol.

General procedure for the synthesis of diketopiperazine lactim ethers 21-26 (1S,4S)-3,6-Diisopropyl-5-ethoxy-1,6-dihydropyrazine-2(3H)-one (24)

To a solution of diketopiperazine 20 (0.792 g, 5 mmol) in dry dichloromethane (30 ml) triethyloxonium tetrafluoroborate (1.141 g, 6 mmol) was added. The reaction mixture was refluxed and after 12 h additional triethyloxonium tetrafluoroborate (1.140 g, 6 mmol) was added and stirred for further 12 h. The mixture was slowly poured into ice-cold saturated NaHCO 3 -solution (pH>8) (50 ml), the organic layer was separated and the aqueous layer was extracted with dichloromethane (3 x 20 ml). The combined organic layers were dried (MgSO 4 ), evaporated and isolated after silica gel flash chromatography (hexanes/ethyl acetate) to afford the diketopiperazine lactim ether 24. Compound 24 was obtained as a pale yellow oil (1.074 g, 95 %). 1 H-NMR (300 MHz, CDCl 3 ): δ = 0.78 (d, 3 J = 6.8 Hz, 3H, iProp-CH 3 ), 0.86 (d, 3 J = 6.8 Hz, 3H, iProp-CH 3 ), 1.05 (d, 3 J = 6.9 Hz, 3H, iProp-CH 3 ), 1.08 (t, 3 J = 6.9 Hz, 3H, OCH 2 CH 3 ), 1.28 (d, 3 J = 6.9 Hz, 3H, iProp-CH 3 ), 2.24 -2.39 (m, 1H, CH-(CH 3 ) 2 ), 2. 48 -2.58 (m, 1H, CH-(CH 3 ) 2 ), 3.90 -3.98 (m, 2H, CH-iProp), 4.08 -4.23 (m, 2H, -OCH 2 CH 3 ) ppm. The diketopiperazine lactim ethers 21, [72] 22, [72] 23, [73] 25, [73] and 26 [76] were prepared following the procedure above for lactim ether 24 and all were obtained as pale yellow oils. The spectroscopic data was according to the literature. Compounds 8a, 9a, 10a and 13a were prepared following the procedure of 12a. The pyrazinoquinazolines 9a, [77] 10a, [78d] and 13a [78d] were obtained as colourless solids and the spectroscopic data were according to the literature.

General

General procedure for autoxidation of pyrazinoquinazolines 8a, 9a, 10a, 12a to the corresponding hydroperoxides 8b, 9b, 10b, 12b

A solution of the pyrazinoquinazoline derivative 8a, 9a, 10a or 12a (0.3 mmol) and benzophenone (0.01 eq.) in chloroform (300 ml) was irradiated with UV radiation (UV LED) under oxygen atmosphere at room temperature for 24 hours. The solvent was removed under reduced pressure and the residue was purified by silica gel flash chromatography (hexanes/ethyl acetate) to afford the desired products (8b, 9b, 10b Pyrazinoquinazoline hydroperoxide 9b was obtained as a colourless solid (39 mg, 27 % yield). 1 H-NMR (500 MHz, CDCl 3 ): δ = 1.04 (d, 3 J = 6.8 Hz, 3H, CH 3 ), 1.17 (d, 3 J = 6.8 Hz, 3H, CH 3 ), 2.03 -2.13 (m, 2H, 2-H), 2.27 (dqq, 3 J = 7.8 Hz, 3 J = 6.8 Hz, 3 J = 6.8 Hz, 1H, CH-(CH 3 ) 2 ) 2. 35 -2.44 (m, 1H, 1-H a ), 2. 69 -2.73 (m, 1H, 1-H b ), 3.64 -3.70 (m, 2H, 3-H), 5.33 (d, 3 J = 9.0, 1H, 3-H), 7.50 (ddd, 3 J = 8.0 Hz, 4 J = 7.0 Hz, 5 J = 1.2 Hz, 1H, 10-H), 7.67 (ddd, 3 J = 8.3 Hz, 4 J = 1.6 Hz, 5 J = 0.5 Hz, 1H, 12-H), 7.77 (ddd, 3 J = 8.3 Hz, 4 J = 7.0 Hz, 5 J = 1.6 Hz, 1 H, 11-H), 8.29 (ddd, 3 J = 8.0 Hz, 4 J = 1.5 Hz, 5 J = 0.5 Hz, 1H, 9-H), 11.95 (s, 1 H, OOH) ppm. 13 Pyrazinoquinazoline hydroperoxide 10b was obtained as a colourless solid (11 mg, 12 % yield). 1 H-NMR (500 MHz, d6-DMSO): δ = 0.89 (d, 3 J = 6.8 Hz, 3H, CH 3 ), 1.04 (d, 3 J = 6.8 Hz, 3H, CH 3 ), 2. 56-2.68 (m, 1H, CH-(CH 3 ) 2 ), 4.32 (d, 2 J = 8.8 Hz, 1H, 1-H a ), 4.79 (dd, 2 J = 8.8 Hz, 3 J = 1.1 Hz, 1H, 1-H b ), 5.89 (d, 3 J = 5.5 Hz, 1H, 2-H), 7.56 (ddd, 3 J = 8.0 Hz, 3 J = 7.2 Hz, 5 J = 1.2 Hz, 1H, 8-H), 7.70 (ddd, 3 J = 8.2 Hz, 4 J = 1.2 Hz, 5 J = 0.6 Hz, 1H, 10-H), 7.82 (ddd, 3 J = 8.2 Hz, 4 J = 7.2 Hz, 5 J = 1.5 Hz, 1H, 9-H), 8.32 (ddd, 3 J = 8.0 Hz, 4 J = 1.5 Hz, 5 J = 0.6 Hz, 1H, 7-H), 8.63 (d, 3 J = 1.1 Hz, 1H, NH), 10.48 (s, 1H, OOH) ppm. Pyrazinoquinazoline hydroperoxide 12b was obtained as a colourless solid (71 mg, 67 % yield). 1 H-NMR (500 MHz, CDCl 3 ): δ = 0.98 (d, 3 J = 6.9 Hz, 3H, CH 3 ), 1.05 (d, 3 J = 6.9 Hz, 3H, CH 3 ), 1.17 (d, 3 J = 6.9 Hz, 3H, CH 3 ), 1.34 (d, 3 J = 6.9 Hz, 3H, CH 3 ), 2. 42 -2.64 (m, 1H, CH-(CH 3 ) 2 ), 2. 64 -2.75 (m, 1H, CH-(CH 3 ) 2 ), 5.57 (d, 3 J = 6.5 Hz, 1H, 4-H), 7.69 (ddd, 3 J = 8.3 Hz, 3 J = 7.9 Hz, 4 J = 1.3 Hz 1H, 8-H), 7.91 (ddd, 3 J = 7.9 Hz, 3 J = 7.0 Hz, 4 J = 1.3 Hz, 1H, 9-H), 8.06 (dd, 3 J = 8.3 Hz, 3 

3-[2-Oxo-2(1-pyrrolidine-2-onyl)ethyl]-2,4-(1H,3H)-quinazolinedione (28)

A solution of 8a (0.3 mmol) and benzophenone (0.01 eq.) in chloroform (300 ml) was irradiated with UV radiation (UV LED) under oxygen atmosphere at room temperature for 48 hours. The solvent was removed under reduced pressure and the residue was purified by silica gel flash chromatography to afford 8b in 13 % yield and quinazolinedione 28 was isolated as a crystalline, colourless solid (12 mg, 14 % yield). 1 H-NMR (500 MHz, CDCl 3 ): δ = 2.02 (tt, 3 J = 8.0 Hz, 3 J = 6.5 Hz, 2H, 14-H), 2.63 (t, 3 J = 8.0 Hz, 2H, 13-H), 3.70 (t, 3 J = 7.1, 2H, 15-H), 5.11 (s, 2H, 9-H), 7.23 (ddd, 3 J = 8.1 Hz, 4 J = 1.0 Hz, 5 J = 0.7, 1H, 8-H), 7.24 (ddd, 3 J = 7.9 Hz, 3 J = 7.2 Hz, 4 J = 1.0, 1H, 6-H), 7.70 (ddd, 3 J = 8.1 Hz , 3 J = 7.2 Hz, 4 J = 1.5 Hz, 1H, 7-H), 7.93 (ddd, 3 J = 7.9 Hz, 4 J = 1.5, 5 J = 0.7 Hz, 1H, 5-H), 11.58 (s, 1H, -NH) ppm. 

Results

Theoretical studies

The following set of diketopiperazines 1a, 1b, 6a, 7a and pyrazinoquinazolines 8a-13a (Scheme 3) was chosen for computational investigation. Due to the large system sizes and the fact that electronically excited states are involved (cf. Scheme 1), it is currently impossible to obtain reliable quantitative results for the barrier heights of the investigated reactions. Therefore only a qualitative model was used. According to the mechanism discussed in the introduction (Scheme 1), we expect that the first reaction step, the abstraction of a hydrogen atom from a C-H bond is the most crucial and therefore reaction rate determining step for the reactions of all considered structures. Hence the investigation and comparison of these atom abstraction reactions within the set of chosen compounds should be an informative basis to judge the reactivity of the substrates towards hydroperoxide formation.

We based our investigations on the ideas of Evans and Polanyi. [79] For our set of similar atom abstraction reactions, the Evans-Polanyi relation suggests a linear relation between activation energy and exothermicity, i.e., changes in activation energy should be linearly related to changes in exothermicity. However, since the changes in exothermicity are directly related to the C-H bond strengths, it seems reasonable to use BDEs as a direct measure for the reactivity of the substrates.

Increasing reactivity (higher rate constants and lower activation barriers) can then be expected with decreasing BDEs. A generalization of the concept that the activation energy relates to the exothermicity of a reaction in a set of similar reactions is also known as LFER (Linear Free Energy Relation). [START_REF] Warshel | Computer Modeling of Chemical Reactions in Enzymes and Solutions[END_REF] The validity of the Evans-Polanyi relation was for example demonstrated for hydrogen abstractions from haloethers by OH radicals in a study by Chandra and Uchimaru, [START_REF] Chandra | [END_REF] although, as shown by Finn et al., this relation is only valid as long as the reactions are not entropy controlled. [82] For an understanding of the substrate reactivity and to support the experiment with promising structures prior to synthesis, BDEs for tertiary α-C-H bonds were therefore calculated. In this investigation, only tertiary C-H positions were considered for the calculations, since they should be more prone towards hydroperoxide formation as compared to the secondary C-H positions.

The diketopiperazine derivative 7a was selected for the calculations because we anticipated electron withdrawing sulfonamide groups should decrease the capto- dative stabilization characteristic for peptide radicals. [32] The pyrazino-quinazolines 8a-13a were selected, due to the easy synthetic conversion of diketopiperazines to pyrazinoquinazolines which has been well established by Söllhuber and Avendano. [78] The presence of an N-aryl-imino moiety in 8a-13a should further improve captodative stabilization via conjugation. In addition to the BDEs, the overall reaction enthalpies for the autoxidation of the heterocycles 1a, 6a-13a with molecular oxygen to the corresponding hydroperoxides 1b,c, 6b-13b, 9d and12d were evaluated. The calculated α-C-H bond dissociation and corresponding reaction enthalpies are summarized in Table 1. Whereas symmetric tricyclic diketopiperazine 1a and the unsymmetric bicyclic derivative 6a gave similar BDEs of 326.6 kJ mol -1 and 320.7 kJ mol -1 at the B3LYP level of theory, respectively (Table 1,Entries 1,3), the presence of electron withdrawing sulfonamide groups in tricyclic diketopiperazine 7a decreases the α-C-H BDE to 318.8 kJ mol -1 (Table 1, Entry 4). Furthermore, the second tertiary α-C-H bond at C-10a in tricyclic diketopiperazine hydroperoxide 1b

shows a BDE of 327.0 kJ mol -1 (Table 1, Entry 2), a value similar to the one observed for the first autoxidation of 1a. Next a series of pyrazinoquinazolines 8a-13a was studied, differing in the steric and electronic environment of the α-C-H bonds. Within this set of compounds, the lowest BDE was found for the α-C-H bond at C-1 of compound 12a (248.4 kJ mol -1 , Table 1, Entry 10) whereas the highest BDE was found for the α-C-H bond at C-4 of compound 10a (368.4 kJ mol -1 , Table 1, Entry 8).

According to the results obtained at the B3LYP and RMP2 level of theory, the molecules can be ordered according to decreasing BDEs as:

10a > 13a > 9a (C-6) > 12a (C-4) > 9a (C-13b) > 8a > 11a > 12a (C-1) (Table 1, Entries 5-12).
Some general trends can be deduced form the B3LYP calculations. An N-aryl-imino moiety in the vicinity of the α-C-H bond reduces the BDE to a much larger extent as compared to an amido moiety, see for example compounds 9a (C-13b) versus 9a (C-6) (Table 1,Entries 6,7),10a versus 11a (Table 1,Entries 8,9) or 12a (C-1) versus 12a (C-4) (Table 1,Entries 10,11). These results suggest that electronic parameters are much more important than sterical parameters with regard to BDEs. Surprisingly, pentacyclic pyrazinoquinazoline 13a exhibits a relatively high BDE of 323.7 kJ mol -1 (Table 1, Entry 12).

All autoxidation reactions leading to the corresponding hydroperoxides 1b,c, 6b-13b, 9d and 12d were found to be exothermic within a range of -6.9 to -74.9 kJ mol -1 at the B3LYP level of theory. While for the diketopiperazines 1a, 6a and 7a, the reaction enthalpies are all similar and range between -53.3 kJ mol -1 and -55.1 kJ mol - 1 (Table 1, Entries 1, 3, 4), with the enthalpy for the second oxidation of the tricyclic peroxide 1b being -36.8 kJ mol -1 (Table 1, Entry 2), the reaction enthalpies for the pyrazinoquinazolines 8a -13a spread between -6.9 kJ mol -1 to -74.9 kJ mol -1 (Table 1, Entries 5-12). The most exothermic reactions within this set of compounds were found to be the oxidations of pyrazinoquinazolines 12a (C-1) and 9a (C-13b) with reaction enthalpies of -74.9 kJ mol -1 and -74.7 kJ mol -1 , respectively (Table 1,Entry 6,10). The exothermicities of the reactions decrease in the following order for the hydroperoxides: 12b > 9b > 8b > 11b > 9d > 12d > 13b > 10b (Table 1, Entries 5-12). Thus with regard to BDEs and reaction enthalpies one could expect that the autoxidation of tetracyclic pyrazinoquinazoline 9a should preferently yield the hydroperoxide 9b in favour of regioisomer 9d. In the same manner the autoxidation of tricyclic pyrazinoquinazoline 12a should give hydroperoxide 12b rather than the regioisomer hydroperoxide 12d.

The RMP2 bond dissociation and reaction enthalpies are generally somewhat larger than the B3LYP ones. However, as can be seen in Table 1, the trends are the same in both cases.

Table 1. Bond dissociation and reaction enthalpies for diketopiperazine derivatives 1a, b, 6a, 7a and pyrazinoquinazolines 8a-13a. Experimental studies. With the above mentioned results in hand, the diketopiperazines 1a, 6a and pyrazinoisoquinolines 8a, 9a, 10a, 12a were prepared (Schemes 4, 5, Table 2).

BDEs [kJ mol -1 ] ∆H R [kJ mol -1 ] Entry Compound Heterocycle Product B3LYP a RMP2 a,b B3LYP a RMP2 a,
The known diketopiperazine 16 was synthesized in 3 steps following a procedure by de Costa starting from Boc-protected L-proline 14 and L-valine methyl ester hydrochloride 15 (Scheme 4). [71] The compounds 1a and 6a were also prepared according to this procedure starting from Boc-protected L-proline 14 and using L-proline methyl ester hydrochloride or glycine methyl ester hydrochloride 18, respectively, instead of 15.

The diketopiperazines 19 and 20 were prepared in 3 steps whereas the first 2 steps were following a procedure by Balaram [83] and the cyclization to the diketopiperazines was achieved by heating in mono ethylene glycol (MEG) at 170° C (Scheme 4).

Coupling 2). [78] reflux The diketopiperazines 1a, b, 6a as well as the pyrazinoquinazolines 8a, 9a, 10a, 12a

(68 %) (95 %) + N NH O OEt R + N N OEt OEt R R = H 25 (14 %) R = H 26 (38 %) R = H R = iPr
were stirred at room temperature under oxygen atmosphere with a catalytic amount 3). The absolute configuration of the diketopiperazine hydroperoxides 1b, c and 6b was determined by X-ray crystallographic data.

A longer reaction time for the autoxidation of the pyrazinoquinazoline 8a leads to decomposition of the desired hydroperoxide 8b. The proline glycine diketopiperazine 6a as well as anthranilic acid 27 and the achiral side product 28 could be isolated after 48 hours (Scheme 6). It should be noted that the stereochemical assignment for pyrazinoquinazoline hydroperoxides was based on NMR-assignments and comparison with earlier work in our group [72] on diketopiperazine hydroperoxides where we obtained NMR-and X-Ray data for both cis-and trans-isomers. The configuration of the diketopiperazine hydroperoxides 1b, c could be determined by X-Ray crystal structure analysis (see supporting information). Identical optical rotation of single crystals and bulk material were taken as evidence that both had the same configuration. Obviously the pseudoequatorial cis-configuration of the five-membered proline rings on the diketopiperazine unit form a stronger stabilization than other conformations. [22b,84] For this reason the pseudoequatorial cis-configuration of the three rings is maintained even in this radical autoxidation. In case of pyrazinoquinazolines the configuration of 8a, 9a, 10a and 12a was determined by optical rotation and comparison with data in the literature. [77,78d] Unfortunately, we could not get suitable single crystals of the pyrazinoquinazolines 8b, 9b, 10b and 12b. Therefore assignment was based on the NMR data in analogy with the diketopiperazine series due to the close steric and electronic relationship between the two series. Furthermore in the cases of 9b and 12b an isomerisation would lead to different diastereomers which would differ in NMR data. This was not observed for the main products.

Discussion

Only a subset of the computationally investigated compounds have been experi- 3, Entry 1), subsequent oxidation of 1b to the hydroperoxide 1c was achieved after 48 hours in 32 % yield (Table 3, Entry 4). For the autoxidation of 1a

ethyl acetate was chosen as solvent, because there it precipitates as a colourless solid due to its low solubility. This increases the yield of 1b in comparison to chloroform. For a direct comparison of autoxidation of diketopiperazines and pyrazinoquinazolines the autoxidation of 1a was prepared in chloroform, but after 24 hours the desired hydroperoxide 1b could not be detected (Table 3, Entry 2).

Prolonging the reaction time in chloroform up to 5 days lead to a yield of 23 % which is significantly lower than the yield obtained in ethyl acetate (Table 3, Entries 1, 3). To increase the yield for the autoxidation of 1b to dihydroperoxide 1c, a change of solvent to chloroform was necessary due to the solubility of 1b. The bicyclic diketopiperazine 6a required an even longer reaction time (7 d) and gave the hydroperoxide 6b in only 14 % yield (Table 3, Entry 5) despite its slightly decreased BDE and similar reaction enthalpy as compared to 1a. The oxidation of 6a as well as the oxidation of 1a for 24 hours in chloroform did not lead to a noteworthy amount of the corresponding hydroperoxides (Table 3,Entries 2,6).

The autoxidation of the tetracyclic pyrazinoquinazoline 8a yielded the corresponding hydroperoxide 8b after 24 hours in 44 % (Table 3,Entry 7). Although the calculated reaction enthalpy is similar to the one calculated for the autoxidation of diketopiperazine 1a to 1b (-54.1 versus -55.1 kJ mol -1 ), the decreased BDE (299.2 versus 326.6 kJ mol -1 ) reflects the much faster reaction (Table 1, Entries 1, 5).

A prolonged reaction time of 48 hours for the autoxidation of 8a decreases the yield of the desired hydroperoxide 8b to 13 % while raising the yield of the side product 28

to 14 % (Table 3, Entry 8, Scheme 6). For this reason the autoxidations of the pyrazinoquinazolines 9a, 10a and 12a were discontinued after 24 hours.

The autoxidation of the tetracyclic pyrazinoquinazoline 9a which differs in the isopropyl group on C 6 from 8a yielded the hydroperoxide 9b in 27 % (Table 3, Entry 9). Although the reaction from 9a to 9b was calculated to be more exothermic than the autoxidation of 8a (-74.7 versus 54.1 kJ mol -1 ), the obtained yield is significantly lower. This agrees with the calculated results of the BDEs of 8a and 9a

(299.2 versus 304.1 kJ mol -1 ) (Table 1, Entries 5, 6). In good agreement with the calculated BDE (368.4 kJ mol -1 ), tricyclic pyrazinoquinazoline 10a yielded hydroperoxide 10b after 24 hours in only 12 % yield ( ) and the smallest exothermic reaction enthalpy (-6.9 kJ mol -1 ) (Table 1, Entry 8), thus reflecting the poor yield.

When tricyclic pyrazinoquinazoline 12a was submitted to the autoxidation, hydroperoxide 12b could be isolated after 24 hours in 67 % yield (Table 3,Entry 11).

It should be noted that the autoxidation of 12a has to be much more exothermic than the reaction of 8a (-74.9 versus -54.1 kJ mol -1 ) and that the BDE of 12a

(248.4 kJ mol -1 ) is the lowest in the whole series indicating the improved yield of 12b

(Table 1, Entry 10).

Although 13a has a lower BDE than 10a (323.7 versus 368.4 kJ mol -1 ) and even a similar reaction enthalpy (-10.9 versus -6.9 kJ mol -1 ), neither autoxidation to the corresponding hydroperoxide nor decomposition could be observed and compound 13a could be reisolated completely ( Thus the theoretical forecast of regioisomeric hydroperoxide formation via comparison of calculated BDEs and reaction enthalpies seem to be highly valuable for the experimentalist.

Conclusion

Upon comparison of the results from calculations of BDEs and reaction enthalpies with the experimentally determined yields and reaction times of organic hydroperoxides derived from diketopiperazines and pyrazinoquinazolines, several trends can be concluded. Pyrazinoquinazolines are much faster oxidised with molecular oxygen to the corresponding hydroperoxides than diketopiperazines.

Formation of the hydroperoxide occurs preferently at a tertiary α-C-H bond next to an 

  , triplet benzophenone abstracts a hydrogen atom from the diketopiperazine producing a diketopiperazine radical. This diketopiperazine radical then adds molecular oxygen to form the corresponding peroxy radical, which dehydrogenated an additional diketopiperazine or the diphenylhydroxymethyl radical to close the catalytic cycle (Scheme 1).

  13 C-NMR (75 MHz, CDCl 3 ): δ = 14.2 (iProp-CH 3 ), 14.3 (iProp-CH 3 ), 15.9 (iProp-CH 3 ), 18.3 (OCH 2 CH 3 ), 19.5 (iProp-CH 3 ), 31.8 (CH-(CH 3 ) 2 ), 58.1 (CH-(CH 3 ) 2 ), 61.2 (CH-iProp), 62.4 (CH-iProp), 62.6 (OCH 2 CH 3 ), 173.4 (C=O), 173.8 (N=C-O) ppm. HRMS (ESI): Anal. calcd. for C 12 H 22 N 2 O 2 Na + : 249.1579, found: 249.1577. MS (ESI): m/z = 249.15. FT-IR (ATR): 3232 w, 2961 m, 2873 w, 1646 s, 1140 s, 1327 w

3 J 3 J 5 J

 335 4S)-1,4-Diisopropyl-1H-pyrazino[2,1-b]quinazoline-3,6(2H,4H)-dione (12a)Sublimated anthranilic acid (1.324 g, 9.66 mmol) was added to a solution of (3S,6S)-3,6-diisopropyl-5-ethoxy-1,6-dihydropyrazin-2(3H)-one 24 (1.713 g, 7.57 mmol) in ). The reaction mixture was heated in microwave for 15 min at 135°C. The solvent was removed under reduced pressure and the residue was purified by silica gel flash chromatography (hexanes/ethyl acetate) affording pyrazinoquinazoline 12a as a colourless solid (1.841 g, 81 % yield). 1 H-NMR (500 MHz, CDCl 3 ): δ = 0.93 (d, 3 J = 6.8 Hz, 3H, CH 3 ), 1.15 (d, 3 J = 6.8 Hz, 3H, CH 3 ), 1.16 (d, 3 J = 6.7 Hz, 3H, CH 3 ), 1.30 (d, 3 J = 6.7 Hz, 3H, CH 3 ), 2.07 -2.15 (m, 2H, CH-(CH 3 ) 2, CH-(CH 3 ) 2 ), 4.02 (dd, 3 J = 8.9Hz, 3 J = 5.2 Hz, 1H, 1-H), 5.05 (d, 3 J = 9.3 Hz, 1H, 4-H), 7.50 (ddd, 3 J = 8.1 Hz, 3 J = 7.1 Hz, 4 J = 1.2 Hz, 1H, 8-H), 7.66 (dd, = 8.3 Hz, 4 J = 1.2 Hz, 1H, 10-H), 7.79 (ddd, 3 J = 8.3 Hz, 3 J = 7.1 Hz, 4 J = 1.5 Hz, 1H, 9-H), 8.22 (dd, 3 J = 8.1 Hz, 4 J = 1.5 Hz, 1H, 7-H), 8.74 (d, 3 J = 5.2 Hz, 1H, -NH) ppm. 13 C-NMR (125 MHz, CDCl 3 ): δ = 24.0 (CH 3 ), 24.8 (CH 3 ), 25.1 (CH 3 ), 25.8 (CH 3 ), 38.6 (CH-(CH 3 ) 2 ), 40.0 (CH-(CH 3 ) 2 ), 65.0 (C-1), 67.2 (C-6), 124.6 (C-10a), 131.5 (C-7), 131.6 (C-10), 131.9 (C-8), 139.4 (C-9), 151.6 (C-6a), 155.5 (C-11a), 166.3 (C-6), 173.0 (C-3) ppm. HRMS (ESI): Anal. calcd. for C 17 H 21 N 3 O 2 Na + : 322.1526, found: 322.1517. MS (ESI): m/z = 322.1. FT-IR (ATR): 2960 (m), 2925 (s), 2873 (s), 2853 (m), 1741 (m), 1669 (s), 1615 (s), 1517 (m), 1377 (m), 1231 (s), 1024 (s), 753 (sPyrazinoquinazoline 8a was obtained as colourless crystals (0.089 g, 73 %). 1 H-NMR (500 MHz, CDCl 3 ): δ = 2.06 -2.10 (m, 1H, 2-H a ), 2.13 -2.15 (m, 1H, 2-H b ), 2.56 -2.65 (m, 1H, 1-H a ), 2.65 -2.68 (m, 1H, 1-H b ), 3.58 -3.61 (m, 1H, 3-H a ), 3.63 -3.73 (m, 1H, 3-H b ), 4.15 (d, 2 J = 17.1 Hz, 1H, 6-H a ), 4.69 (dd, 3 J = 8.4 Hz, 3 J = 7.1 Hz, 1H, 13b-H), 5.42 (d, 2 J = 17.1 Hz, 1H, 6-H b ), 7.50 (ddd, 3 J = 8.0 Hz, 3 J = 7.0 Hz, 4 J = 1.2 Hz, 1H, 10-H), 7.68 (ddd, 3 J = 8.2 Hz, 4 J = 1.2 Hz, 5 J = 0.6 Hz, 1H, 12-H), 7.76 (ddd, = 8.2 Hz, 3 J = 7.0 Hz, 4 J = 1.6 Hz, 1H, 11-H), 8.28 (ddd, 3 J = 8.0 Hz, 4 J = 1.6 Hz, = 0.6 Hz, 1H, 9-H) ppm. 13 C-NMR (125 MHz, CDCl 3 ): δ = 22.9 (C-2), 28.5 (C-1), 44.7 (C-3), 46.0 (C-6), 58.5 (C-13b), 119.9 (C-12a), 126.2 (C-9), 127.0 (C-12), 127.1 (C-11), 134.6 (C-8a), 146.9 (C-10), 152.7 (C-13a), 159.7 (C-8), 162.4 (C-5) ppm. HRMS (ESI): Anal. calcd. for C 14 H 13 N 3 O 2 Na + 278.0900, found: 278.0893. MS (EI): m/z = 255.1 (100), 226.1 (21), 199.1 (24), 185.1 (5), 170.1 (4), 130.0 (5), 102.8 (4), 76.0 (4). FT-IR (ATR): 2949 (w), 2896 (w), 2367 (w), 2182 (w), 1982 (w), 1680 (s), 1658 (s), 1606 (s), 1439 (m), 1390 (m), 1164 (m), 769 (s), 694 (s) cm -1 . 20 D ] [α = + 172° (c 1.0; CHCl 3 ).
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 33 Pyrazinoquinazoline hydroperoxide 8b was obtained as a colourless solid(41 mg, 44 % yield). 1 H-NMR (500 MHz, DMSO-d 6 ): δ = 1.95 (m, 1H, 2-H a ), 2.15 (m, 1H, 2-H b ), 2.45 (ddd, 2 J = 12.6 Hz, 3 J = 7.2 Hz, 3 J = 2.1 Hz, 1H, 1-H a ), 2.58 (dd, 2 J = 12.6 Hz, 3 J = 7.2 Hz, 1H, 1-H b ), 3.41 (m, 1H, 3-H a ), 3.67 (m, 1H, 3-H b ), 4.45 (d, 2 J = 17.2 Hz, 1H, 6-H a ), 4.90 (d, 2 J = 17.2 Hz, 1H, 6-H b ), 7.59 (ddd, 3 J = 8.0 Hz, = 7.0 Hz, 4 J = 1.2 Hz, 1H, 10-H), 7.73 (ddd, 3 J = 8.3 Hz, 4 J = 1.2 Hz, 5 J = 0.6 Hz, 1H, 12-H), 7.87 (ddd, 3 J = 8.3 Hz, 3 J = 7.0 Hz, 4 J = 1.5 Hz, 1H, 11-H), 8.17 (ddd, = 8.0 Hz, 4 J = 1.5 Hz, 5 J = 0.6 Hz, 1H, 9-H), 11.57 (s, 1H, OOH) ppm. 13 C-NMR (125 MHz, DMSO-d6):δ = 20.1 (C-2), 36.9 (C-1), 44.5 (C-3), 45.7 (C-6), 88.2 (C-13b), 120.0 (C-12a), 126.2 (C-9), 127.3 (C-12), 127.3 (C-11), 134.7 (C-10), 139.4 (C-8a), 149.8 (C-13a), 161.6 (C-8), 167.4 (C-5) ppm. HRMS (ESI): Anal. calcd. for C 14 H 13 N 3 O 4 +Na + : 310.0798, found: 310.0785. MS (ESI): m/z = 310.1, 288.1, 272.1, 254.1, 203.0, 175.1. FT-IR (ATR): 2921 (m), 2851 (m), 1749 (m), 1731 (m), 1663 (s), 1607 (m), 1169 (s), 1124 (s), 1024 (s), 800 (s), 696 (s) cm -1

9 (

 9 13 C-NMR (125 MHz, d6-DMSO): δ = 18.ppm. HRMS (ESI): Anal. calcd. for C 14 H 15 N 3 O 4 Na + : 312.0955, found: 312.0959. MS (ESI): m/z = 312.1. FT-IR (ATR): 2966 (w), 1664 (s), 1604 (s), 1471 (m), 1401 (m), 1332 (m), 1171 (m), 1022 (s), 771 (m), 727 (s), 695 (m) cm -1 . 20 D ] [α = -6°(c 1.0; CHCl 3 ).

  4), 167.4 (C-10), 176.6 (C-12) ppm. HRMS (EI): Anal. calcd. for C 14 H 13 N 3 O 4 , M-H + 286.0822, found 286.0824. MS (EI): m/z = 286.1, 228.0, 201.0, 157.0, 113.0, 87.0. FT-IR (ATR): 2915 (m), 1719 (s), 1691 (s), 1661 (s), 1620 (s), 1262 (s), 1024 (s), 801 (m), 753 (m), 692 (m) cm -1 .

Scheme 3 .

 3 Scheme 3. Diketopiperazines, pyrazinoquinazolines and their corresponding hydroperoxides. (Conditions for the autoxidation: 1 atmosphere O 2 , UV radiation, benzophenone (0.01 eq.), room temperature.)

  Scheme 4. Synthesis of the diketopiperazines.

Scheme 5 .

 5 Scheme 5. Synthesis of lactim ethers from the corresponding diketopiperazines.

  being irradiated with UV radiation (UV LED) to obtain the corresponding hydroperoxides (Table

19 Scheme 6 :

 196 Scheme 6: Side product formation during prolonged autoxidation.

  mentally oxidized; namely diketopiperazines 1a,b and 6a and pyrazinoquinazolines 8a, 9a, 10a and 12a. Whereas autoxidation of symmetric tricyclic diketopiperazine 1a for maximum conversion and gave hydroperoxide 1b in only 39 % yield (Table

Table 2 :

 2 Condensation of lactim ethers with anthranilic acid to the corresponding

	Lactimether Equiv. 27	Product	Yield [%]
	21	1.1	8a	73
	22	1.1	9a	59
	23	1.3	10a	84
	25	1.3	11a	0
	24	1.3	12a	81
	26	2.4	13a	12

pyrazinoquinazolines. Reaction conditions: 1.1-2.4 equivalents of anthranilic acid, solvent: acetonitrile, microwave irradiation 300 W, 135°C, 15 min.

Table 3 :

 3 Aerobic oxidation of diketopiperazines 1a, b, 6a and pyrazinoquinazolines

	8a, 9a, 10a, 12a to the corresponding hydroperoxides. Reaction conditions: 1 atmos-
	phere O 2 , room temperature, UV-radiation (UV LED), benzophenone (0.01 eq.).
	Entry Heterocycle Solvent Time [h]	Hydroperoxide	Yield [%]
	1	1a	EtOAc	120 h	1b	39
	2	1a	CHCl 3	24 h	1b	0 a
	3	1a	CHCl 3	120 h	1b	23
	4	1b	CHCl 3	48 h	1c	32
	5	6a	EtOAc	168 h	6b	14
	6	6a	CHCl 3	24 h	6b	0 a
	7	8a	CHCl 3	24 h	8b	44
	8	8a	CHCl 3	48 h	8b	13
	9	9a	CHCl 3	24 h	9b	27
	10	10a	CHCl 3	24 h	10b	12
	11	12a	CHCl 3	24 h	12b	67
	12	13a	CHCl 3	24 h	13b	0 a
	13	13a	CHCl 3	48h	13b	0 a

a No conversion was observed; starting material was completely reisolated.

Table 3 ,

 3 Entry 10). This further
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Table 1 ,

 1 Entry 12, Table 3, Entries 12, 13).

With regard to the formation of regioisomeric hydroperoxides 9b, d and 12b, d it should be pointed out, that autoxidation experiments did not give any trace of regioisomers 9d and 12d, respectively. Only those hydroperoxides 9b, 12b were detected experimentally (Table

3

, Entries 9, 11) which had the lower reaction and bond dissociation enthalpy (Table

1

,

Entries 6, 7, 10, 11, Table 3, Entries 9, 11)

.

Table 1 .

 1 Calculated bond dissociation and reaction enthalpies for diketopiperazine derivatives 1a, b, 6a, 7a and pyrazinoquinazolines 8a -13a. Thermal and ZPE corrections were calculated with harmonic frequencies scaled by a factor of 0.99 at the B3LYP level of theory.
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N-aryl-imino moiety not next to a tertiary α-C-H bond next to an amido moiety. If both regioisomeric hydroperoxides are possible in a particular heterocycle, the N-arylimino α-hydroperoxide is exclusively formed in agreement with the theoretical calculations which reveal a much smaller BDE and a more exothermic reaction enthalpy as compared to the amido moiety. Thus theoretical calculations can be used a
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