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Detection of Isotopic Atropisomerism Based on ortho-H/D Discrimination

Racemic and optically active 3-(2-deuteriophenyl)-2-(1-phenylpropan-2yl)quinazoline-4-thiones were prepared. The nuclear magnetic resonance spectra clearly show that they exist as a 1:1 mixture of diastereomers due to the isotopic atropisomerism based on ortho-H/D discrimination (N-C axial chirality) and a chiral carbon.

O rganic compounds containing deuterium atoms have been used widely as probe molecules for the elucidation of reaction mechanisms, metabolic pathways, and biosynthetic pathways as well as solvents for nuclear magnetic resonance (NMR) measurement. [START_REF] Mutlib | Application of Stable Isotope-Labeled Compounds in Metabolism and in Metabolism-Mediated Toxicity Studies[END_REF] Furthermore, partially deuterated analogues of approved medicinal drugs have recently received much attention because they lead to an increase in pharmacological action and an extended duration of action. [START_REF] Harbeson | Deuterium Medicinal Chemistry: A New Approach to Drug Discovery and Development[END_REF] Isotopically chiral compounds based on deuterium atoms such as IA-IC have also been encountered (Figure 1). [START_REF] Midland | Chiral trialkylborane reducing agents: Preparation of 1-deuterio primary alcohols of high enantiomeric purity[END_REF] These chiral deuterated compounds not only are intriguing from the viewpoint of structural chemistry but also have been used for mechanistic studies of synthetic and biochemical reactions. 4 Hence, the syntheses of various chiral deuterated compounds through asymmetric reactions and the conversion from chiral pools have been reported by many groups. [START_REF] Midland | Chiral trialkylborane reducing agents: Preparation of 1-deuterio primary alcohols of high enantiomeric purity[END_REF] In contrast with well-known centrally chiral deuterated compounds, reports of isotopic atropisomerism due to the presence of deuterium atoms are very rare. In 1964 and 1972, Mislow and Bloch reported the synthesis of isotopically chiral biaryl compounds III and IV through the conversion from optically active precursors, whereas the optical rotation of III and IV was not detected because of the very slight difference between the ortho-CH 3 and CD 3 (CHD 2 ) groups or the meta-H and -D atoms. 5 The creation of isotopically chiral atropisomers based on ortho-H/D discrimination should be more difficult than the creation of III and IV in terms of the rotational stability. That is, biaryl compound VA bearing an ortho-deuteriophenyl group will undergo quick racemization because the steric size of H and D atoms at the ortho position is too small for rotational restriction about a biaryl bond (Figure 1). Indeed, it was reported that even in biaryl VB bearing a fluorine atom, which is bulkier than a deuterium atom, racemization proceeds quickly at room temperature (rt). [START_REF] Koshino | Inversion of the Axial Information during Oxidative Aromatization in the Synthesis of Axially Chiral Biaryls with Organocatalysis as a Key Step[END_REF] In addition, the detection of isotopic atropisomerism is difficult. In centrally chiral compounds bearing H and D atoms on the same carbon such as IA, the stereochemistry and the optical purity were determined by NMR analysis after conversion to a diastereomeric derivative such as Mosher's ester (IIA). [START_REF] Sato | Highly Enantioselective Synthesis Induced by Chiral Primary Alcohols Due to Deuterium Substitution[END_REF] On the contrary, the detection of chirality based on remote H and D atoms such as VA will not be easy.

In this Letter, we report the synthesis of diastereomeric 3-(2deuteriophenyl)-2-(1-phenylpropan-2-yl)quinazoline-4-thione and the unprecedented isotopic atropisomerism (isotopic N- In the course of our study on N-C axially chiral chemistry, 8 we found that 3-(2-fluorophenyl)-2-alkylquinazolin-4-one derivatives VII have a rotationally stable structure (ΔG ‡ = 26.1-26.5 kcal mol -1 ), and their enantiomers can be separated at rt (half lives of racemization = 8.7-17 days at 298 K, Figure 2). 9 These are rare atropisomeric compounds with the smallest hydrogen atom and the second smallest fluorine atom in the ortho position. The discovery of atropisomers based on ortho-H/F discrimination aroused our curiosity about creating isotopic atropisomers based on ortho-H/D discrimination.

The rotational barrier around the N-Ph axis in the phenyl analogue (3-phenyl-2-ethylquinazolin-4-one) 1 was explored in a density functional theory (DFT) study (B3LYP/cc-pVDZ in CHCl 3 ) to verify the rotational stability of 4-quinazolinone bearing a 2-deuteriophenyl group. 10 The calculated barrier value (20.3 kcal mol -1 ) indicates that the N-Ph axis of 1 easily rotates at rt (half life of N-Ph bond rotation = 34 s at 298 K, Figure 2). Because the steric size of a deuterium atom is slightly smaller than that of a hydrogen atom, 11 3-(2deuteriophenyl)-2-ethylquinazolin-4-one was also predicted to be rotationally unstable. On the contrary, quite recently, we discovered that the conversion of N-C axially chiral quinazolinones to thione derivatives leads to a significant increase in the rotational barrier about an N-Ar chiral axis. 12,13 Indeed, the barrier value (24.1 kcal mol -1 ) of thione analogue 2 evaluated by DFT calculations was 3.8 kcal mol -1 higher than that of 1. The rotational stability of 2 (half life of N-Ph bond rotation = 5.5 h at 298 K) suggests that the physical isolation of enantiomers of the ortho-deuterio analogue is difficult by classical resolution methods, but the barrier is high enough to look for a separation of the enantiomers by chiral high-performance liquid chromatography (HPLC).

Racemic 3-(2-deuteriophenyl)-2-ethylquinazoline-4-thione rac-4 was prepared through the reaction of 3-(2-iodophenyl)-2-ethylquinazoline-4-thione 3 with NaBD 4 in the presence of a Ph 3 P-Pd(OAc) 2 catalyst (Figure 3). The introduction of a deuterium atom was confirmed by comparing the highresolution mass spectrometry (HRMS) and NMR spectra with N-phenyl derivative 2. Subsequently, although the enantiomer separation of rac-4 by HPLC using various chiral columns (AS, AD, OD, OJ, IA, IB N-5, IC, ID, IE, IF, IG, IH) and eluents (hexane, i-PrOH, AcOEt, tetrahydrofuran (THF), CH 2 Cl 2 , CHCl 3 , Et 2 NH) was attempted, no peak separation due to the enantiomers was observed. 14 This result may indicate that the column chiral selector could not discriminate the axial chirality based on the remote H and D atoms.

We also attempted the synthesis of optically active (P)-4 from the optically pure ortho-bromophenyl derivative (+)-(P)-3b, which was previously prepared by our group (Figure 3). 12 Unfortunately, optical rotation was not observed in the obtained deuterio derivative 4. Thus the isotopic atropisomerism of the ortho-deuterated-phenyl derivative 4 could not be detected through the chiral HPLC method or optical rotation.

3-(2-Bromophenyl)-2-(1-phenylpropan-2-yl)quinazolin-4one 5, which is obtained through α-benzylation of the enolate prepared from 3-(2-bromophenyl)-2-ethylquinazolin-4-one, presents two diastereomers based on an N-C axial chirality and a chiral carbon. In the 1 H NMR spectra of 5, the orthohydrogen in one diastereomer 5-A possessing the (P*,S*) configuration appeared at a significantly higher magnetic field (6.26 ppm) than that (ca. 7.2 ppm) of another diastereomer 5-B possessing the (P*,R*) configuration (Figure 4). 15 Because the significant upfield shift of the ortho-hydrogen in one diastereomer was not observed in other α-alkylation (allylation, ethylation, iso-propylation) products, this shift should be due to the anisotropic effect of the benzyl phenyl ring.

On the basis of the result depicted in Figure 4, we expected that the α-benzylation of 4 would afford diastereomeric products and that isotopic atropisomerism may be detected in the signals of ortho-hydrogen atoms in the 1 H NMR. The reaction of benzyl bromide with the enolate prepared from rac-4 and LiN(SiMe 3 ) 2 in THF gave the α-benzylation product rac-6 in 76% yield, and the 1 H NMR of the obtained rac-6 was compared with that of the N-phenyl analogue 7 (Figure 5). The 1 H NMR chart of rac-6 showed almost the same signals as 7, and in both NMR charts, a significant difference was found in the chemical shift between ortho-hydrogen atoms (red and blue colors; 6.40 and ca. 7.2 ppm). 16,17 Meanwhile, the integrated value of ortho-hydrogen atoms in the ortho-deuterio derivative rac-6 was about half of that in 7 (Figure 5). These results suggest that the signals of 6.40 and 7.2 ppm in the 1 H NMR of rac-6 are due to the ortho-hydrogen atoms of diastereomers (6-A and 6-B) based on an N-C axial chirality The chemical shifts of ortho-hydrogen atoms in 6-A and 6-B were simulated by a computational study of the N-phenyl analogue 7 (Figure 6). That is, the structure of 7 in CHCl 3 was evaluated by DFT calculations (PBE1PBE/cc-pVDZ), and two stable conformers 7-I and 7-II were found. (The relative energies of the other conformers were higher than 2.6 kcal mol -1 in comparison with those of 7-I and 7-II; see the SI.)

The ratio of 7-I and 7-II is 53.4 and 46.0%, respectively, and 7-I bearing Ph groups of face-to-face orientation causes an upfield shift of one ortho-hydrogen. That is, in conformer 7-I, the ortho-hydrogen (red color) with α-orientation (down-side) on the N-Ph group stands on the shielding cone of the benzyl phenyl ring, resulting in an upfield shift due to the anisotropic effect. On the contrary, another ortho-hydrogen (blue color) with β-orientation (up-side) is observed in the chemical shift range of a "normal" aromatic hydrogen because it is located outside the influence of the benzyl phenyl ring. Because orthohydrogen in the deuterio phenyl derivative 6-A is affected by benzyl phenyl ring, it should be detected at a much higher magnetic field than the ortho-hydrogen in another diastereomer 6-B (Figure 6). Subsequently, the chemical shifts of two ortho-hydrogen atoms in 7 were predicted by using the gaugeindependent atomic orbital (GIAO) method. 18 The hydrogen atoms of αand β-orientation were evaluated to appear at 6.35 and 7.22 ppm, respectively. These predicted chemical shift values are almost the same as those (6.40 and ca.7.2 ppm) that were observed in 1 H NMR of rac-6 and 7 (Figure 5). 16 Thus signals of 6.40 and 7.2 ppm in the 1 H NMR of rac-6 were assigned to the ortho-hydrogen atoms in diastereomers 6-A (P*, S*) and 6-B (P*, R*), respectively (Figure 6).

The occurrence of diastereomers 6-A and 6-B was also verified by a 2 H NMR measurement. In the 2 H NMR of rac-6 in CH 2 Cl 2 , two deuterium signals were observed at 6.47 and 7.23 ppm, respectively (Figure 7). Their chemical shifts are similar to those (6.38 and 7.2 ppm) of ortho-hydrogen atoms in 1 H NMR, and signals of 6.47 and 7.23 ppm were assigned to the deuterium of 6-B and 6-A, respectively. (The deuterium in 6-B was observed at a higher magnetic field because of the anisotropic effect of the benzyl phenyl ring.)

Thus 1 H, 2 H, and 13 C NMR spectra strongly support the formation of an isotopic atropisomer due to the rotational restriction around the N-(2-D)C 6 H 4 bond in rac-6. Furthermore, the synthesis of the optically active deuterio compound (+)-6 was attempted (Scheme 1). The highly diastereoselective α-benzylation with (+)-(P)-8 (99% ee) was followed by the removal of the minor diastereomer through medium-pressure liquid chromatography (MPLC), affording the stereochemically pure (+)-5-A possessing the (P,S) configuration in a good yield. 15 (+)-5-A was converted to thione (+)-9-A without any epimerization or racemization through the reaction with Lawesson's reagent.

We attempted the selective synthesis of diastereomer (+)-6-A via the deuteration of (+)-9-A with NaBD 4 . Although the workup and NMR measurements were conducted as quickly as possible, the preferential formation of (+)-6-A could not be ascertained. In this case, the epimerization of the (P,S)-isomer (+)-6-A into the (M,S)-isomer (+)-6-B occurs quickly, resulting in a 1:1 mixture of the two optically pure diastereomers (+)-6-A and (+)-6-B. On the contrary, the variable temperature (VT)-NMR of 6 was measured at 300-350 K in deuterated tetrachloroethane; however, neither the coalescence of signals nor the signal broadening was observed. The rotational barrier around the N-Ar axis in the Ph analogue 7 was evaluated to be 23.7 kcal mol -1 (t 1/2 = 3.1 h at 298 K) by DFT calculations (B3LYP/cc-pVDZ/ CHCl 3 (PCM)).

In conclusion, we prepared diastereomeric 3-(2-deuteriophenyl)-2-(1-phenylpropan-2-yl)quinazoline-4-thione and detected isotopic atropisomerism owing to the rotational restriction around the N-Ar axis based on the NMR spectra. Although the present atropisomerism was not stable (class 2 atropisomers) because of the extremely small steric size of the hydrogen and deuterium atoms, as far as we know, this work is the first time a class 2 isotopic atropisomer based on ortho-H/ D discrimination has been detected. 19 In addition, because Naryl quinazolinones and the thione analogues are pharmaceutically attractive compounds, this result is also of great interest from the viewpoint of medicinal chemistry. (10) The calculations for the rotational barrier were conducted as follows: The relaxed scan about the rotation of the N-Ar axis under the B3LYP/6-31+G (d) level of theory provided the potential energy surface (PES) for the rotational barrier; then, we sought the saddle point from the energetically highest geometry on the obtained PES. The transition-state optimization and the vibrational calculation were performed under the B3LYP/cc-pVDZ level of theory. In addition, the rotational barriers of compounds 1, 2, and 7 in CHCl 3 were calculated because in compounds VII, there was a good correlation between the experimental and calculated barrier values in CHCl 3 .

(11) (a) Melander, L.; Carter, R. E.; Asen, S.; Halvarson, H.; Nilsson, L. The Deuterium Isotope Effect in the Racemization of 2,2′-Dibromo-4, 4′-Dicarboxybiphenyl. Acta Chem. Scand. 1964, 18, 1138-1149. (b) (13) The increase in the rotational barriers about an N-C axis by the conversion to thioamide derivatives has also been found by several groups: (a) Roussel, C.; Stein, J. L.; Beauvais, F. Separation of Atropisomers on CSP Microcrystalline Cellulose Triacetate and Barriers to Rotation in Some Polymethyl-3-phenyl-D-4-thiazolin-2thiones and Their Oxygen Analogs. New J. Chem. 1990, 14, 2007, 13, 3772-3786. 
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 1 Figure 1. Various isotopically chiral compounds due to the deuterium atom.
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 2 Figure 2. Rotational barriers around the N-Ar axis in several 3-aryl-2alkylated quinazolin-4-ones.
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 3 Figure 3. Synthesis of 3-(2-deuteriophenyl)-2-ethylquinazoline-4thione 4.
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 4 Figure 4. Chemical shift of ortho-hydrogen in diastereomeric quinazolinone derivatives 5.

  and a chiral carbon, and rac-6 exists as a 1:1 mixture of 6-A and 6-B. Furthermore, two kinds of ortho-CH (128.9 and 128.1 ppm) and ortho-CD (128.6 and 127.8 ppm) carbons, which were detected in 13 C NMR, heteronuclear single quantum coherence (HSQC), and heteronuclear multiple bond correlation (HMBC) spectra, support the formation of 6-A and 6-B. (See the SI.)
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 5 Figure 5. Synthesis of 3-(2-aryl)-2-(1-phenylpropan-2-yl)quinazoline-4-thiones 6 and 7 and the chemical shifts of 1 H NMR in CDCl 3 and 13 C NMR in CD 2 Cl 2 .
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 6 Figure 6. Stable conformers and the chemical shifts of ortho-hydrogen atoms in N-phenyl derivative 7 evaluated by DFT calculations (PBE1PBE/cc-pVDZ/CHCl 3 (PCM)) and the preferential conformers of 6-A and 6-B.

Figure 7 .

 7 Figure 7. 2 H NMR spectrum of 6 in CH 2 Cl 2 .
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