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Abstract

:

We report a one-step synthesis of trifluoromethyl-substituted di(pyridin-2-yl)amine-based ligands. N-(hetero)aryl-substituted bis(5-(trifluoromethyl)pyridin-2-yl)amines were obtained from 2-bromo-5-(trifluoromethyl)pyridine and corresponding aromatic amines via Pd-catalyzed amination reaction in the presence of a Pd(dba)2/BINAP catalytic system. Four new ligands were prepared in good to high yields and characterized by NMR, IR spectroscopies and mass spectrometry. The structure of one of the products was additionally supported by X-ray analysis.
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1. Introduction


Bis(pyridin-2-yl)amine (dpa) and its derivatives are flexible bidentate N,N-ligands that are widely applied in supramolecular chemistry [1,2,3], catalysis [4,5,6,7] and ion sensing [8,9,10]. Metal complexes of bis(pyridin-2-yl)amine-based ligands demonstrate luminescent properties [11], possess cytotoxic activity and can bind with DNA molecules [12,13,14,15]. Introducing fluorine-containing groups to the molecule’s structure is in demand because of the influence of such moieties on electronic properties, solubility, conformations and the lipophilicity of the compound [16,17,18,19,20]. Synthesis of dpa derivatives can be performed via N-alkylation [1] or N-arylation [2,3] of dpa or by N,N-diarylation of amines with 2-halogenosubtituted pyridine [21,22]. N,N-diarylation of amines with 2-bromopyridine was reported by Buchwald’s group during the first years after the discovery of the Pd-catalyzed amination reaction [23]. This way seems to be the most appropriate for the synthesis of the ligands containing substituents in the pyridine rings [21]. On the other hand, pyridine and other heterocycles can form complexes with palladium and interfere with the reaction, which may require careful optimization of the catalytic system [23,24]. Amination of commercially available 2-bromo-5-(trifluoromethyl)pyridine under Cu-, Ni- and Pd-catalyzed conditions was previously reported [25,26,27,28,29,30], but only a few examples of Pd-catalyzed N,N-diarylation of amines with this substrate are reported. Thus, N,N-diarylation of aliphatic amines is described for two examples [26]. The only example of N,N-diarylation of aromatic amine with 2-bromo-5-(trifluoromethyl)pyridine is described in [31]; this protocol includes the use of a microwave reactor (120 °C), and the yield of the product is only 40%. In the present communication, we report a one-step synthesis of bis(5-(trifluoromethyl)pyridin-2-yl)amino-substituted arenes and heteroarenes from 2-bromo-5-(trifluoromethyl)pyridine via a Pd-catalyzed amination reaction. We consider these fluorine-containing ligands to be of interest for the synthesis of metal complexes and supramolecular structures for various applications.




2. Results and Discussion


Diarylation of p-anisidine 2a with 2-bromo-5-(trifluoromethyl)pyridine 1 was studied as a model reaction (Scheme 1). The reaction was performed under an argon atmosphere in boiling 1,4-dioxane in the presence of sodium tert-butoxide as a base, three equivalents of 1 were taken. The progress of the reaction and the yields of the product were monitored by 1H NMR spectroscopy using internal standard.



We started our investigation from Pd(dba)2/DavePhos (4/4.5 mol%) catalytic system (dba = dibenzylideneacetone, DavePhos = 2-dicyclohexylphosphino-2′-(N,N-dimethylamino)biphenyl), which was previously reported to be effective for the amination of 2-bromo-5-(trifluoromethyl)pyridine [26]. Full conversion of the amine 2a was observed after 24 h, but the yields of amination products 3a and 4a were quite poor because of numerous side reactions (Table 1, entry 1). The increase in the catalyst loading to 8/9 mol% led to the formation of products 3a and 4a in yields of 32 and 17%, respectively (Table 1, entry 2). Using rac-BINAP ligand (rac-BINAP = rac-2,2′-bis(diphenylphosphino)-1,1′-binaphthalene) provided an increase in the selectivity of the N,N-diarylation reaction (Table 1, entry 3). The highest yield of the target product 3a (71%) was achieved in the presence of Pd(dba)2/rac-BINAP (8/9 mol%) catalytic system (Table 1, entry 4).



In the next step, we undertook the synthesis of a representative series of bis(5-(trifluoromethyl)pyridin-2-yl)amine-based ligands 3b–d under optimized conditions (Scheme 2). The N-phenyl derivative 3b was obtained in a 71% yield, while quinoline- and 1,10-phenanthroline-based ditopic ligands 3c and 3d were afforded in very good yields (90 and 83%, respectively). The obtained yields are superior to those previously reported for a similar reaction, which gives a 40% yield and proceeds under more stringent conditions (120 microwave reactor, sealed ampoule), which limits its scaling. Thus, the procedure can be applied for the synthesis of various ligands from corresponding amino substituted arenes and heteroarenes.



All the compounds obtained were characterized by NMR and IR spectroscopies and mass spectrometry. The signals in 1H NMR spectra of the products can be easily attributed to the protons in the structure basing on their chemical shifts, coupling constants and relative integral values. A typical 1H NMR spectrum (compound 3c) is shown in Figure 1, and the full spectra of the products are given in the Supplementary Materials.



Three characteristic signals of the double intensity, which correspond to 2-amino-5-(trifluoromethyl)pyridine moiety, are observed in the 1H spectra in all the products (3a–d). The upfield doublet (7.17 ppm, 3J = 8.8 Hz) corresponds to the protons at the ortho-position to the amino group, a doublet of doublets (7.80 ppm, 3J = 8.8 Hz, 4J = 2.4 Hz) corresponds to the protons at position 4 of the pyridine rings, and a downfield broadened multiplet is assigned to the protons at position 6. In the case of 3c, a characteristic doublet of doublets (7.42 ppm, 3J = 8.4 Hz, 3J = 4.3 Hz) was attributed to the proton at position 3 of quinoline, the downfield doublet of doublets (8.93 ppm, 3J = 4.3 Hz, 4J = 1.7 Hz) can be assigned to the proton at position 2 of quinoline, and the downfield doublet of doublets (8.07 ppm, 3J = 8.4 Hz, 4J = 1.7 Hz) corresponds to the proton at position 4. It should be noted that the signals of the protons at positions 5 and 7 (7.54 and 7.67 ppm, 4J = 2.3 Hz) are in a lower field compared to the signals of the corresponding protons in 6-aminoquinoline, which is due to the electron-withdrawing effect of 5-(trifluoromethyl)pyridine moieties. This is also observed in the spectra of other products. The 8.19 ppm doublet (3J = 9.0 Hz) corresponds to the proton at position 8. One can observe characteristic quadruplets in 13C{1H} NMR spectra with (1JCF = 271.4 Hz, 2JCF = 33.6 Hz, 3JCF = 4.1 and 3.1 Hz), which can be attributed to the CF3 group and carbon atoms at positions 5, 6 and 4 of the pyridine core, respectively. The characteristic signals of the CF3 group (–61.9 ppm) are observed in the 19F NMR spectra of the products.



For product 3c, a crystal of satisfactory quality was obtained, and its structure was additionally proved by X-ray analysis (Figure 2a). Product 3c forms crystals of a monoclinic system with P21 symmetry. In the crystal, molecules are assembled by parallel displaced π-π interactions between the quinolinyl moieties (Figure 2b). The resulting stacks passing along the a axis are grafted together by several C-H-π contacts, forming thick layers in the 0ab plane. The layers are packed along the c axis by van der Waals interactions.




3. Materials and Methods


3.1. Apparatus


The 1H, 13C and 19F NMR spectra were registered on a Bruker Avance-400 spectrometer (Bruker Daltonics, Bremen, Germany) in chloroform-d1 using the residual signals of chloroform as internal standard. MALDI-TOF mass spectra were registered on a Bruker Daltonics Autoflex II mass spectrometer (Bruker Daltonics, Bremen, Germany) in positive ion mode with a dithranol matrix and poly(ethyleneglycols) as internal standards. HRMS ESI mass spectrum was obtained on TripleTOF 5600+ mass spectrometer (AB Sciex) (voltage 5.5 kV for positive ions mode ion source gas 15 arb, curtain gas 20 arb; eluent MeCM + 0.1% HCOOH). FTIR spectra were registered on a Nicolet iS 5 (Thermo Fisher Scientific, Waltham, MA, USA) with iD3 ATR accessory (ZnSe). Melting points were obtained using Electrothermal IA 9200 apparatus.




3.2. Reagents


Unless otherwise noted, all chemicals and starting materials were obtained commercially from ABCR (Karlsruhe, Germany) and Sigma-Aldrich (Merck Co., Rahway, NJ, USA) and used without further purification. Pd(dba)2 was synthesized according to a known procedure [32] and used without recrystallization. 5-Amino-1,10-phenanthroline was obtained from 1,10-phenanthroline monohydrate in two steps according to a previously reported method [33]. Preparative column chromatography was carried out using silica gel 60 (40⎼63 µm) from Merck Co. 1,4-Dioxane was distilled successively over NaOH and sodium under argon, CH2Cl2 was distilled over CaH2, and MeOH and petroleum ether were used freshly distilled.




3.3. Synthesis


General procedure. A two-neck flask equipped with a condenser and a magnetic stirrer was charged with 2-bromo-5-(trifluoromethyl)pyridine 1 (170 mg, 0.75 mmol), Pd(dba)2 (12 mg, 8 mol%) and rac-BINAP (14 mg, 9 mol%) and flushed with dry argon. Absolute 1,4-dioxane (2.5 mL) was added in a stream of argon, and the mixture was stirred for 2–3 min. Then, corresponding amine 2a–d (0.25 mmol) and tBuONa (72 mg, 0.75 mmol) were added in a stream of argon, and the mixture was refluxed for 24 h. After cooling to ambient temperature, the reaction mixture was diluted with CH2Cl2 (ca. 10 mL), and the solution was passed through the paper filter and concentrated under reduced pressure. The residue was chromatographed on silica gel using a sequence of eluents: petroleum ether/CH2Cl2 2:1–1:2 v/v, CH2Cl2, CH2Cl2/MeOH 200:1–50:1 (v/v).



N-(4-methoxyphenyl)-5-(trifluoromethyl)-N-(5-(trifluoromethyl)pyridin-2-yl)pyridin-2-amine (3a) was obtained according to a general procedure from 2-bromo-5-(trifluoromethyl)pyridine 1 (169.5 mg, 0.75 mmol), p-anisidine 2a (31 mg, 0.25 mmol) in the presence of Pd(dba)2 (12 mg, 8 mol%), BINAP (14 mg, 9 mol%) and tBuONa (72 mg, 0.75 mmol) in 1,4-dioxane (2.5 mL). Eluent CH2Cl2. Yield 73 mg (71%), yellowish oil. 1H-NMR (400 MHz, CDCl3) δH 3.84 (s, 3H, OCH3), 6.96–7.03 (m, 2H, H2, H6 (Ph)), 7.12 (d, 3J = 8.7 Hz, 2H, H3 (Py)), 7.14–7.19 (m, 2H, H3, H5, (Ph)), 7.75 (dd, 3J = 8.7 Hz, 4J = 2.3 Hz, 2H, H4 (Py)), 8.52–8.55 (m, 2H, H6 (Py)). 13C-NMR (100.6 MHz, CDCl3) δC 55.5 (1C, CH3O), 115.6 (4C, CH (Ph)), 123.4 (q, 1JCF = 271.5 Hz, 2C, CF3), 120.8 (q, 2JCF = 33.3 Hz, 2C, C5 (Py)), 129.7 (2C, C3 (Py)), 134.6 (q, 3JCF = 3.1 Hz, 2C, C4 (Py)), 135.7 (1C, Cquat (Ph)), 145.5 (q, 3JCF = 4.1 Hz, 2C, C6 (Py), 158.8 (1C, Cquat (Ph)), 159.6 (2C, C2 (Py)). 19F-NMR (376.5 MHz, CDCl3) δF –61.86 (6F, CF3). IR (neat): 609 (w), 674 (w), 702 (w), 711 (w), 737 (m), 760 (w), 776 (w), 805 (w), 829 (m), 939 (w), 1010 (m), 1033 (m), 1078 (vs), 1163 (m), 1209 (w), 1244 (s), 1285 (s), 1311 (vs), 1401 (w), 1443 (w), 1466 (w), 1482 (m), 1495 (w), 1510 (m), 1561 (w), 1576 (w), 1600 (m), 1617 (w) cm−1. HRMS (MALDI TOF): m/z [M + H]+ calcd for C19H14F6N3O+: 414.1041; found: 414.1073.



N-phenyl-5-(trifluoromethyl)-N-(5-(trifluoromethyl)pyridin-2-yl)pyridin-2-amine (3b) was obtained according to a general procedure from 2-bromo-5-(trifluoromethyl)pyridine 1 (675 mg, 3 mmol), aniline 2b (93 mg, 92 μL, 1 mmol) in the presence of Pd(dba)2 (46 mg, 8 mol%), BINAP (56 mg, 9 mol%) and tBuONa (288 mg, 3 mmol) in 1,4-dioxane (10 mL). Eluent CH2Cl2. Yield 272 mg (71%), yellowish oil. 1H-NMR (400 MHz, CDCl3) δH 7.13 (d, 3J = 8.8 Hz, 2H, H3 (Py)), 7.21–7.27 (m, 2H, H2, H6 (Ph)), 7.33–7.40 (m, 1H, H4 (Ph)), 7.44–7.52 (m, 2H, H3, H5 (Ph)), 7.78 (d, 3J = 8.8 Hz, 2H, H4 (Py)), 8.56 (br. s, 2H, H6 (Py)). 13C-NMR (100.6 MHz, CDCl3) δC 115.9 (2C, C3 (Py)), 121.0 (q, 2JCF = 33.1 Hz, 2C, C5 (Py)), 123.6 (q, 1JCF = 271.3 Hz, 2C, CF3), 127.9 (1C, C4 (Ph)), 128.2 (2C, C2, C6 (Ph)), 130.3 (2C, C3, C5 (Ph)), 134.7 (q, 3JCF = 3.1 Hz, 2C, C4 (Py)), 143.2 (2C, C1 (Ph)), 145.6 (q, 3JCF = 4.1 Hz, 2C, C6 (Py)), 159.5 (2C, C2 (Py)). 19F-NMR (376.5 MHz, CDCl3) δF –61.9 (6F, CF3). IR (neat): 607 (w), 632 (w), 656 (w), 674 (w), 697 (m), 719 (w), 755 (m), 830 (m), 938 (m), 1010 (m), 1078 (vs), 1114 (vs), 1163 (m), 1207 (w), 1284 (s), 1311 (vs), 1400 (w), 1481 (m), 1491 (m), 1575 (w), 1600 (m), 1617 (w) cm−1. HRMS (MALDI TOF): m/z [M + H]+ calcd for C18H12F6N3+: 384.0935; found: 384.0965.



N,N-bis(5-(trifluoromethyl)pyridin-2-yl)quinolin-6-amine (3c) was obtained according to a general procedure from 2-bromo-5-(trifluoromethyl)pyridine 1 (170 mg, 0.75 mmol), 6-quinolinamine 2c (36 mg, 0.25 mmol) in the presence of Pd(dba)2 (12 mg, 8 mol%), BINAP (14 mg, 9 mol%) and tBuONa (72 mg, 0.75 mmol) in 1,4-dioxane (2.5 mL). Eluent CH2Cl2/MeOH 100:1 (v/v). Yield 98 mg (90%), yellowish crystals. M. p. 180–181 °C. 1H-NMR (400 MHz, CDCl3) δH 7.18 (d, 3J = 8.8 Hz, 2H, H3 (Py)), 7.42 (dd, 3J = 8.4 Hz, 3J = 4.3 Hz, 1H, H3 (Quin)), 7.54 (dd, 3J = 9.0 Hz, 4J = 2.4 Hz, 1H, H7 (Quin)), 7.67 (d, 4J = 2.4 Hz, 1H, H5 (Quin)), 7.80 (dd, 3J = 8.8 Hz, 4J = 2.3 Hz, 2H, H4 (Py)), 8.07 (dd, 3J = 8.4 Hz, 4J = 1.7 Hz, 1H, H4 (Quin)), 8.19 (d, 3J = 9.0 Hz, 1H, H8 (Quin)), 8.56 (q, 4JHF = 0.8 Hz, 2H, H6 (Py)), 8.93 (dd, 3J = 4.3, 4J = 1.7 Hz, 1H, H2(Quin)). 13C-NMR (100.6 MHz, CDCl3) δC 116.1 (2C, C3 (Py)), 123.6 (q, 1JCF = 271.4 Hz, 2C, CF3), 121.5 (q, 2JCF = 33.6 Hz, 2C, C5 (Py)), 121.8 (1C, CH (Quin)), 125.9 (1C, CH (Quin)), 129.1 (1C, Cquat (Quin)), 129.8 (1C, CH (Quin)), 131.9 (1C, CH (Quin)), 134.9 (q, 3JCF = 3.1 Hz, 2C, C4 (Py)), 135.8 (1C, CH (Quin)), 141.3(1C, Cquat (Quin)), 145.8 (q, 3JCF = 4.1 Hz, 2C, C6 (Py)), 147.0 (1C, Cquat (Quin)), 150.9 (1C, C2 (Quin)), 159.4 (2C, C2 (Py)). 19F-NMR (376.5 MHz, CDCl3) δF –61.9 (6F, CF3). IR (neat): 609 (w), 620 (w), 644 (w), 669 (w), 698 (m), 736 (s), 761 (m), 780 (w), 796 (m), 830 (m), 836 (m), 889 (w), 940 (w), 969 (w), 982 (w), 1010 (m), 1031 (w), 1078 (vs), 1115 (s), 1165 (m), 1263 (s), 1277 (m), 1287 (m), 1314 (s), 1326 (s), 1375 (w), 1400 (w), 1437 (w), 1464 (w), 1484 (m), 1492 (m), 1575 (w), 1599 (m) cm−1. HRMS (MALDI TOF): m/z [M + H]+ calcd for C21H13F6N4+: 435.1044; found: 435.1089.



N,N-bis(5-(trifluoromethyl)pyridin-2-yl)-1,10-phenanthrolin-5-amine (3d) was obtained according to a general procedure from 2-bromo-5-(trifluoromethyl)pyridine 1 (170 mg, 0.75 mmol), 1,10-phenanthrolin-5-amine 2d (61 mg, 0.25 mmol) in the presence of Pd(dba)2 (12 mg, 8 mol%), BINAP (14 mg, 9 mol%) and tBuONa (72 mg, 0.75 mmol) in 1,4-dioxane (2.5 mL). Eluent CH2Cl2/MeOH 100:1 (v/v). Yield 101 mg (83%), beige crystals. M. p. 245–246 °C. 1H-NMR (400 MHz, CDCl3) δH 7.21 (d, 3J = 8.8 Hz, 2H, H3 (Py)), 7.52 (dd, 3J = 8.3 Hz, 3J = 4.3 Hz, 1H, H3 (Phen)), 7.63 (dd, 3J = 8.1 Hz, 4J = 4.4 Hz, 1H, H8 (Phen)), 7.75 (dd, 3J = 8.8 Hz, 4J = 2.4 Hz, 2H, H4 (Py)), 7.79 (s, 1H, H6 (Phen)), 8.06 (dd, 3J = 8.3 Hz, 4J = 1.6 Hz, 1H, H4 (Phen)), 8.19 (dd, 3J = 8.1 Hz, 4J = 1.6 Hz, 1H, H7 (Phen)), 8.47–8.49 (m, 2H, H6 (Py)), 9.18 (dd, 3J = 4.3 Hz, 4J = 1.6 Hz, 1H, H2 (Phen)), 9.21 (dd, 3J = 4.3 Hz, 4J = 1.6 Hz, 1H, H9 (Phen)). 13C-NMR (100.6 MHz, CDCl3) δC 114.9 (2C, C3 (Py)), 121.3 (q, 2JCF = 33.5 Hz, 2C, C5 (Py)), 123.3 (q, 1JCF = 271.5 Hz, 2C, CF3), 123.4 (1C, CH), 123.6 (1C, CH), 127.0 (1C, Cquat (Phen)), 127.8 (1C, CH), 128.3 (1C, Cquat (Phen)), 131.8 (1C, CH), 135.0 (q, 3JCF = 3.1 Hz, 2C, C4 (Py)), 136.1 (1C, CH), 137.7 (1C, Cquat (Phen)), 145.6 (q, 3JCF = 4.1 Hz, 2C, C6 (Py)), 146.0 (1C, Cquat (Phen)), 147.6 (1C, Cquat (Phen)), 150.8 (1C, CH), 151.1 (1C, CH), 158.8 (2C, C2 (Py)). 19F-NMR (376.5 MHz, CDCl3) δF –61.9 (6F, CF3). IR (neat): 604 (w), 616 (w), 623 (m), 633 (w), 646 (w), 661 (w), 672 (w), 682 (w), 693 (w), 699 (w), 712 (w), 728 (w), 742 (m), 759 (w), 798 (m), 808 (m), 828 (m), 853 (m), 885 (w), 914 (w), 941 (m), 964 (w), 982 (w), 1007 (m), 1076 (vs), 1116 (vs), 1153 (m), 1166 (m), 1177 (m), 1259 (m), 1284 (s), 1316 (vs), 1385 (w), 1402 (w), 1419 (w), 1479 (m), 1494 (w), 1566 (w), 1578 (w), 1597 (m), 1613 (w) cm–1. HRMS (ESI): m/z [M + H]+ calcd for C24H14F6N5+: 486.1153; found: 486.1143.




3.4. X-ray Analysis of 3c


Clear yellow needle-shaped single crystals of 3c were obtained by slow evaporation of the dichloromethane solution at room temperature. Crystallographic data were collected at 120 K on a Bruker SMART APEX II diffractometer equipped with a PHOTON II CMOS detector using graphite monochromatized Mo–Kα radiation (λ = 0.71073 Å) using a ω-scan mode. Absorption correction based on the measurements of equivalent reflections was applied [34,35]. The structure was solved by direct methods and refined by full-matrix least-squares on F2 with anisotropic thermal parameters for all non-hydrogen atoms using Olex2 package [36]. Hydrogen atoms were placed in calculated positions and refined using a riding model. Crystallographic details are presented in Table S1. CCDC 2347783 contains the supplementary crystallographic data for the structure. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.





4. Conclusions


A series of bis(5-(trifluoromethyl)pyridin-2-yl)amine-based ligands containing aryl and heteroaryl N-substituents were synthesized and characterized. The aryl- and heteroaryl derivatives were obtained in one step from 2-bromo-5-(trifluoromethyl)pyridine via Pd-catalyzed amination with corresponding (hetero)arylamines in the presence of Pd(dba)2/BINAP catalytic system in yields up to 90%.
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The following supporting information can be downloaded online. Table S1: Details of the X-ray crystal data collection and structure refinement for compound 3c; Figure S1: 1H NMR spectrum of the compound 3a; Figure S2: 13C{1H} NMR spectrum of the compound 3a; Figure S3: 19F{1H} NMR spectrum of the compound 3a; Figure S4: 1H NMR spectrum of the compound 3b; Figure S5: 13C{1H} NMR spectrum of the compound 3b; Figure S6: 19F{1H} NMR spectrum of the compound 3b; Figure S7: 1H NMR spectrum of the compound 3c; Figure S8: 13C{1H} NMR spectrum of the compound 3c; Figure S9: 19F{1H} NMR spectrum of the compound 3c; Figure S10: 1H NMR spectrum of the compound 3d; Figure S11: 13C{1H} NMR spectrum of the compound 3d; Figure S12: 19F{1H} NMR spectrum of the compound 3d.
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Scheme 1. Pd-catalyzed amination of 2-bromo-5-(trifluoromethyl)pyridine with p-anisidine. 
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Scheme 2. Pd-catalyzed synthesis of the compounds 3a–d. 
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Figure 1. 1H NMR spectrum of 3c (400 MHz, CDCl3), aromatic region. 
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Figure 2. (a) X-ray structure of 3c; ellipsoids correspond to the 50% probability level. (b) Fragment of the crystal packing of 3c. 
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Table 1. Optimization of the reaction conditions.
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	Entry 1
	Ligand
	Pd(dba)2/L Loading, mol%
	Yield of 3a, % 2
	Yield of 4a, % 2





	1
	DavePhos 3
	4/4.5
	6
	7



	2
	DavePhos 3
	8/9
	32
	17



	3
	rac-BINAP 4
	4/4.5
	56 5
	12



	4
	rac-BINAP 4
	8/9
	71 5
	7







1 Reaction conditions: 2-bromo-5-(trifluoromethyl)pyridine (170 mg, 0.75 mmol), p-anisidine (31 mg, 0.25 mmol), Pd(dba)2 (4–8 mol%), ligand (4.5–9 mol%), tBuONa (72 mg, 0.75 mmol), 1,4-dioxane, argon atmosphere, reflux, 24 h. 2 Yields were determined by 1H NMR analysis of the reaction mixture using 1,4-phenylene diacetate as internal standard. 3 2-Dicyclohexylphosphino-2′-(N,N-dimethylamino)biphenyl. 4 2,2′-Bis(diphenylphosphino)-1,1′-binaphthyl. 5 Preparative yield after column chromatography.
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