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Modular bisphosphineligands: Preparation and application in

enantioselective catalytic reactions
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Abstract

A set of six chiral modulaC,-symmetric bisphosphine ligands have been synthesized in a
straightforward manner through a two-step reaction from the pomdsg diols with moderate
yields. The applicability of these chiral ligands was evallia ruthenium(ll)-catalyzed transfer
hydrogenation reactions (up to >99% conversion) and palladium(0)-catadymedioselective

allylic substitution reactions (up to 70% chemical yield and 43% ee).

Keywords. Bisphosphine; C,-symmetric; Enantioselective; Allylic alkylation; Transfer

hydrogenation
1. Introduction
In the past decades, chiral,-&/mmetric bidentate phosphorous ligands have received

considerable attention in asymmetric transition metal catalysis dudrtgrat success in a wide

range of catalytic reactions [1-4]. Although, numerous chiral phospiigaeds have been
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significantly developed, it is still strongly required suitaklectronic and steric needs of an
appropriate ligand for the success of an enantioselective trangiital-catalyzed reaction.

Given the complexity of most catalytic processes, the rataeggn of a chiral ligand is seldom
straightforward. For this reason, we introduce a modujasy@metric ligand structure, which

allows rapid diversification, shown in Figure 1. Variation of the bulsnaf the R substituents at
the backbone allows us to determine the optimal transfer of chifiadin the backbone to the

reaction center. The electronic and steric properties of theticlgeédoms can also be tuned [5-
7].

Herein we describe a series of chir@-symmetric bisphosphine ligands by using
corresponding chiral bromo-substituted hydrobenzoin derivatives whichtesre reported by
our group [8,9] (Fig. 2). These synthesized ligands have been edalamate compared in
different types of catalytic reactions. The first one is plalia(0)-catalyzed enantioselective
allylic alkylation which provides a very efficient route fonamtioselective C-C and C-
heteroatom bonds formation [10-16]. The second one is ruthenium(ll)-catalyaesfer
hydrogenation reaction that leads secondary alcohols from the redo€tmmochiral ketones

which are key compounds for both academic and industrial areas [17-24].

2. Experimental

2.1. Materials and Equipment

All reagents were purchased and used without purification, unlesswd@enoted.

Compounds (R,2R)-1,2-bis(2-bromophenyl)-ethane-1,2-diol 10, (1IR,2R)-1,2-bis(3-

bromophenyl)-ethane-1,2-didl and (R,2R)-1,2-bis(4-bromophenyl)-ethane-1,2-didR2 were

synthesized according to previously described procedures [8,9]. AaalVti€ was performed



using Macherey-Nagel SIL G-25 UV254 plates. Flash chromatographgavaed out with Rocc
silica gel (0.040-0.063 mmijH, **C and*'P NMR spectra were recorded on a Varian Mercury
400 MHz spectrometer as indicated, with chemical shifts reportpgm relative to TMS (for
'H and*®C), and relative to 85% aqueous phosphoric acid ¥y, using the residual solvent
signal as a standatdC NMR spectra were recorded using the attached proton tespeiira
were recorded on a Perkin-Elmer Spectrum 65 FT-IR spectramfatatytical chiral HPLC
separations were performed on a Shimadzu Prominence LC-20A i d@tection. GC
separations were performed on Shimadzu GC-2010 Plus. Optical rotagomsneasured with a
Rudolph Autopol-I series polarimeter. Mass spectra were an Adi€AVS/MS 6460 Triple
Quadrupole spectrometer. Elemental analyses were obtained wiic@ Elemental Analyzer
(CHNS 0932). Melting points were measured with a Thermo Scier##@0 melting point

apparatus.

2.2. Synthesis

2.2.1. (1R,2R)-1,2-bis(2'-bromophenyl)- 1,2-dimethoxyethane (10)[25]

(1R,2R)-1,2-bis(2-bromophenyl)-ethane-1,2-diof (2.0 g, 5.3 mmol) in THF was added
dropwise through a dropping funnel to a stirred solution of NaH (1.28.5,mmol) in THF (40
mL) at 0°C over a 0.5 h period. The resulting reaction mixture was stirrédl°at for an
additional 10 min. At the end of this period, the mixture was allowedvdrm to room
temperature and GH(2.62 g, 18.5 mmol) was added. After addition was complete, theaeacti
mixture was stirred for another 24 h at room temperature. Tdatior was monitored by thin
layer chromatography using hexane - ethyl acetate (8:Rpasotvent system. Next, EtOAc (100

ml) was added and the organic phase was separated, whereupon the aquousapharther



extracted with EtOAc (2 x 50 ml). The organic layer wasddgeer anhydrous N8O, and the
solvent was evaporated under reduced pressure to give the desired psodwehite solid (2.14

g, 99%). mp: 66-68C. [a]3’ =-59,94 ¢= 1 (g/100 ml), CHGJ); retention time 8.47 min, Chiral
ART Amylose-C, 90:1(h-hexaneéPrOH, flow rate of 0.5 ml/min, 254 nm, t = 4CQ; IR (KBr
disc) vima/cm™: 3063, 2926, 2856, 2825, 1590, 1465, 1438, 1355, 1204, 1093, 1024, 74H 681.
NMR (400 MHz, CDC}, ppm)&: 7.66 (ddJ = 8.0 Hz,J = 1.7 Hz, 2H), 7.41 (dd = 8.0 Hz,J =

1.0 Hz, 2H), 7.32 (df = 7.5 Hz,J = 1.0 Hz, 2H), 7.1 (d8 = 7.5 Hz,J = 1.7 Hz, 2H), 4.95 (s,
2H), 3.19 (s, 6H)*C NMR (101 MHz, CDG, ppm)&: 137.3, 132.4, 130.6, 129.3, 127.2, 124.1,

83.8, 77.3, 76.7, 57.4; MS (BVIS calculated [M+Na]for CygH16Br,O-Na: 422.1 found: 422.1.

2.2.2. (1R,2R)-1,2-his(3"-bromophenyl)- 1,2-dimethoxyethane (11)

Synthesis ofll was performed by following the procedure fth by using (R,2R)-1,2-
bis(3-bromophenyl)-ethane-1,2-dié@ (2.0 g, 5.3 mmol), NaH (1.27 g, 26.5 mmol) ands;CH
(2.62 g, 18.5 mmol). Yield: 2.11 g, 99%; mp: 59-8D. [a]%? =-119,87 ¢= 1 (g/100 ml),
CHCLy); retention time 7.51 min, Chiral ART Amylose-C, 901®exanePrOH, flow rate of
0.5 ml/min, 254 nm, t = 40C; Anal. calcd for GgH16Br2O,: C, 48.03; H, 4.03%. Found: C,
48.12; H, 4.17%. IR (KBr disa)mw/cm'l: 3062, 2925, 1570, 1468, 1424, 1348, 1187, 1110, 997,
787, 747, 692;H NMR (400 MHz, CDCJ, ppm)&: 7.35 (d,J = 8.0 Hz, 2H), 7.21 (s, 2H), 7.07
(t, J = 7.5 Hz, 2H), 6.9 (dJ = 8.0 Hz, 2H), 4.25 (s, 2H), 3.27 (s, 6HJC NMR (101 MHz,
CDCls, ppm)d: 140.4, 131.0, 130.7, 129.4, 126.5, 122.2, 86.5, 57.5; M9 (AS calculated

[M+Na]" for CygH16Br-O-Na: 422.1 found: 422.1.

2.2.3. (1R,2R)-1,2-bis(4'-bromophenyl)- 1,2-dimethoxyethane (12) [26]



Synthesis ofl2 was performed by following the procedure fi® by using (R,2R)-1,2-
bis(4-bromophenyl)-ethane-1,2-di@ (2.0 g, 5.3 mmol), NaH (1.27 g, 26.5 mmol) ands;CH
(2.62 g, 18.5 mmol). Yield: 2.05 g, 99%; mp: 81-82. [a]%® =+59.92 ¢= 1 (g/100 ml),
CHCLy); retention time 9.94 min, Chiral ART Amylose-C, 901®exanePrOH, flow rate of

0.5 ml/min, 254 nm, t = 40C; IR (KBr disc)vma/cmi’; 3060, 2926, 2858, 2825, 1591, 1485,
1459, 1403, 1188, 1102, 819 NMR (400 MHz, CDCJ, ppm)&: 7.33 (d,J = 8.5 Hz, 4H), 6.87

(d, J = 8.5 Hz, 4H), 4.25 (s, 2H), 3.25 (s, 6HJC NMR (101 MHz, CDGJ, ppm)&: 136.9,
131.1, 129.5, 121.8, 86.5, 57.3; MS (EMS calculated [M+N4d] for C;gH16Br.O-Na: 422.1

found: 422.1.

2.2.4. (1R,2R)-1,2-bis(2"-(di phenyl phosphino)phenyl)- 1,2-dimethoxyethane (1)[25]

A mixture of (IR,2R)-1,2-bis(2-bromophenyl)-1,2-dimethoxyethal® (0.55 g, 1.25 mmol) and

15 ml of dry THF were placed under a nitrogen atmosphere in aasth&thlenk tube and
cooled to -78C. To this solution was added BuLi (2.5 ml, 4.1 mmol) at>G&nd stirred for 1h

at that temperature. FPCI (0.59 ml, 2.9 mmol) was added dropwise to the resulting mixture.
After addition was complete, the reaction mixture was stifi@d another 1 h at room
temperature. The reaction was monitored by thin layer chronagiogrusing hexane - ethyl
acetate (9:1) as the solvent system. Evaporation in vacuo andcadioifi by flash
chromatography over silica gel (hexane/AcOEt, 9:1) resulteldda a pure white solid (0.4 g;
52%). mp: 162-164C. [a]%’ =-87.92 ¢= 1 (g/100 ml)CHG); retention time 9.79 min, Chiral

ART Amylose-C, 90:1(h-hexanéPrOH, flow rate of 0.5 ml/min, 254 nm, t = 4CQ; IR (KBr

disc) vmadcm™: 3055, 2922, 2822, 1584, 1473, 1434, 1186, 1092, 744,lHQYMR (400 MHz,



6.81-6.87 (M, 6H, K9, 5.76 (d,J = 6.5 Hz, 2H, H), 2.91 (s, 6H, K); **C NMR (101 MHz,
CDCl, ppm)3: 143.8 (ddJ = 29.3 Hz, 2.9 Hz, §; 137.0 (ddJ = 13.2 Hz, 6.8 Hz, §), 137.4
(dd,J = 6.6 Hz, 4.4 Hz, §), 136.6 (ddJ = 15.4 Hz, 5.1 Hz, £), 129.2 (M, G121g); 128.1-128.5
(m, Gsgi1131719); 127.7-127.8 (M, £10141620), 83.1-83.4 (M, &), 56.8 (Q); 3p.NMR: (162
MHz, CDCk, ppm) &: -19.2; MS (ES) MS calculated [M+H] for CsoH360:P,: 611.3 found:

611.3.

2.2.5. (1R,2R)-1,2-bis(3"-(di phenyl phosphino) phenyl )- 1,2-dimethoxyethane (2)

Synthesis of2 was performed by following the procedure fbiby using (R,2R)-1,2-bis(3-
bromophenyl)-1,2-dimethoxyethafé (0.55 g, 1.25 mmol), BuLi (2.5 ml, 4.1 mmol) and.PGI
(0.59 ml, 2.9 mmol). The crude product was purified by silica gel chagrephy. The elution
was carried out with hexane-ethyl acetate (9:1). The produabhbtamed as a white solid. Yield:
0.3 g, 37%; mp: 48-56C. [a]3? =49.95 ¢= 1 (g/100 ml), CHGJ); retention time 13.95 min,
Chiral ART Amylose-C, 90:10-hexanéPrOH, flow rate of 0.5 ml/min, 254 nm, t = 4C;

Anal. calcd for GoHzs0-P,: C, 78.67; H, 5.64%. Found: C, 78.97; H, 5.88%. IR (KBr disc)

vma/cm’: 3053, 2982, 2929, 2821, 1584, 1475, 1433, 1186, 1097, 744];HSNMR (400 MHz,

8H, Hig7g), 4.20 (s, 2H, B), 3.18 (s, 6H, H); *C NMR (101 MHz, CDQ, ppm)3: 138.3 (d,J
= 7.3 Hz, Q), 136.8 (m, @’9’15), 133.5-133.8 (m, sz]_g), 132.9-133.3 (m, @,10,14,16,20) 127.7-
128.8 (M, Gi1131719), 87.4 (G), 57.1 (G); **P-NMR: (162 MHz, CDGJ, ppm) &: -5.44; MS

(ES") MS calculated [M+H] for C40H360-P>: 611.3 found: 611.3.

2.2.6. (1R,2R)-1,2-bis(4'-(di phenyl phosphino)phenyl)- 1,2-dimethoxyethane (3)



Synthesis of3 was performed by following the procedure fbiby using (R,2R)-1,2-bis(4-
bromophenyl)-1,2-dimethoxyethad2 (0.55 g, 1.25 mmol), BuLi (2.5 ml, 4.1 mmol) and.PGI
(0.59 ml, 2.9 mmol). The crude product was purified by silica gel chagrephy. The elution
was carried out with hexane-ethyl acetate (9:1). The producbltamed as a white solid. Yield:
0.25 g, 32%; mp: 44-48C. [a]3® =59.94 ¢= 1 (g/100 ml), CHGJ); retention time 10.35 min,
Chiral ART Amylose-C, 90:10+-hexane€PrOH, flow rate of 0.5 ml/min, 254 nm, t = 4C;
Anal. calcd for GoHzs0-P,: C, 78.67; H, 5.64%. Found: C, 78.43; H, 5.59%. IR (KBr disc)
vmadCh: 3055, 2982, 2929, 2823, 1479, 1434, 1188, 1098, 1021, 743H68BVIR (400 MHz,
CDCl,, ppm) &: 7.40-7.58 (m, 4H, 1s), 7.28-7.31(m, 8H, Hizi719), 7.10-7.24 (m, 12H,
Hs71014.1620), 6.94 (ddJ = 8.5 Hz, 4H, Hg), 4.30 (s, 2H, k), 3.29 (s, 6H, H); °C NMR (101
MHz, CDCk, ppm)3&: 138.94 (G), 136.6-137.0 (M, £.15), 133.0-133.8 (M, G1g), 131.5-132.0
(M, Gs7.10141620), 128.7-127.4 (M, Gi31719), 127.9-128.0 (m, &), 87.5 (), 57.3 (G); *'P-
NMR: (162 MHz, CDC4, ppm)d: -6.44; MS (ES) MS calculated [M+H] for C4oH360,P2: 611.3

found: 611.3.

2.2.7. (1R,2R)-1,2-his(2'-(di cycl ohexyl phosphino) phenyl)- 1,2-dimethoxyethane (4)

Synthesis of4 was performed by following the procedure fbrby using (R,2R)-1,2-bis(2-
bromophenyl)-1,2-dimethoxyethar (0.55 g, 1.25 mmol), BuLi (2.5 ml, 4.1 mmol) and
PCyCI (0.65 ml, 2.9 mmol). The crude product was purified by silicacgegmatography. The
elution was carried out with hexane-ethyl acetate (9:1). The pradag obtained as a white
solid. Yield: 0.41 g, 51%; mp: 120-122. [a]3’ =-23.97 ¢= 1 (g/100 ml), CHG)); retention
time 7.26 min, Chiral ART Amylose-C, 90:18hexanePrOH, flow rate of 0.5 ml/min, 254 nm,

t = 40°C; Anal. calcd for GoHgoO2P2: C, 75.68; H, 9.53%. Found: C, 75.54; H, 9.79%. IR (KBr



disc) vmadem’™: 3052, 2923, 2850, 1446, 1092, 748; NMR (400 MHz, CDCJ, ppm)3: 7.70
(d,J= 7.3 Hz, 2H, H), 7.34 (m, 4H, Hg), 7.20 (t,J = 7.3 Hz, 2H, H), 5.74 (s, 2H, B), 3.15 (s,
6H, Hy), 1.92-0.98 (m, 44H, H.1416.20); *°C NMR (101 MHz, CDGJ, ppm)&: 145.7 (d,J = 9.5
Hz, G), 132.4 (m, @), 130.8 (dJ = 8.1 Hz, G), 129.5 (G), 128.5 (dJ = 41 Hz, G), 126.8 (d,)
= 7.3 Hz, G), 86.4 (G), 56.0 (G), 35.7 (dJ = 33 Hz, G), 34.7 (dJ = 33 Hz, Gs), 26.9-27.8 (m,
C1041131416171920), 25.9-26.0 (M, G15); *P-NMR: (162 MHz, CDG, ppm) &: -18.74; MS

(ES) MS calculated [M+H] for C4oHg0O,P>: 635.4 found: 635.5.

2.2.8. (1R,2R)-1,2-bis(3'"-(dicycl ohexyl phosphi no) phenyl)-1,2-dimethoxyethane (5)

Synthesis of5 was performed by following the procedure fbiby using (R,2R)-1,2-bis(3-
bromophenyl)-1,2-dimethoxyethartel (0.55 g, 1.25 mmol), BuLi (2.5 ml, 4.1 mmol) and
PCyCI (0.65 ml, 2.9 mmol). The crude product was purified by silicacgematography. The
elution was carried out with hexane-ethyl acetate (9:1). The predas obtained as oil. Yield:
0.27 g, 34%; [a]% =9.39 ¢= 1 (g/100 ml), CHQ); retention time 6.97 min, Chiral ART
Amylose-C, 90:1(-hexanePrOH, flow rate of 0.5 ml/min, 254 nm, t = 4Q; Anal. calcd for
CaoHeoO2P2: C, 75.68; H, 9.53%. Found: C, 75.33; H, 9.29%. IR (KBr di@g)lcm'l: 3049,

2925, 2853, 2447, 1416, 1171, 1108, 999, 7BANMR (400 MHz, CDCJ, ppm)3: 7.59-7.56

(m, 2H, H), 7.54 (dJ = 9.8 Hz, 2H, H), 7.30 (m, 2H, ), 7.18 (d,J = 7.8 Hz, 2H, Hj), 4.44 (s,
2H, Hy), 3.24 (s, 6H, H), 2.01-1.14 (M, 44H, H141620); °C NMR (101 MHz, CDG, ppm)$:
138.3-138.2 (dJ = 10.1 Hz, G), 134.5-134.8 (m, §, 131.3-131.4 (m, £), 130.4-130.6 (m,
Ce), 128.5-128.6 (dJ = 9.5 Hz, G), 86.7 (G), 57.3 (G), 35.5 (d,J = 22 Hz, G), 34.8 (d,J = 22
Hz, Cis), 25.5-26.7 (M, @11.13141617.1920), 24.6 (M, Go18); >*P-NMR: (162 MHz, CDG, ppm)

&: 2.75 MS (ES) MS calculated [M+H] for C4gHgoO2P2: 635.4 found: 635.5.



2.2.9. (1R,2R)-1,2-bis(4'-(di cycl ohexyl phosphino) phenyl )- 1,2-dimethoxyethane (6)

Synthesis of6 was performed by following the procedure fbrby using (R,2R)-1,2-bis(4-
bromophenyl)-1,2-dimethoxyethan? (0.55 g, 1.25 mmol), BuLi (2.5 ml, 4.1 mmol) and
PCyCI (0.65 ml, 2.9 mmol). The crude product was purified by silicacggmatography. The
elution was carried out with hexane-ethyl acetate (9:1). The pradag obtained as a white
solid. Yield: 0.56 g, 71%; mp: 48-5C. [a]3? =27.97 ¢= 1 (g/100 ml), CHGJ); retention time
6.79 min, Chiral ART Amylose-C, 90:1®hexanePrOH, flow rate of 0.5 ml/min, 254 nm, t =

40 °C; Anal. calcd for GoHggO-P2: C, 75.68; H, 9.53%. Found: C, 75.86; H, 9.94%. IR (KBr
disc) vmadcm™: 3050, 2925, 2851, 1448, 1173, 1105, SNMR (400 MHz, CDCl, ppm)8:

7.44-7.40 (m, 4H, k), 6.81-7.17(m, 4H, kk), 4.38 (s, 2H, B), 3.34 (s, 6H, ), 1.14-2.00 (m,
44H, Hio1416.20); °C NMR (101 MHz, CDQ, ppm)&: 141.4-141.5 (dJ = 2.9 Hz, G), 130.9 (d,
J=8.1Hz, Gg), 129.5 (dJ = 81 Hz, G), 127.4-127.7 (m, &), 86.9 (G), 57.7 (G), 35.4 (d,J
3P_NMR: (162 MHz, CDGJ, ppm)&: 1.92 MS (E$) MS calculated [M+H] for CaHgoO2Px:

635.4 found: 635.5.

2.210. Ruthenium(ll) complex of (1R 2R)-1,2-bis(4'-(diphenylphosphino)phenyl)-1,2-

dimethoxyethane (Ru(ll)-3)

Ru(ll)-3 complex was prepared by the reaction of 1R2R)-1,2-bis(4-

(diphenylphosphino)phenyl)-1,2-dimethoxyeth&@.2 g, 0.3 mmol) with [Rmf-p—cymene)(u-
CNCI]2 (0.2 g, 0.3 mmol) in 15 ml of toluene at room temperature for 2 hourssolvent was
evaporated to dryness under reduced pressure and addition of 10 m| gf dtbttgave Ru(ll)-

3 as an orange solid. The product was collected by filtration aed olr vacuum. Yield: 0.19 g



(47%); mp: 214-215°C. [a]?’ = 39.95 ¢= 0.5 (g/100 ml), CHG); Anal. calcd for
CeoHesClaOP-RW: C, 58.92; H, 5.27%. Found: C, 58.76; H, 5.14%. IR (KBr diggycm™
3053, 2982, 2929, 2821, 1637, 1435, 1094, 748, B98IMR (400 MHz, CDCJ, ppm)3: 7.72-
7.62 (m, 12H), 7.34-7.29 (m, 12), 6.96 (dds 8.3 Hz,J = 1.5 Hz, 4H), 5.19 (1) = 5.7 Hz, 4H),
4.94 (d,J = 6.0 Hz, 2H), 4.91 (d] = 6.0 Hz, 2H), 4.30 (s, 2H), 3.26 (s, 6H), 2.84 (m, 2H), 1,78
(s, 6H), 1,10 (m, 12H);°C NMR (101 MHz, CDGCJ, ppm)&: 140.1, 134.4-134.3 (m), 133.72-
133.63 (d,J = 9.3 Hz), 133.5, 133.3-133.2 (d,=7.3 Hz), 130.2, 127.9-128.04 (m), 127.41-
127.31 (dJ = 10.3 Hz), 111.1, 95.9, 89.3, 88.8, 87.48-87.42(d 5.1 Hz), 87.13-87.08 (d,=

5.9 Hz), 86.6, 57.5, 30.3, 22.1, 21.8, 17'®-NMR: (162 MHz, CDGJ, ppm)&: 24.52; Maldi-

Tof calculated [M] for CegHgsCl4O-PoRUp: 1226.1 found: 1226.4.

2.2.10. General procedure for the asymmetric transfer hydrogenation of aromatic ketones

A mixture of [Rup-cymene)CJ], (0.004 mmol) and corresponding chiral bisphosphine ligand
(1-6) (0.004 mmol) in'PrOH (7 ml) were placed under a nitrogen atmosphere in a standard
Schlenk tube. The reaction mixture was heated and stirred under miabg2°C for 2 h. After
cooling to room temperature, the aromatic ketone (1 mmol) was addad tmixture and the
solution was then heated to 82. To initiate the reaction, the solution'BEOK (0.05 mmol) in
'PrOH was added to the stirring reaction mixture. To monitorctimversions of ketones to
corresponding secondary alcohols, a small volume of reaction mixtwréakan from Schlenk
tube via micro syringe and diluted wifrOH, and then passed from microfilter. The conversion

and enantiomeric excess were monitored by GC using Agilent HP-Chiralch@arc

2.2.11. General procedure for Pd(0)-catalyzed enantioselective allylic alkylation

10



Corresponding bisphosphine ligant+g) (0.05 mmol) and [Paf-CsHs)Cl], (0.02 mmol)
were dissolved in degassed £H, under argon atmosphere using Schlenk techniques. The
reaction mixture was stirred for 1h at 8 and cooled to room temperature. Th&)-1,3-
diphenylallyl acetaté13) (1 mmol) in CHCI, was added and stirred at room temperature for 30
min. Finally, a solution of BSA (3 mmol), AcOLi or AcOK (0.1 mmahd dimethylmalonate (3
mmol) was added to the mixture. The reaction mixture wagdtfaor 16 h at room temperature.
Next, diethylether was added, washed with saturatesgCNIdried on MgS@and concentrated in
vacuo. The crude product was purified by flash chromatographylica gel (Hexane/AcOEt,
90/10) to afford the target compound. All adducts were fully characterizedrbgarison of their
spectral data with those reported in the literature. The atlesobnfigurations were assigned via
correlation of their optical rotation with literature values [ZVhe enantiomeric excess was
determined by chiral HPLC analysis: Chiral OD-H column (250 xn@ particle size 10 pm),
solvent: n-hexanéPrOH (50/50), flow rate 0.5 ml /min= 40 °C, retention times: 10.9 min for

(R)-(-)-14 and 12.9 min forY)-(+)-14.

3. Result and Discussion

A two-step synthetic route towards chi@symmetric bisphosphine ligands started with the
corresponding enantiomerically pure bromo-substituted @iSlsvhich were earlier described by
our group [8,9]. Chiral bromo-substituted diols are the key structures insymihesis of
bisphosphine ligand$-6 (Scheme 1). Bisphosphine ligaddhas been synthesized by Brunner
[25]. However, moderate chemical yields or needing more purificpatiocedures reported in the
literature prompted us to devise a different route involving morenida¢ yields and less
purification procedures. Thus, bisphosphine ligameas synthesized in two steps in good overall

yields. The first step was methylated of compounda CHsl in the presence of a base yielded
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99% [26]. The second step gave bisphosphine lidaf@®%) by reacting the compoud@ with

the desired chlorodiphenylphosphine in the presence of a base. Novel pispadgand and

3 were synthesized from the corresponding diblsand 12 according to this procedure,
respectively. Dicyclohexylphosphine substituted ligandi® were synthesized from the
corresponding diolslQ-12) by the treatment of chlorodicyclohexylphosphine in the presence of a
base. It should be noted that diphenylphosphine substituted ligethdse stable in air at room
temperature for a few days, while dicyclohexylphosphine substitigignds4-6 are stable for a
couple of hours.

The reaction of [Ryf-cymene)Cl], with one equivalent of bisphosphian toluene at room
temperature gave the orange compound RG@((pcheme 2). The reaction between ruthenium
(I) precursor and bisphosphine ligaBds not affected by the molar ratio of [Regymene)Cl],
as well as the steric and electronic properties of the donosaidme initial color changed from
orange to orange-red, attributed to the dimer cleavage most prdlyathlg bisphosphine ligand
[28]. Ru(ll)-3 was isolated as indicated by singlet in iR NMR spectrum at 24.52 ppm.

Transfer hydrogenation reaction was chosen as the firstytiatdst reaction in order to
determine the efficiency of the bisphosphine ligaiv@s This type of reaction is one of the mild
methodologies for reduction of ketones using 2-propanol as a hydroge® $28+33]. Initial
tests were carried out in order to determine efficient r@agtarameters such as amount of base,
type of base and substrate/catalyst ratio using acetophenonsuéstete in refluxingPrOH
(Table 1). According to the method, chiral bisphosphine ligand andgp{&utene)Cl], were
dissolved in'PrOH and heated to reflux for 2h. Ketone and base were added to dtienrea
mixture after cooling to room temperature. Adding all reageesstion was heated to reflux for
24h. To find efficient reaction conditions, we investigated catabtivities of all bisphosphine
ligands in the presence of NaOH (0.05 mmol) with a low substeasdyst (1000/1) ratio. We

determined some conversions but any enantioinduction (Table 1, entrieBik)osphine
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ligand 3 gave a slightly higher conversion among the all ligands (Tablely 8). Next, we
increased the concentration of NaOH in same conditions under thesisabdsphosphine ligand
3 (Table 1, entries 7-11). It showed that increasing the concentddtibie base resulted in high
conversions (up to 98%). Despite the high conversions, we focused ouroattentimild
condition in related with using low concentration of the base withhthlighigher
substrate/catalyst ratio. When we performed the reaction witil §80bstrate/catalyst) ratio in
the presence of 0.05 mmol of NaOH, moderate conversion was det€atdd (, entry 12).
However, an increase in the concentration of NaOH to 0.4 was resuldedeptable conversion
(Tablel, entry 13). 100/1 (substrate/catalyst) ratio with 0.05 mnmibDal mmol of NaOH gave
excellent conversions (Table 1, entries 14-16, up to 99%). Changingasefsttalyst ratio as
250/1 using with 0.05 mmol of NaOH gave 98% conversion. In a low concentratitaGi, all
results showed that the best reactivity was observed using with @oydirate/catalyst) ratio.
After finding the ratio of substrate-catalyst as 250/1, nextystvas planned to compare the base
activity in conversion of aromatic ketones to corresponding secondzofyotd. Various bases
such as NaOH, KOH an®uOK have been explored under the same reaction conditions. All
three bases gave the same conversion as 98% (Table 1, entries 17-@8jle@xttudy was
applied in order to determine the best base (Table 2). Therefonegrsions were compared for
each base every hour till 24h. Conversion obtained BitilDK gave the highest result in 2h
(91%). We examined control experiments for the reactivity dB&forming the control
experiments showed that the base, the pre-catalyst and the Wgamdequired for the catalysis
(Table 1, entries 20-22).

With the appropriate condition in hand (250/1 substrate/catalyst rati®.85 mmolBuOK),
a series of ketones were investigated in transfer hydroganegaction (Table 3). In general

excellent conversions ranging between 93% and 99% were observed nedinion of
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acetophenone derivatives (Table 3, entries 2-10) exceptiprtiubro substituted acetophenone
(Table 3, entry 1, 71%)

Bisphosphine ligand4-6 were further tested in the palladium-catalyzed enantiosetecti
allylic substitution of 1,3-diphenyl-2-propenyl aceta®with dimethylmalonate (DMM), which
is regarded as a standard test substrate for evaluatingttigsts (Table 4). The nucleophile was
generated from DMM (3 equiv) in the presence of N-O-bis(titiyisilyl)acetamide (BSA) (3
equiv) and 0.1 mol % BSA activator. With bisphosphine lighnaie obtained poor results with
both chemical yield and enantioselectivity (Table 4, entry 1). Wiemsed AcOK as a BSA
activator, a slightly higher enantioselectivity was obtainedbl@at, entry 2). When we
performed the reaction with ligan8sand3, we observed low catalytic activities (Table 4, entries
3-6). While bisphosphine ligarticatalyzed the reaction with moderate enantioselectivity (43%)
and good activity (70%) in the presence of AcOLI, poor results detected with AcOK (Table
4, entries 7 and 8). We determined almost racemic results undeattigsis of bisphosphine

ligands5 and6 (Table 4, entries 9-12).

4. Conclusion

In conclusion, we have synthesized a set ofCskssymmetric bisphosphine ligands as five of
them are novel and one of them is known. As proof of their potential iniesasttive
transition metal catalysis, these ligands were evaluated hemuim(ll)-catalyzed transfer
hydrogenation reactions and palladium(0)-catalyzed enantioseledilylic substitution
reactions. The best catalytic results were obtained in thesmmesof diphenylphosphine
substituted ligand3 in the reduction of acetophenone derivatives (up to >99% conversion).
Remarkably, with bisphosphine ligart] good activities were observed in the palladium(0)-

catalyzed enantioselective allylic alkylation reaction (7€8émical yield and 43% ee). Current

14



studies are focused upon expanding the scope of these novel ligands bdxkizanation of its

steric and electronic properties. These results will be reported in due course.
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Figure captions:

Fig. 1. General structure of modul&;-symmetric bisphosphine ligantds.

Fig. 2. Retrosynthetic analysis @h-symmetric bisphosphine ligands5.

Scheme 1. Synthesis oC,-symmetric bisphosphine ligands.

Scheme 2. Reaction ofRu(p-cymene)Cl], with bisphosphine ligan8.

Table 1. Reaction optimization for transfer hydrogenation of acetophenone.

Table 2. Screening of the conversion against base and time.

Table 3. Ru-catalyzed asymmetric transfer hydrogenation of ketondéls @4i-symmetric

bisphosphine ligand.

Table 4. Pdcatalyzed enantioselective allylic alkylation &8 with dimethylmalonate in the

presence of using bisphosphine ligathes
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A set of six chiral modular C,-symmetric bisphosphine ligands have been synthesized in a
straightforward manner through a two-step reaction from the corresponding diols with
moderate yields. The applicability of these chiral ligands was evaluated in Ru-catalyzed
enantioselective transfer hydrogenation reactions and Pd-catalyzed enantioselective alylic
substitution reactions.



Table 1.

OH
Q o)
. )Oi [Ru(p-cymene)Cly),/ligand O)*\ . )J\
Base, IPA, reflux
Entry Acetophenone SIC Ligand Base Base mmol Time (h) Co(rtl;sgicon

1 1 mmol 1000/1 1 NaOH 0.05 24 20
2 1 mmol 1000/1 2 NaOH 0.05 24 20
3 1 mmol 1000/1 3 NaOH 0.05 24 23
4 1 mmol 1000/1 4 NaOH 0.05 24 20
5 1 mmol 1000/1 5 NaOH 0.05 24 20
6 1 mmol 1000/1 6 NaOH 0.05 24 21
7 1 mmol 1000/1 3 NaOH 0.1 24 32
8 1 mmol 1000/1 3 NaOH 0.2 24 64
9 1 mmol 1000/1 3 NaOH 0.4 24 98
10 1 mmol 1000/1 3 NaOH 0.8 24 97
11 1 mmol 1000/1 3 NaOH 1 24 94
12 1 mmol 500/1 3 NaOH 0.05 24 50
13 1 mmol 500/1 3 NaOH 0.4 24 82
14 1 mmol 100/1 3 NaOH 0.05 24 92
15 1 mmol 100/1 3 NaOH 0.1 24 99
16 1 mmol 100/1 3 NaOH 0.2 24 95
17 1 mmol 250/1 3 NaOH 0.05 24 98
18 1 mmol 250/1 3 KOH 0.05 24 98
19 1 mmol 250/1 3 '‘BUOK 0.05 24 98
20 1 mmol 250/1 3 - - 24 5
21 1 mmol 250/1 - '‘BUOK 0.05 24 50
22 1 mmol 250/1 3 'BuOK 0.05 24 8

& Determined by GC (HP-Chiral-20B); ® iPA (7ml), 82°C; © No significant ee was observed; ¢ In absence of [Ru(p-cymene)Cl,],.



Table 2.

. % Conv. % Conv. % Conv. % Conv. % Conv. % Conv. % Conv.
Base Ligand S/C

(0.5h) (1h) (2h) (4h) (6h) (8h)  (24h)*°
NaOH 3  250/1 3 5 45 61 79 o1 98
KOH 3 250/1 18 47 81 93 97 97 98
'‘BUOK 3 2501 37 62 91 93 %5 97 98

& Determined by GC (HP-Chiral-20B); ® iPA (7ml), 82°C; ¢ No significant ee was observed



Table3.

Time Conversion Time Conversion

Entry  Substrate S/IC ) (%) Entry  Substrate S/IC ) (%)2b°

C

250/1 24 98 7 250/1 24 >99

SER

Cl

250/1 24 97 8 250/1 24 98

Br

(6]
25011 24 71 6 Meo@* 25011 24 %
@%
(o]
(o]

250/1 24 98 9 250/1 24 96

SAS

o
fon

Br

a.

250/1 24 93 10 @KO\ 250/1 24 >09

MeO

& Determined by GC (HP-Chiral-20B); ™ iPA (7ml), 82°C; © No significant ee was observed



Table 4.

OAc CH(COOMe),

/\)\ [Pd(P-C3Hs)Cl], /Ligand (2.5/6.5 mol-%) /\)\

Ph” XX Ph - PhT X Ph
13 CH,(COOCHS3;),/BSA, BSA activator 14
THF, r.t., 24h.

Entry Ligand BSA Activator Yield ?) % ee")") %
1 1 AcOL| 25 15 (R)
2 1 AcOK 30 33(R)
3 2 AcOLi 16 13 (R)
4 2 AcOK 18 16 (R)
5 3 AcOLi 40 25 (S)
6 3 AcOK 15 rac
7 4 AcOLi 70 43 (R)
8 4 AcOK 34 12 (R)
9 5 AcOLi 12 11 (S
10 5 AcOK 35 5 (S
11 6 AcOL| 20 21(9
12 6 AcOK 15 rac

3 Yied of isolated product. ) Determined by HPLC analysis with a chiral stationary phase (Chiralcel OD-H). ©) The absolute configuration was
assigned by the sign of the optical rotation.



ACCEPTED MANUSCRIPT

R\O _R Variable backbone

Variable position of PR’ d_/ </ \>
VN ——
R 2P —

\PR'z Variable phosphine unit
L*

Fig. 1.



ACCEPTED MANUSCRIPT

R=CH; PR',=2-PPh, (1) 2-PCy, (4) X =2-Br (7)

3-Br (8)

3-PPh; (2) 3-PCy; (5) 4-Br (9)

4-PPh, (3) 4-PCy, (6)

Fig. 2.



ACCEPTED MANUSCRIPT

HO OH

oo BuLi, CIPPh, /CIPCY;
@ T NaH, THE 78 °C —~ 250C
X X
X =§'§r’ ((;’)) X =2-Br (10)
4-Br (9) 3-Br (11) PR',= 2-PPh, (1) 2-PCy, (4)

4-Br (12) 3-PPh; (2) 3-PCy; (5)
4-PPh, (3) 4-PCy, (6)

Scheme 1.



MeQ  OMe [Ru(p-cyemene)Cl,], MeQ  OMe
Q Toluene /
Cl Cl
Ph,P PPh; Cl_ | /Pth PhoP | _cl
(3) R R
Ru(ll)-3

Scheme 2.



» A set of six chiral modular C,-symmetric bisphosphine ligands have been synthesized

» C,-symmetric modular ligand structure can be atered easily by using different alkyl or aryl
groups.

» Catalytic activity of the ligands was investigated in enantiosel ective catal ytic reactions.



