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Experimental 

I.  General Information 

Herein polyethyleneglycol ubiquinol sebacate will be abbreviated as PQS. When the modified 

chiral ligand BINAP is covalently bound to PQS it will be abbreviated as PQS-BINAP. When the 

BINAP is coordinated to rhodium it will be abbreviated as PQS-BINAP-Rh. Unless otherwise noted, all 

reactions were performed in oven-dried glassware under an atmosphere of Argon. The water for this 

study was HPLC grade and was degassed prior to use by standard freeze-pump-thaw technique. 

Poly(ethylene glycol) methyl ether (M-PEG-2000) was obtained from Aldrich (catalog # 202509). All 

commercially available reagents were used without further purification (e.g. cyclic/acyclic enones, 

arylboronic acids).  Analytical thin layer chromatography (TLC) was performed using Silica Gel 60 F254 

plates (Merck, 0.25 mm thick). The developed chromatogram was analyzed by UV lamp (254 nm) or 

aqueous potassium permanganate (KMnO4) or vanillin stain. Flash chromatography was performed in 

glass columns using Silica Flash® P60 (SiliCycle, 40-63 µm).  1H, 13C, 31P spectra were recorded at 22 

°C on a Varian UNITY INOVA Advance 400 MHz or a Varian UNITY INOVA Advance 500 MHz.  

Chemical shifts in 1H NMR spectra are reported in parts per million (ppm) on the δ scale from an 

internal standard of residual chloroform (7.26 ppm).  Data are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant in hertz 

(Hz), and integration.  Chemical shifts of 13C NMR spectra are reported in ppm from the central peak of 

CDCl3 (77.23 ppm) on the δ scale.  Chemical shifts of 31P NMR spectra are reported in ppm and were 

unreferenced. Chiral HPLC data were collected using a Shimadzu SPD-m20a Prominence diode array 

detector. IR measurements were performed on a Jasco FT/IR-430 instrument.  High resolution mass 

analyses were obtained using a VG70 double-focusing magnetic sector instrument (VG Analytical) for 

EI and a PE Sciex QStar Pulsar quadrupole/TOF instrument (API) for ESI. ICP analysis was preformed 

by Sean Duncan at Scripps Institute of Oceanography on a Thermo Finnigan Element 2 plasma mass 

spectrometer. 
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II.  Synthetic route to PQS 

 

Synthesis of mono-PEGylated succinic acid. – To a solution of poly(ethylene glycol) monomethyl 

ether-2000 (15.00 g, 7.50 mmol) and succinic anhydride (1.50 g, 15.00 mmol) in toluene (7.5 mL), Et3N 

(0.53 mL, 3.75 mmol) was added at rt with stirring, and the stirring was continued at 60 °C for 8 h.  

Water was added to the reaction mixture and extracted with CH2Cl2.  The combined organic layers were 

washed with 1 N HCl (3 x 50 mL), brine (2 x 30 mL), dried over anhydrous Na2SO4 and concentrated in 

vacuo to afford the poly(ethylene glycol) monomethyl ether-2000 succinate 12 (15.6 g, 99%) as a white 

solid.  IR (thin-film): 3512, 2874, 1734, 1647, 1468, 1349, 1284, 1250, 1109, 949, 844 cm-1;  1H NMR 

(400 MHz, CDCl3):  δ 4.28-4.25 (m, 2H), 3.83-3.46 (m, PEG), 3.38 (s, 3H), 2.69-2.61 (m, 4H);  13C 

NMR (100 MHz, CDCl3):  δ 173.1, 171.7, 71.4-68.5 (m, PEG), 63.2, 58.5, 28.6, 28.2; MS (ESI): m/4z ~ 

551 (M + 4Na)+4. 

 

Synthesis of activated PEGylated succinic acid.  Poly(ethylene glycol) monomethyl ether-2000 

succinate 12 (2.10 g, 1.00 mmol) was dissolved in CH2Cl2 (10 mL) and cooled to 0 °C.  N-

Hydroxysuccinimide (0.14 g, 1.20 mmol) and 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide (EDCI, 

0.25 g, 1.30 mmol) were then directly added in succession to the mixture as solids.  The resulting 

mixture was stirred at rt for 12 h.  Water was added to the reaction mixture and extracted with CH2Cl2.  

The combined organic layers were washed with water, brine, dried, and concentrated in vacuo to afford 

13 (2.17 g, 99%) as a white waxy solid.  IR (thin-film): 2883, 1814, 1784, 1739, 1645, 1468, 1360, 

1280, 1234, 1205, 1147, 1116, 1062, 947, 843 cm-1; 1H NMR (400 MHz, CDCl3):  δ 4.29-4.27 (m, 2H), 
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3.83-3.46 (m, PEG), 3.38 (s, 3H), 2.97 (t, J = 7.2 Hz, 2H), 2.84 (br s, 4H), 2.79 (t, J = 7.2 Hz, 2H);  13C 

NMR (125 MHz, CDCl3):  δ 170.9, 168.9, 167.6, 71.8-68.8 (m, PEG), 64.1, 59.0, 28.6, 26.2, 25.5; MS 

(ESI):  m/4z ~ 576 (M + 4Na)+4. 

 

Synthesis of PQS (2).  NaH (0.026 g, 0.65 mmol, 60% suspension in mineral oil) was added to a stirred 

solution of ubiquinol (0.52 g, 0.60 mmol) in THF (5.0 mL) at 0 °C.  After addition, the reaction mixture 

was stirred at 22 °C for 1 h.  A solution of 13 (1.10 g, 0.50 mmol) in THF (5.0 mL) was added to the 

mixture at 0 °C, and the stirring was continued for 30 min.  The mixture was then stirred for another 8 h 

at rt.  It was then cooled to 0 °C and saturated aqueous NH4Cl was added and then extracted with 

CH2Cl2.  The combined organic layers were washed with water, brine, dried, and concentrated in vacuo 

affording a yellowish liquid, which was purified by flash column chromatography on silica gel eluting 

with a CH2Cl2 to 1:19 MeOH/CH2Cl2 gradient to afford PQS-3 (0.95 g, 65%, mixture of two 

regioisomers) as a white waxy solid.  IR (thin-film):  3518, 2885, 2740, 1761, 1738, 1663, 1467, 1360, 

1343, 1280, 1242, 1147, 1114, 1062, 964, 843 cm-1;  1H NMR (400 MHz, CDCl3):  δ 5.78 (s, 0.3H), 

5.74 (s, 0.7H), 5.12-5.06 (m, 9H), 4.98-4.93 (m, 1H), 4.27-4.24 (m, 2H), 3.89 (s, 3H), 3.78 (s, 3H), 3.70-

3.44 (m, PEG), 3.37 (s, 3H), 3.31 (d, J = 6.4 Hz, 1.4H), 3.16 (d, J = 6.4 Hz, 0.6H), 2.94-2.89 (m, 2H), 

2.80-2.75 (m, 2H), 2.11-1.96 (m, 39H), 1.74 (s, 2.1H), 1.72 (s, 0.9H), 1.66 (s, 3H), 1.58-1.56 (m, 27H);  

13C NMR (100 MHz, CDCl3):  δ 172.04, 171.96, 170.9, 170.7, 145.4, 145.0, 142.1, 141.9, 137.8, 137.6, 

135.3, 135.1, 135.0, 134.9, 134.8, 131.1, 128.4, 124.9, 124.4, 124.2, 124.1, 124.0, 121.9, 121.6, 117.9, 

71.9-69.0 (m, PEG), 63.9, 60.9, 60.8, 60.6, 60.5, 59.0, 39.7, 29.0, 28.8, 28.7, 26.7, 26.6, 26.0, 25.7, 25.3, 

17.7, 16.3, 16.2, 16.0, 12.0, 11.3; MS (ESI): m/4z ~ 763 (M + 4Na)+4.  
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III.  Synthesis of (R)-BINAP acid 

The procedure was followed from previously published work1 with slight modifications.  See text below 

for details. 

 

(R)-2,2ʹ′-Dimethoxy-1,1ʹ′-binaphthalene (5).  To a well-stirred solution of (R)-binaphthol (2.50 g, 8.73 

mmol) in anhydrous acetone (80 mL) were added anhydrous K2CO3 (3.62 g, 26.2 mmol) and methyl 

iodide (1.65 mL, 26.2 mmol).  The mixture was heated at reflux for 18 h.  After cooling, the volatiles 

were removed in vacuo and the residual solids dissolved in CH2Cl2 and H2O.  The layers were separated, 

and the aqueous phase was extracted with CH2Cl2 (3 x 30 mL).  The combined organic layers were dried 

over anhydrous Na2SO4, and the solvent was removed in vacuo to leave a pale yellow solid which was 

purified by washing with MeOH (3 x 10 mL) and concentrated in vacuo to afford the title compound 5 

(2.74 g, 99%) as a white solid.  1H NMR (400 MHz, CDCl3): δ 7.99 (d, J = 9.2 Hz, 2H), 7.87 (d, J = 8.4 

Hz, 2H), 7.47 (d, J = 9.2 Hz, 2H), 7.32 (ddd, J = 8.0, 6.8, 1.2 Hz, 2H), 7.22 (ddd, J = 8.4, 6.8, 1.2 Hz, 

2H), 7.11 (d, J = 8.4 Hz, 2H), 3.78 (s, 6H).1 

 

(R)-Ethyl 4-(2,2ʹ′-Dimethoxy-1,1ʹ′-binaphth-6-yl)-4-oxobutanoate (6).  To a cooled (0 °C) solution of 

5 (2.67 g, 8.49 mmol) in CH2Cl2 (65 mL) under argon was added solid AlCl3 (1.36 g, 10.19 mmol).  The 

red solution was stirred for 10 min, and to this was added dropwise ethyl succinyl chloride (1.33 mL, 
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9.34 mmol).  The resulting brown solution was warmed to rt, stirred for 18 h, and poured carefully onto 

H2O (60 mL).  The layers were separated, and the aqueous phase was extracted with CH2Cl2 (2 x 30 

mL).  The combined organic layers were washed with H2O (2 x 30 mL), dried over anhydrous Na2SO4 

and concentrated in vacuo to afford the crude product which was subsequently purified by flash 

chromatography on silica gel (eluting with 30% EtOAc/hexanes) to afford the product 6 as a white solid 

(2.63 g, 70%).  1H NMR (400 MHz, CDCl3):  δ 8.57 (d, J = 1.6 Hz, 1H), 8.12 (d, J = 8.8 Hz, 1H), 8.01 

(d, J = 8.8 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.78 (dd, J = 8.8, 1.6 Hz, 1H), 7.53 (d, J = 9.2 Hz, 1H), 

7.47 (d, J = 9.2 Hz, 1H), 7.33 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.23 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H), 7.16 

(d, J = 8.8 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 4.18 (q, J = 7.2 Hz, 2H), 3.82 (s, 3H), 3.77 (s, 3H), 3.42 (t, 

J = 6.8 Hz, 2H), 2.80 (t, J = 6.8 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H).1 

 

(R)-Ethyl 4-(2,2ʹ′-Dimethoxy-1,1ʹ′-binaphth-6-yl)butanoate (7).  To a solution of compound 6 (3.80 g, 

8.60 mmol) in CH2Cl2 (5.3 mL) under an argon atmosphere, trifluoroacetic acid (10.6 mL) and 

triethylsilane (3.5 mL) were added dropwise at 0 °C.  The mixture was stirred at rt for 7 h.  The reaction 

was quenched with water (5 mL) in an ice bath and then neutralized with saturated aqueous Na2CO3 (10 

mL), and the aqueous phase was extracted with CH2Cl2 (2 x 30 mL).  The combined organic layers were 

washed with brine (2 x 30 mL), dried over anhydrous Na2SO4 and concentrated in vacuo to afford the 

crude product which was subsequently purified by flash chromatography on silica gel (eluting with 15% 

EtOAc/hexanes) to afford the product 7 as a colorless oil (3.50 g, 95%).  1H NMR (400 MHz, CDCl3):  δ 

7.98 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 8.8 Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 7.64 (s, 1H), 7.45(t, J = 8.8 

Hz, 2H), 7.32 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.29-7.25 (m, 1H), 7.21 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H), 
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7.01-7.11 (m, 2H), 4.11 (q, J = 7.2 Hz, 2H), 3.78 (s, 3H), 3.76 (s, 3H), 2.75 (t, J = 7.6 Hz, 2H), 2.34 (t, J 

= 7.6 Hz, 2H), 2.00 (quint, J = 7.6 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H).1  

 

(R)-Ethyl 4-(2,2ʹ′-Dihydroxy-1,1ʹ′-binaphth-6-yl)butanoate (8). To a cooled (-78 °C) solution of 7 

(3.35 g, 7.82 mmol) in anhydrous CH2Cl2 (54 mL) was added dropwise a 1.0 M CH2Cl2 solution of BBr3 

(17.3 mL, 17.3 mmol).  The mixture was warmed over 7 h to 0 °C and then poured carefully onto 

saturated aqueous NaHCO3 (50 mL).  The layers were separated, and the aqueous phase was extracted 

with CH2Cl2 (3 x 20 mL).  The combined organic layers were washed with H2O (2 x 30 mL), dried over 

anhydrous Na2SO4 and concentrated in vacuo to afford the crude product which was subsequently 

purified by flash chromatography on silica gel (eluting with 20% EtOAc/hexanes) to afford the product 

7 as a white solid (3.10 g, 99%).  1H NMR (400 MHz, CDCl3):  δ 7.99 (d, J = 8.8 Hz, 1H), 7.93-7.90 (m, 

2H), 7.68 (s, 1H), 7.41-7.36 (m, 3H), 7.32 (ddd, J = 8.4, 6.8, 1.6 Hz, 1H), 7.17 (d, J = 8.8 Hz, 2H), 7.09 

(d, J = 8.4 Hz, 1H), 5.08 (s, 1H), 5.02 (s, 1H), 4.12 (q, J = 7.2 Hz, 2H), 2.78 (t, J = 7.6 Hz, 2H), 2.35 (t, 

J = 7.6 Hz, 2H), 2.02 (quint, J = 7.6 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H).1 

 

(R)-Ethyl 4-[2,2ʹ′-bis(trifluoromethanesulfoxy)-1,1ʹ′-binaphth- 6-yl]butanoate (9).  To a cooled (0 

°C) mixture of 8 (2.59 g, 6.47 mmol), 2,6-lutidine (2.26 mL, 19.4 mmol), and DMAP (0.16 g, 1.31 

mmol) was added dropwise trifluoromethanesulfonic anhydride (2.8 mL, 16.9 mmol).  The resulting 

orange solution was warmed to rt, stirred for 20 h, and then poured onto saturated aqueous NaHCO3 (20 
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mL).  The layers were separated, and the aqueous phase was extracted with CH2Cl2 (3 x 15 mL).  The 

combined organic layers were washed with 0.5 M aqueous HCl (20 mL), H2O (2 x 30 mL), dried over 

anhydrous Na2SO4 and concentrated in vacuo to afford the crude product which was subsequently 

purified by flash chromatography on silica gel (eluting with 10% EtOAc/hexanes) to afford the product 

9 as a colorless oil (4.17 g, 97%).  1H NMR (400 MHz, CDCl3):  δ 8.15 (d, J = 8.8 Hz, 1H), 8.07 (d, J = 

9.2 Hz, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.79 (s, 1H), 7.63-7.58 (m, 3H), 7.43 (t, J = 8.4 Hz, 1H), 7.28-7.25 

(m, 2H), 7.18 (d, J = 8.8 Hz, 1H), 4.14 (q, J = 7.2 Hz, 2H), 2.84 (t, J = 7.6 Hz, 2H), 2.37 (t, J = 7.6 Hz, 

2H), 2.06 (quint, J = 7.6 Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H).1  

 

(R)-Ethyl 4-[2,2ʹ′-(Diphenylphosphino)-1,1ʹ′-binaphth-6-yl]butanoate (10).  To a solution of 

NiCl2dppe (0.122 g, 0.23 mmol)) in anhydrous DMF (3 mL) was added diphenylphosphine (0.16 mL, 

0.92 mmol).  The dark brown solution was then heated to 110 °C for 1 h.  A solution of chiral ditriflate 9 

(1.02 g, 1.53 mmol) and DABCO (0.69 g, 6.15 mmol) in anhydrous DMF (4.5 mL) was added in one 

portion to the reaction flask and the resulting dark green solution is kept at 110 °C.  Three additional 

portions of diphenylphosphine (3 x 0.16 mL) are added by syringe after 1 h, 3 h, and 7 h.  Heating and 

stirring was continued for 72 h.  The reaction was allowed to cool to rt and the DMF distilled from the 

reaction mixture.  The resulting brown solid was stirred for 30 min in MeOH (20 mL) and filtered.  The 

crude product was washed with methanol and dried in vacuo which was subsequently purified by flash 

chromatography on silica gel (eluting with 10% EtOAc/hexanes) to afford the product 10 as a white 

solid (0.84 g, 75%).  1H NMR (400 MHz, CDCl3):  δ 7.90 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 

7.83 (d, J = 8.8 Hz, 1H), 7.61 (s, 1H), 7.44 (dt, J = 8.4, 2.4 Hz, 2H), 7.36 (t, J = 8.0 Hz, 1H), 7.22-7.05 
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(m, 20H), 6.94 (t, J = 8.4 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 6.72 (s, 2H), 4.15 (q, J = 7.2 Hz, 2H), 2.71 

(t, J = 7.2 Hz, 2H), 2.31 (t, J = 7.2 Hz, 2H), 1.96 (quint, J = 7.2 Hz, 2H), 1.27 (t, J = 7.2 Hz, 3H).1  

 

(R)-4-[2,2ʹ′-(Diphenylphosphino)-1,1ʹ′-binaphth-6-yl]butanoic acid (3). To a solution of ester 10 (0.71 

g, 0.96 mmol) in THF (8 mL) was added 8 mL of aqueous LiOH·H2O (2.02 g, 48.00 mmol) and the 

mixture heated at reflux for 20 h.  After being cooled to rt, the solution was acidified to pH 3 with 2.0 M 

aqueous HCl and extracted with EtOAc (3 x 20 mL).  The combined organic extracts were dried over 

anhydrous Na2SO4, and the solvent was removed in vacuo.  Recrystallization from methanol afforded 

the title compound 3 as a white solid (0.67 g, 99%).  1H NMR (400 MHz, CDCl3):  δ 7.89 (d, J = 8.4 Hz, 

1H), 7.85-7.82 (m, 2H), 7.60 (s, 1H), 7.44 (dd, J = 8.0, 1.6 Hz, 2H), 7.36 (t, J = 8.0 Hz, 1H), 7.21-7.06 

(m, 20H), 6.94 (t, J = 8.4 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 6.71 (s, 2H), 2.73 (t, J = 7.2 Hz, 2H), 2.35 

(t, J = 7.2 Hz, 2H), 1.97 (quint, J = 7.2 Hz, 2H).1  
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IV.  Synthesis of PQS-BINAP-Rh 

 

PQS-BINAP (4).  PQS-3 (1.00 g, 0.34 mmol) and BINAP acid 22 (0.31 g, 0.44 mmol) were dissolved 

in CH2Cl2 (5 mL) and cooled to 0 °C.  1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide (EDCI) (0.10 g, 

0.52 mmol), and DMAP (0.02 g, 0.16 mmol) were then directly added in succession to the mixture as 

solids.  Et3N (0.08 mL, 0.57 mmol) was added through a syringe.  The resulting mixture was stirred at 

22 °C for 20 h.  Water was added to the reaction mixture and extracted with CH2Cl2.  The combined 

organic layers were washed with saturated NaHCO3, water, brine, dried and concentrated in vacuo 

affording a colorless liquid, which was purified by flash column chromatography on silica gel, eluting 

with Et2O, followed by 10% MeOH/CH2Cl2 afforded PQS-BINAP (1.20 g, 98%) as a white foam.  IR 

(thin-film):  3051, 2872, 1764, 1738, 1647, 1457, 1350, 1301, 1250, 1116, 951, 846 cm-1;  1H NMR (400 

MHz, CDCl3):  δ 7.89 (d, J = 8.8 Hz, 1H), 7.85-7.82 (m, 2H), 7.64 (s, 1H), 7.43 (d, J = 8.4 Hz, 2H), 7.35 

(t, J = 8.0 Hz, 1H), 7.21-7.05 (m, 20H), 6.93 (t, J = 8.0 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 6.73 (s, 2H),  

5.13-4.97 (m, 10H), 4.29-4.26 (m, 2H), 3.81-3.80 (m, 6H), 3.72-3.46 (m, PEG), 3.39 (s, 3H), 3.21-3.19 

(m, 2H), 2.97-2.92 (m, 2H), 2.84-2.77 (m, 4H), 2.63-2.56 (m, 2H), 2.10-1.92 (m, 41H), 1.73-1.55 (m, 

33H);  13C NMR (100 MHz, CDCl3):  δ 171.9, 171.8, 171.3, 171.2, 170.3, 170.2, 145.1, 144.8, 143.3, 

143.1, 140.6, 140.5, 140.3, 140.2, 139.3, 137.9, 137.8, 137.7, 137.5, 137.4, 137.1, 137.0, 135.7, 135.5, 

135.4, 134.9, 134.7, 134.5, 134.3, 134.1, 133.9, 133.3, 133.1, 132.8, 132.7, 132.6, 131.9, 131.0, 130.6, 

130.3, 128.3, 128.0, 127.9, 127.6, 127.5, 127.3, 126.9, 126.4, 125.7, 124.9, 124.7, 124.3, 124.1, 123.8, 

121.1, 71.8-68.9 (PEG), 63.8, 60.6, 60.5, 58.9, 39.6, 34.8, 33.0, 28.9, 28.6, 26.6, 26.5, 26.3, 26.1, 25.6, 

17.6, 16.2, 15.9, 12.1, 12.0; 31P NMR (160 MHz, CDCl3, UNREFERENCED) δ 2.2; MS (ESI):  m/3z ~ 

936 (M + 4Na)+4.  Note: The extra peak near 45 ppm on the 31P NMR spectrum is thought to be from 

trace amounts of the oxidized complex present. 
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PQS-BINAP-Rh(nbd)BF4 (1).  To a 10 mL round bottom flask purged with argon and equipped with a 

stir bar was added PQS-BINAP (600 mg, 0.164 mmol) and Rh(nbd)2BF4 (48 mg, 0.131 mmol).  

Degassed CH2Cl2 (8.0 mL) was added via syringe and the mixture was stirred at rt.  31P NMR analysis 

confirmed instantaneous complexation.  The solvent was removed in vacuo to yield PQS-BINAP-

Rh(nbd)BF4 as a dark-red, viscous oil (622 mg, 96%). 31P NMR (160 MHz, CDCl3, UNREFERENCED) 

δ 43.3, 42.6.  Note: The extra peak near 45 ppm on the 31P NMR spectrum is thought to be from trace 

amounts of the oxidized version of complex 4 present. The presence of PQS-BINAP (peak at 2.2 ppm) 

unbound to rhodium is important for high enantioselectivity, as the catalyst is active without a chiral 

ligand bound, thus degrading selectivity. 

 

V.  Rh-catalyzed asymmetric conjugate addition reactions 

General procedure for the 1,4-addition of boronic acids to enones (GP1).  Under an atmosphere of 

argon a 1 mL screwcap vial was charged with PQS-BINAP-Rh precatalyst (30 mg, 0.006 mmol), 

boronic acid (0.24 mmol), and removed from the glovebox.  Water (0.4 mL) and Et3N (84 µL, 0.6 

mmol) were added to the vial and stirred for 15 min.  When the solution became homogeneous, enone 

(0.2 mmol) was added via syringe and the mixture was stirred at rt for 12 h.  The homogeneous reaction 

mixture was then diluted with EtOAc (0.5 mL), filtered through a bed of silica gel, and the bed further 

washed (3 x 2 mL) with EtOAc to collect all of the coupled material.  The volatiles were removed in 
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vacuo to afford the crude product which was subsequently purified by flash chromatography on silica 

gel. 

 

(R)-3-Phenylcyclohexanone.  Following the general procedure GP1 using 2-cyclohexenone (20 µL, 

0.20 mmol), and phenylboronic acid (30 mg, 0.24 mmol), column chromatography on silica gel (eluting 

with 10% Et2O/hexanes) afforded the title product as a pale yellow oil (33 mg, 95%);  1H NMR (400 

MHz, CDCl3):  δ 7.34-7.41 (m, 2H), 7.24-7.31 (m, 3H), 3.00-3.12 (m, 1H), 2.37-2.68 (m, 4H), 2.10-2.24 

(m, 2H), 1.76-1.96 (m, 2H);  HPLC separation conditions:  CHIRALCEL OD-H, 210 nm, 2% 

IPA/hexanes, 1.0 mL/min, tR = 12.1 and 13.4 min, 99% ee.2 

 

(R)-3-(4-Methoxyphenyl)cyclohexanone. Following the general procedure GP1 using 2-

cyclohexenone (20 µL, 0.20 mmol), and 4-methoxyphenylboronic acid (37 mg, 0.24 mmol), column 

chromatography on silica gel (eluting with 10% Et2O/hexanes) afforded the title product as a pale 

yellow oil (40 mg, 99%);  1H NMR (400 MHz, CDCl3):  δ 7.15 (d, J = 11.8 Hz, 2H), 6.86 (d, J = 11.8 

Hz, 2H), 3.79 (s, 3H), 2.91-3.02 (m, 1H), 2.30-2.62 (m, 4H), 2.00-2.19 (m, 2H), 1.67-1.88 (m, 2H);  

HPLC separation conditions:  CHIRALCEL OD-H, 210 nm, 5% IPA/hexanes, 1.0 mL/min, tR = 10.7 

and 11.2 min, >99% ee.3 
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(R)-3-(4-Trifluoromethylphenyl)cyclohexanone. Following the general procedure GP1 using 2-

cyclohexenone (20 µL, 0.20 mmol), and 4-trifluoromethylphenylboronic acid (46 mg, 0.24 mmol), 

column chromatography on silica gel (eluting with 10% Et2O/hexanes) afforded the title product as a 

colorless oil (42 mg, 87%).  1H NMR (400 MHz, CDCl3):  δ 7.59 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 

Hz, 2H), 3.02-3.17 (m, 1H), 2.33-2.65 (m, 4H), 2.06-2.13 (m, 2H), 1.76-1.94 (m, 2H);  HPLC separation 

conditions:  CHIRALCEL OD-H, 210 nm, 1% IPA/hexanes, 0.5 mL/min, tR = 30.4 and 32.0 min, >99% 

ee.4 

 

(R)-3-(2-Methylphenyl)cyclohexanone.  Following the general procedure GP1 using 2-cyclohexenone 

(20 µL, 0.20 mmol), and 2-methylphenylboronic acid (33 mg, 0.24 mmol), column chromatography on 

silica gel (eluting with 10% Et2O/hexanes) afforded the title product as a colorless oil (30 mg, 80%).  1H 

NMR (400 MHz, CDCl3):  δ 7.05-7.21 (m, 4H), 3.11-3.24 (m, 1H), 2.30-2.48 (m, 4H), 2.24 (s, 3H), 

2.08-2.18 (m, 1H), 1.93-1.98 (m, 1H), 1.75-1.88 (m, 2H);  HPLC separation conditions:  CHIRALCEL 

AD-H, 210 nm, 1% IPA/hexanes, 0.5 mL/min, tR = 21.9 and 26.3 min, 98% ee.3 

 

(S)-4-Phenylnonan-2-one.  Following the general procedure GP1 using (E)-non-3-en-2-one (28 mg, 

0.20 mmol), and phenylboronic acid (30 mg, 0.24 mmol), column chromatography on silica gel (eluting 

with 5% Et2O/hexanes) afforded the title product as a colorless oil (43 mg, 98%).  1H NMR (400 MHz, 
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CDCl3):  δ 7.29-7.24 (m, 2H), 7.20-7.15 (m, 3H), 3.12-3.05 (m, 1H), 2.71 (dd, J = 16.0, 7.2 Hz, 1H), 

2.69 (dd, J = 16.0, 6.8 Hz, 1H), 2.00 (s, 3H), 1.59-1.50 (m, 2H), 1.21-1.08 (m, 6H), 0.83-0.79 (m, 3H);  

HPLC separation conditions:  CHIRALCEL OD-H, 210 nm, 2% IPA/hexanes, 0.5 mL/min, tR = 12.2 

and 12.8 min, 79% ee.5 

 

(R)-3-Phenylcyclopentanone.  Following the general procedure GP1 using 2-cyclopentenone (17 µL, 

0.20 mmol), and phenylboronic acid (30 mg, 0.24 mmol), column chromatography on silica gel (eluting 

with 10% Et2O/hexanes) afforded the title product as a colorless oil (31 mg, 96%);  1H NMR (400 MHz, 

CDCl3):  δ 7.36-7.33 (m, 2H), 7.27-7.23 (m, 3H), 3.47-3.38 (m, 1H), 2.67 (dd, J = 18.0, 7.6 Hz, 1H), 

2.51-2.41 (m, 2H), 2.38-2.26 (m, 2H), 2.04-1.94 (m, 1H);  HPLC separation conditions:  CHIRALCEL 

OB-H, 210 nm, 0.5% IPA/hexanes, 1.0 mL/min, tR = 32.7 and 35.5 min, 97% ee.4 

 

(R)-3-Phenylcycloheptanone.  Following the general procedure GP1 using 2-cycloheptenone (28 µL, 

0.20 mmol), and phenylboronic acid (30 mg, 0.24 mmol), column chromatography on silica gel (eluting 

with 10% Et2O/hexanes) afforded the title product as a colorless oil (31 mg, 83%);  1H NMR (400 MHz, 

CDCl3):  δ 7.32-7.25 (m, 2H), 7.22-7.16 (m, 3H), 2.97-2.86 (m, 2H), 2.66-2.56 (m, 3H), 2.11-1.97 (m, 

3H), 1.79-1.66 (m, 2H), 1.56-1.44 (m, 1H);  HPLC separation conditions:  CHIRALCEL OD-H, 210 

nm, 2.0% IPA/hexanes, 1.0 mL/min, tR = 10.9 and 12.0 min, 96% ee.4 
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VI.  Catalyst recycling  

General procedure for catalyst recycling.  Inside a glovebox, a 3 mL vial was charged with PQS-

BINAP-Rh (75 mg, 0.015 mmol), phenylboronic acid (75 mg, 0.60 mmol), and removed from the 

glovebox.  Water (1 mL) and Et3N (0.21 mL, 1.5 mmol) were added to the vial and stirred for 15 min.  

When the solution became homogeneous 2-cyclopentenone (43 µL, 0.50 mmol) was added via syringe 

and the mixture was stirred at rt for 12 h.  The homogeneous reaction mixture was then diluted with 

toluene-Et2O mixture (1:1; 1 mL) and stirred for 10 s.  The reaction mixture was then allowed to 

separate and the upper (toluene-Et2O) layer was removed by pipette.  The aqueous layer was 

successively washed with toluene-Et2O mixture (1:1; 3 x 1 mL).  The combined toluene-Et2O extracts 

layers were evaporated to afford the crude product, which was purified by flash column chromatography 

on silica gel, eluting with 10% Et2O/hexanes afforded the desired compound (0.083 g, 95%) as a 

colorless liquid.  For the second run, 2-cyclohexenone (49 µL, 0.50 mmol), phenylboronic acid (75 mg, 

0.60 mmol), and Et3N (0.21 mL, 1.5 mmol) were added again to the same reaction vessel and stirred at rt 

for another 12 h.  The work up was conducted in exactly the same way as described for the first cycle.  

This reaction was repeated again using 2-cyclohexenone (49 µL, 0.50 mmol). 

 

VII. ICP-MS analysis 

Each sample corresponds to the cycle number analyzed (e.g. NI#2-1 is extract from cycle 1).  The 

deviation in concentration is expected with the extraction method (with a syringe and needle).  If a drop 

more of less of PQS-BINAP-Rh solution was extracted due to the inaccuracy of the human eye, such a 

deviation would occur. Contact Sean Duncan for details and associated spectra from analysis. 

Sample    Element      Concentration 
NI#2-1       Rh            41.2843 ppb 
NI#2-2       Rh             5.7856 ppb 
NI#2-3       Rh           20.7885 ppb 
NI#2-4       Rh             1.0437 ppb 
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IX. 1H and 13C NMR Spectra, HPLC data, and DLS data 
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