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1.  General experimental 

Nuclear magnetic resonance (NMR) spectra were recorded on JEOL ECX-600 spectrometers, 

operating at 600 MHz for 1H and 151 MHz for 13C NMR in CDCl3 and are reported relative to 

the solvent residual 1H-signal (CHCl3, δ(H) = 7.26) for 1H-NMR and CDCl3 (δ = 77.0) for 13C-

NMR. Infrared (IR) spectra were obtained using a SHIMADZU IRSpirit spectrometer, data are 

represented as frequency of absorption (cm–1). High-performance liquid chromatography was 

carried out using the following apparatuses: SHIMADZU LC-10ATvp (liquid chromatograph), 

SHIMADZU SPD-10A (UV detector), and SHIMADZU C-R8A (Chromatopac) using Daicel 

Chiralpak® or Chiralcel® columns. Preparative thin-layer chromatography (PTLC) was carried 

out using Wakogel B-5F from Wako Pure Chemical Industries, Ltd. High-resolution mass 

spectra (HRMS) were recorded using a JEOL JMS T100TD (DART) or T100LC (ESI) 

spectrometer. Optical rotations were measured on a JASCO P2100 polarimeter using a 2 mL cell 

with 1 dm path length. Data are reported as follows: [a]DT (c in g/100 mL, solvent). All melting 

points were determined on a YAZAWA micro melting point BY-1 apparatus and are uncorrected. 

Inductively Coupled Plasma (ICP) analysis was performed on Shimadzu ICPS-7510 equipment. 

Centrifugation was performed by using KOKUSAN H-36 centrifuge with 3500 rpm for 10 

minutes, unless otherwise noted. TG analysis was performed on Rigaku Thermoplus TG 8120. 

XPS analysis was performed on JPS-9010MC with a Mg Ka X-ray source. The Au 4f7/2 line at 

84.0 eV was used as a reference to correct the binding energy of C 1s. The corrected C 1s (283.4 

eV) was used as reference to correct the binding energy of other samples. PXRD analysis was 

performed on MiniFlex 600 from Rigaku. STEM/EDS images were obtained using a JEOL JEM-

2100F instrument operated at 200 kV. All STEM specimens were prepared by placing a drop of 

the solution on carbon-coated grids and allowed to dry in air (without staining). SEM analysis 

was measured by a JEOL JSM-6700F. Nitrogen absorption/desorption isotherms were recorded 

on a BELSORP-mini Microtrac Bell. Calculation study to estimate the length of linkers was 

performed using the functional B3LYP together with 6-31G+(d,p) basis set for C, H, N, O, and 

LanL2DZ for Sc. Deionized water from a MILLIPORE MilliQ machine (Integral 3) was used a 

as solvent without further treatment. All organic solvents used were commercially available dry 

solvents. Commercially available reagents (in liquid form) for the ring-opening reactions of 

epoxides were distilled before use. 
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2.  Initial discovery through the design of chiral H2BPVB linker 5 

In our initial exploration, the chiral H2BPV linker 3 was synthesized from 2,6-dibromopyridine 

in 9 steps (Figure S1).   

 
Figure S1. Synthesis of chiral H2BPV 3. 

Following the successful synthesis of chiral linker 3, the subsequent phase of our investigation 

entailed the preparation of the corresponding BPV-MOF through a solvothermal process.1 The 

reaction conditions for MOF construction were systematically explored and refined, as outlined 

in Table S1. After the completion of the reactions, the resulting precipitates underwent thorough 
1H-NMR analysis to assess the degree of linker occupancy. Unexpectedly, our analysis 

uncovered the presence of undesired linkers B and C, originating from intramolecular 1,4-

addition, during the self-assembly process (Figure S2).  
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Table S1. Optimization in the preparation of chiral BPV-MOF via solvothermal process. 

 

 
Entry Heater (temp, oC) Modulator (x equiv) Time (h) Yield (mg) A : B : Ca 

1 oven (120) AcOH (30) 48 9.9 24 : 76 : 0 
2 oven (120) AcOH (30) 24 7.8 23 : 71 : 6 
3 oven (110) AcOH (30) 24 7.1 41 : 54 : 5 
4 oven (100) AcOH (30) 40 3.9 67 : 30 : 3 
5 oven (90) AcOH (30) 70 6.5 85 : 2.5 : 12.5 
6 oven (80) AcOH (30) 135 4.2 53 : 27 : 20 
7 oven (90) AcOH (10) 70 9.7 42 : 24 : 34 
8 oven (90) − 70 8.1 47 : 2 : 51 
9b oven (90) AcOH (30) 70 12.8 36 : 9 : 55 
10b oil bath (90 ) AcOH (30) 70 21.0 47 : 38.5 : 14.5 
11c oil bath (90 ) AcOH (30) 70 39.5 59 : 34 : 7 
12 microwave (90) AcOH (30) 8 n.d. − 
13 oil bath (90 ) PhCO2H (30) 70 n.d. − 
14 oil bath (90 ) TFA (30) 70 n.d. − 
15 oil bath (90 ) HCOOH (30) 70 10.0 29 : 65 : 6 
16 oil bath (90 ) HCl (30) 32 6.8 42 : 49 : 9 
17 oil bath (90 ) HCl (10) 35 4.9 42 : 17 : 41 

a Ratio of occupancy was determined by 1H NMR analysis. b 0.09 mmol scale. cCombination of 4 
portions. 
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Figure S2. Assignment of linkers in BPV-MOF after solvothermal process. 

 

To investigate whether the decomposition of the chiral linker impacted the asymmetric reaction 

in water, we explored the post-synthetic metalation of the prepared Zr-MOFs using Sc(OTf)3 

and Sc(DS)3, as detailed in Table S2. The successful incorporation of scandium was confirmed 

through ICP analysis. These catalysts were subsequently evaluated for their performance in the 

asymmetric ring-opening reaction of epoxide in water, as summarized in Table S3. When BPV-

MOF-Sc-OTf was employed (entries 1 and 2), low yields and enantioselectivities were obtained. 

Notably, the substitution of the counter anion to dodecyl sulfate (DS-) resulted in an improvement 

in reactivity and selectivity, with the desired product isolated in 70% yield with 35% ee. However, 

it is crucial to highlight that the observed low enantioselectivity was still evident, attributed to 

the deactivation of the chiral coordination site by Michael addition. Consequently, finding an 

alternative linker to suppress this issue is necessary. 
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Table S2. Preparation of chiral BPV-MOF-Sc catalysts. 

 

Table S3. Evaluation of chiral BPV-MOF-Sc catalysts in asymmetric ring-opening reaction of epoxide. 

 

 

 

 

 

 

 

Table S4. Unsuccessful synthesis of chiral H2BPDC linker 2. 

 
entry conditions remarks 

1 2.1 equiv NaOMe, MeOH, rt, 48 h no conversion 

 
Entry A : B : C ScX3  Sc Loading (mmol/g)a Remarks 

1 62 : 38 : 0 Sc(OTf)3 0.575 BPV-MOF-Sc-OTf 
2b 59: 34 : 7  Sc(DS)3 0.192 BPV-MOF-Sc-DS 

a Based on ICP analysis. b Few drops of H2O was added. 

 
Entry Cat. (y mol% Sc) Yield (%)a ee (%) 

1 BPV-MOF-Sc-OTf (1) 11 23 
2 BPV-MOF-Sc-OTf (2) 17 22 
3 BPV-MOF-Sc-DS (1) 70 35 

a Isolated yield. 
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2 2.5 equiv NaOH, THF, rt, 18 h messy 
3a 20 equiv NaOMe, MeOH, 40oC full conversion, messy 
4a 2.5 equiv NaOMe, MeOH, 40oC no conversion 
5a 5 equiv NaOMe, MeOH, 40oC 58% conv., complex mixture 
6a 10 equiv NaOMe, MeOH, 40oC full conversion, under purification 

a stirred for 18 h. 

 

Table S5. Unsuccessful synthesis of chiral H2BPY linker 4. 

 
entry conditions remarks 

1 TBAF (10 equiv), 40 oC, 20 h decomposed 
2 37% HCl, THF, 40 oC, 18 h decomposed 
3 4M HCl (in 1,4-dioxane)/MeOH, rt, 14 h decomposed 
4 AcOH/H2O, THF, rt, 20 h N.R. (decomposed at 60 oC) 
5 TFA/H2O, DCM, 12 h N.R. (decomposed at 40 oC) 
6 10% HCl, THF, rt, 24 h N.R. 
7 10% HCl, THF/MeOH, rt, 24 h low conv. (decomposed at 40 oC) 

 
 

In response to the challenges encountered with the chiral H2BPV, H2BPDC, and H2BPY ligands, 

we have undertaken a modification of synthetic methods to design a new chiral linker by 
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introducing vinyl benzoate groups. We hypothesized that this modification not only addresses 

the linker decomposition or deprotection issues but also enhances hydrophobicity, rendering it a 

promising candidate for water-stable ligands. The proposed retrosynthesis of the chiral H2BPVB 

linker 5 is illustrated in Figure S3, outlining three key synthetic steps: asymmetric transfer 

hydrogenation, Wittig olefination, and Ullmann-homocoupling reaction. 

 

 
 

Figure S3. Retrosynthesis of chiral H2BPVB linker 5. 
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3.  Synthesis of the chiral H2BPVB linker 5 

 
Figure S4. Overview synthetic pathways toward chiral H2BPVB linker 5. 

 

Synthesis of 2,6-Dibromonicotinaldehyde (S4)2 

 

 
To an oven-dried 300 mL 3-necked round-bottom flask equipped with a stirring bar was charged 

diisopropylamine (16.9 mL, 120 mmol) under argon atmosphere, followed by the addition of 

120 mL dry THF before setting at –78 oC. A solution of nBuLi (1.56 M in nhexane, 76.9 mL, 120 

mmol) was added dropwise into the reaction flask via a dropping funnel at –78 oC. The mixture 

was stirred at –78 oC for 1 hour to obtain lithium diisopropylamide (LDA). To an oven-dried 1 

L 3-necked round-bottom flask containing a solution of 2,6-dibromopyridine (23.68 g, 100 

mmol) in 200 mL dry THF at –78 oC, was slowly transferred the prepared LDA solution via a 

Teflon cannula, the mixture solution was stirred at –78 oC for 2 hours. Later, a solution of methyl 

formate (60.05 g, 1000 mmol) in 60 mL dry THF was added dropwise via a drooping funnel. 

The reaction mixture was then stirred at –78 oC for 2 hours before gradually warming up to room 



S10 
 
 
 

temperature and stirred at room temperature for 12 hours. Then, the reaction was quenched with 

saturated NH4Cl (100 mL) and extracted with EtOAc (3× 100 mL). Organic layers were 

combined and washed with brine, dried over anhydrous Na2SO4, and evaporated. The crude 

product was purified by column chromatography (silica gel, nhexane/EtOAc = 20/1) to give the 

title compound S4 as a white solid. Mp: 125–126 oC; IR (neat): ν = 2884, 1665, 1552, 1424, 

1385, 1004, 830 cm-1; 1H NMR (600 MHz, CDCl3): δ 10.28 (dd, J = 1.8, 0.9 Hz, 1H), 8.01 – 

7.99 (m, 1H), 7.63 – 7.60 (m, 1H); 13C NMR (151 MHz, CDCl3): δ 190.0, 146.4, 144.1, 139.3, 

129.6, 128.2; HRMS (DART) for C6H4Br2NO: calculated for [M+H]+ 265.86392, found  

265.86286.  

 

Synthesis of 2,6-Dibromo-3-(1,3-dioxolan-2-yl)pyridine (S5)3 

 

 
To a solution of 2,6-dibromonicotinaldehyde (S4, 12.4 g, 47 mmol) and p-TsOH.H2O in 180 mL 

benzene, was added ethylene glycol (14.5 g, 234 mmol) via syringe. The reaction mixture was 

refluxed at 95 oC for 16 hours. After completion, the reaction was allowed to cool down to room 

temperature and quenched with H2O (100 mL). It was extracted with EtOAc (3 × 50 mL) and 

the combined organic layer was washed with brine and dried over anhydrous Na2SO4. After 

concentration under reduced pressure, the crude product was purified by column 

chromatography (silica gel, nhexane/EtOAc = 4/1) to give the title compound S5 as a white solid. 

Mp: = 75–77 oC; IR (neat): ν = 2898, 1564, 1538, 1414, 1374, 1108, 821 cm-1; 1H NMR (600 

MHz, CDCl3): δ 7.72 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H), 5.97 (s, 1H), 4.15 – 4.11 (m, 

2H), 4.11 – 4.07 (m, 2H); 13C NMR (151 MHz, CDCl3): δ 141.0, 140.9, 138.3, 133.6, 127.2, 

101.1, 65.6; HRMS (DART) for C8H8Br2NO2: calculated for [M+H]+ 309.89013, found  

309.89146.  

 

Synthesis of 1-(6-Bromo-3-(1,3-dioxolan-2-yl)pyridin-2-yl)-2,2-dimethylpropan-1-one (6)4 
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To an oven-dried 100 mL 3-necked round-bottom flask equipped with a stirring bar was charged 

2,6-dibromo-3-(1,3-dioxolan-2-yl)pyridine (S5, 6.2 g, 20 mmol), followed by addition of  60 mL 

dry THF under argon atmosphere. A solution of nBuLi (1.56 M in nhexane, 14.2 mL, 22 mmol) 

was transferred to the reaction flask at –78 oC via a dropping funnel. After the reaction mixture 

was allowed to stir at –78 oC for 2 hours, a solution of methyl pivalate (4.7 g, 40 mmol) in 30 

mL dry THF was transferred dropwise via a dropping funnel at –78 oC and the mixture was 

continuously stirred at the same temperature for 1 hour. The reaction was gradually warmed up 

to room temperature and allowed to stir at room temperature for 3 hours. After completion, the 

solution was quenched with saturated NH4Cl and extracted with EtOAc (3×30 mL). The organic 

phase was combined and washed with brine, dried over anhydrous Na2SO4, and evaporated under 

reduced pressure. The crude product was purified by column chromatography (silica gel, 
nhexane/EtOAc = 4/1) to give the title compound 6 as a colorless oil. IR (neat): ν = 2969, 2875, 

1695, 1481, 1392, 1280, 1110, 978 cm-1; 1H NMR (600 MHz, CDCl3): δ 7.78 (d, J = 8.2 Hz, 

1H), 7.50 (d, J = 8.2 Hz, 1H), 5.98 (s, 1H), 3.99 (s, 4H), 1.32 (s, 9H); 13C NMR (151 MHz, 

CDCl3): δ 208.9, 156.6, 140.1, 137.5, 131.4, 128.3, 99.7, 65.2, 44.1, 27.3; HRMS (DART) for 

C13H17BrNO3: calculated for [M+H]+ 314.03918, found  314.03978.  

 

Synthesis of (S)-1-(6-Bromo-3-(1,3-dioxolan-2-yl)pyridin-2-yl)-2,2-dimethylpropan-1-ol 

(7)5 

 
RuCl[(S,S)-Tsdpen](mesitylene) (395.1 mg, 0.6 mmol) was charged into 100 mL 2-necked 

round-bottom flask equipped with a stirring bar, then 30 mL degassed H2O was added under 

argon atmosphere. After stirring the suspension at 40 oC for 1 hour, a solution of sodium formate 
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in 30 mL degassed H2O was added into the reaction flask followed by adding 1-(6-bromo-3-

(1,3-dioxolan-2-yl)pyridin-2-yl)-2,2-dimethylpropan-1-one (6, 4.0 g, 13 mmol) via syringe. The 

reaction mixture was allowed to stir at 40 oC for 72 hours. After completion, the reaction was 

extracted with EtOAc (3 × 40 mL). The organic phase was combined and washed with brine, 

dried over anhydrous Na2SO4, and evaporated under reduced pressure. The crude product was 

purified by column chromatography (silica gel, nhexane/EtOAc = 4/1). The resulting compound 

was recrystallized by using nhexane to give the title compound 7 as a colorless crystal with single 

(S)-enantiomer (>99.9% ee). Mp: 73–74 oC; IR (neat): ν = 3523, 2884, 1574, 1445, 1362, 1173, 

1044, 844 cm-1; 1H NMR (600 MHz, CDCl3): δ 7.74 (d, J = 8.2 Hz, 1H), 7.41 (d, J = 8.2 Hz, 

1H), 6.00 (s, 1H), 4.71 (d, J = 9.9 Hz, 1H), 4.18 – 4.10 (m, 2H), 4.07 – 4.01 (m, 2H), 3.49 (d, J 

= 9.8 Hz, 1H), 0.95 (s, 9H); 13C NMR (151 MHz, CDCl3): δ 160.3, 141.4, 137.6, 130.7, 126.9, 

99.5, 75.7, 65.7, 65.5, 36.9, 26.1; HRMS (DART) for C13H19BrNO3: calculated for [M+H]+ 

316.05483, found  316.05424; HPLC (Daicel Chiralpak® AD-3, nhexane/iPrOH = 9/1, flow rate 

0.6 mL/min at a wavelength of 254 nm); tR = 21.6 min (major, S), tR = 36.5 (minor, R); [α]D26 = 

13.6 (c = 1.00, CHCl3, >99.9% ee [after recrystallization]). 

 

Synthesis of (S)-1-(6-Bromo-3-(1,3-dioxolan-2-yl)pyridin-2-yl)-2,2-dimethylpropyl acetate 

(8)6 

 
To a solution of (S)-1-(6-bromo-3-(1,3-dioxolan-2-yl)pyridin-2-yl)-2,2-dimethylpropan-1-ol (7, 

1.02 g, 3.2 mmol) and  N,N-dimethylpyridin-4-amine (197 mg, 1.6 mmol) in 10 mL dry CH2Cl2, 

was added acetic anhydride (0.6 mL, 6.5 mmol) under argon atmosphere. The reaction mixture 

was stirred at room temperature for 12 hours. After completion, the solvent was removed under 

reduced pressure then the crude product was purified by column chromatography (silica gel, 
nhexane/EtOAc = 4/1) to give the title product 8 as a white solid. Mp: = 101–103 oC; IR (neat): 

ν = 2966, 2878, 1731, 1571, 1558, 1437, 1364, 1098, 828 cm-1; 1H NMR (600 MHz, CDCl3): δ 

7.77 (d, J = 8.2 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 6.26 (s, 1H), 5.70 (s, 1H), 4.16 – 4.02 (m, 4H), 

2.08 (s, 3H), 1.02 (s, 9H); 13C NMR (151 MHz, CDCl3): δ 170.8, 156.8, 141.3, 137.3, 131.9, 

127.2, 99.6, 78.2, 65.5, 65.4, 35.5, 26.6, 21.0; HRMS (DART) for C15H21BrNO4: calculated for 

[M+H]+ 358.06540, found  358.06499; HPLC (Daicel Chiralpak® AD-H + AD-3, 
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nhexane/iPrOH = 9/1, flow rate 0.6 mL/min at a wavelength of 254 nm); tR = 15.8 min (minor, 

R) tR = 19.7 min (major, S); [α]D26 = -7.3 (c = 1.01, CHCl3, >99.9% ee). 

 

Synthesis of (S)-1-(6-Bromo-3-formylpyridin-2-yl)-2,2-dimethylpropyl acetate (S6)7 

 

 
To a solution of (S)-1-(6-bromo-3-(1,3-dioxolan-2-yl)pyridin-2-yl)-2,2-dimethylpropyl acetate 

(8, 1.41 g, 3.9 mmol) in 20 mL dry THF was added 10 mL of 10% HCl aqueous solution. The 

reaction mixture was stirred at room temperature for 3 hours. Another portion of 10% HCl (5 

mL) was added, and the reaction mixture was continuously stirred at the same temperature for 1 

hour. After completion, the solution was extracted with EtOAc (3 × 20 mL). The organic layers 

were combined and washed with brine, dried over anhydrous Na2SO4, and evaporated under 

reduced pressure. The crude product was purified by column chromatography (silica gel, 
nhexane/EtOAc = 4/1) to give the title compound S6 as a colorless oil. IR (neat) ν =  2961, 2872, 

1738, 1694, 1568, 1374, 1247, 821 cm-1; 1H NMR (600 MHz, CDCl3): δ 10.50 (d, J = 1.1 Hz, 

1H), 7.98 (dd, J = 8.2, 1.6 Hz, 1H), 7.54 (dd, J = 8.2, 1.2 Hz, 1H), 6.05 (d, J = 1.5 Hz, 1H), 2.12 

(d, J = 1.6 Hz, 3H), 1.01 (d, J = 1.7 Hz, 9H); 13C NMR (151 MHz, CDCl3): δ 189.7, 170.7, 160.1, 

145.8, 138.9, 129.8, 127.7, 78.7, 35.5, 26.3, 20.9; HRMS (DART) for C13H17BrNO3: calculated 

for [M+H]+ 314.03918, found  314.04009; HPLC (Daicel Chiralpak® AD-H + Daicel Chiralcel® 

OD-H, nhexane/iPrOH = 9/1, flow rate 0.6 mL/min at a wavelength of 254 nm); tR = 18.7 min 

(minor, R),  tR = 20.8 min (major, S); [α]D23 = -23.8 (c = 0.51, CHCl3, >99.9% ee). 

 

Synthesis of Methyl (S,E)-4-(2-(2-(1-acetoxy-2,2-dimethylpropyl)-6-bromopyridin-3-

yl)vinyl)benzoate (9)8,9 
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To an oven-dried 100 mL 2-necked round-bottom flask equipped with a stirring bar were charged 

(4-(methoxycarbonyl)benzyl)triphenylphosphonium bromide (1.60 g, 3.25 mmol), K2CO3 (2.25 

g, 16.3 mmol), 18-crown-6 ether (87 mg, 0.3 mmol) under argon atmosphere. Subsequently, 10 

mL dry THF and 14 mL dry CH2Cl2 were added, then the suspension was stirred at room 

temperature for 5 minutes. To the resulting suspension was slowly transferred a solution of (S)-

1-(6-bromo-3-formylpyridin-2-yl)-2,2-dimethylpropyl acetate (S6, 852 mg, 2.7 mmol) in 11 mL 

dry THF. The reaction mixture was stirred at room temperature for 16 hours. After completion, 

the suspension was filtered through a celite pad, the filtrate was concentrated and then extracted 

with EtOAc (3 × 30 mL). The combined organic phase and washed with brine, dried over 

anhydrous Na2SO4, and evaporated under reduced pressure. The crude product was filtered 

through a short column (silica gel, nhexane/EtOAc = 4/1) to obtain a mixture of (E)- and (Z)-

isomers. To an oven-dried 50 mL round-bottom flask were charged the obtained crude product, 

15 mL CCl4, N-Bromosuccinimide (530 mg, 3.0 mmol), and benzoyl peroxide (65 mg, 0.3 mmol). 

The reaction mixture was refluxed at 80 oC for 1 hour. After completion, the reaction was 

extracted with CH2Cl2 (3 × 15 mL). The combined organic phase and washed with brine, dried 

over anhydrous Na2SO4, and evaporated under reduced pressure. The crude product was purified 

by column chromatography (silica gel, nhexane/EtOAc/MeOH = 9/1/0.5). The resulting 

compound was recrystallized by using nhexane to give the title compound 9 as a white crystal 

with single (S)-enantiomer (>99.9% ee). Mp: = 97–99 oC; IR (neat) ν =  2955, 1714, 1604, 1568, 

1435, 1260, 1135, 767 cm-1; 1H NMR (600 MHz, CDCl3): δ 8.04 (d, J = 8.4 Hz, 2H), 7.67 (d, J 

= 8.2 Hz, 1H), 7.64 (d, J = 16.2 Hz, 1H), 7.57 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.2 Hz, 1H), 6.93 

(d, J = 16.1 Hz, 1H), 5.69 (s, 1H), 3.93 (s, 3H), 2.10 (s, 3H), 0.99 (s, 9H); 13C NMR (151 MHz, 

CDCl3): δ 171.0, 166.7, 155.9, 141.0, 140.0, 136.5, 132.0, 131.9, 130.1, 129.6, 127.2, 126.6, 

126.5, 78.9, 52.1, 36.0, 26.4, 20.9; HRMS (DART) for C22H25BrNO4: calculated for [M+H]+ 

446.09670, found  446.09564; HPLC (Daicel Chiralpak® AD-H + Daicel Chiralcel® AD-3, 
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nhexane/iPrOH = 9/1, flow rate 0.6 mL/min at a wavelength of 254 nm); tR = 25.3 min (minor, 

R), tR = 29.0 min (major, S);  [α]D25 = 139.2 (c = 0.52, CHCl3, >99.9% ee [after recrystallization]). 

 

Synthesis of Dimethyl 4,4'-((1E,1'E)-(6,6'-bis((S)-1-acetoxy-2,2-dimethylpropyl)-[2,2'-

bipyridine]-5,5'-diyl)bis(ethene-2,1-diyl))dibenzoate (S7)10 

 
To an oven-dried 15 mL sealed tube containing a stirring bar were charged Methyl (S,E)-4-(2-

(2-(1-acetoxy-2,2-dimethylpropyl)-6-bromopyridin-3-yl)vinyl)benzoate (9, 500 mg, 1.12 mmol), 

PPh3 (706 mg, 2.7 mmol), and NiCl2 . 6H2O (319 mg, 1.3 mmol). The tube was transferred into 

an argon-filled glovebox, Zn (176 mg, 2.7 mmol), and 10 mL dry DMF were added before 

closing with a screw cap and removing from the glovebox. The suspension was stirred at 70 oC 

for 18 hours. After completion, it was quenched with NH3 solution in ethanol (3 mL) followed 

by filtration through a celite pad. The filtrate was extracted with Et2O (3 × 15 mL) and the 

combined organic phase and washed with brine, dried over anhydrous Na2SO4, and evaporated 

under reduced pressure. The crude product was purified by column chromatography (silica gel, 
nhexane/EtOAc = 4/1) to give the title compound S7 as a white solid with single (S, S)-

enantiomer (>99.9% ee). Mp: = 249–250 oC; IR (neat) ν =  2955, 2872, 1717, 1604, 1432, 1365, 

1275, 764 cm-1; 1H NMR (600 MHz, CDCl3): δ 8.41 (d, J = 8.2 Hz, 2H), 8.06 (d, J = 8.3 Hz, 

4H), 7.98 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 16.1 Hz, 2H), 7.61 (d, J = 8.3 Hz, 4H), 7.02 (d, J = 

16.1 Hz, 2H), 5.85 (s, 2H), 3.94 (s, 6H), 2.09 (s, 6H), 1.08 (s, 18H); 13C NMR (151 MHz, 

CDCl3): δ 171.0, 166.8, 154.3, 153.9, 141.5, 134.8 (d, J = 16.6 Hz), 132.5 (d, J = 3.6 Hz), 131.4, 

130.8, 130.0 (d, J = 1.3 Hz), 129.4, 126.6 (dd, J = 30.9, 2.4 Hz), 119.9, 79.7, 52.2, 35.9, 26.7 (q, 

J = 6.0 Hz), 21.0 (q, J = 12.2 Hz); HRMS (ESI) for C44H48N2NaO8: calculated for [M+Na]+ 

755.3303, found  755.3285; HPLC (Daicel Chiralpak® AD-3, nhexane/iPrOH = 9/1, flow rate 

0.6 mL/min at a wavelength of 254 nm); tR = 20.0 min (major, S,S), tR = 23.8 min (minor, R,R) ; 

[α]D24 = 99.7 (c = 0.25, CHCl3, >99.9% ee). 

 

Synthesis of 4,4'-((1E,1'E)-(6,6'-bis((S)-1-hydroxy-2,2-dimethylpropyl)-[2,2'-bipyridine]-

5,5'-diyl)bis(ethene-2,1-diyl))dibenzoic acid (5)11 
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To a solution of dimethyl 4,4'-((1E,1'E)-(6,6'-bis((S)-1-acetoxy-2,2-dimethylpropyl)-[2,2'-

bipyridine]-5,5'-diyl)bis(ethene-2,1-diyl))dibenzoate (S7, 420 mg, 0.6 mmol) in 7.5 mL THF and 

2.5 mL MeOH, was slowly added a solution of LiOH . H2O (359 mg, 8.6 mmol in 2.5 mL H2O. 

The reaction mixture was stirred at room temperature for 12 hours. After completion, the solution 

was acidified by 10% HCl before sonication (at 20 oC, 1 hour) then centrifugation (3500 rpm, 

10 minutes). The sonication and centrifugation were done repeatedly for 3 cycles (washing with 

H2O), followed by filtration washed several times with H2O. The filtered solid was dissolved in 

THF and EtOAc then washed with H2O (5 times), dried over anhydrous Na2SO4, and 

concentrated under reduced pressure to give the title compound 5 as a pale yellow solid. Mp: = 

>355 oC; IR (neat) ν =  2956, 2925, 2865, 1682, 1605, 1585, 1422, 1290, 1050, 843 cm-1; 1H 

NMR (600 MHz, DMSO-d6): δ 12.90 (s, 2H), 8.46 (d, J = 7.7 Hz, 2H), 8.29 (d, J = 7.8 Hz, 2H), 

7.94 (d, J = 7.4 Hz, 4H), 7.89 (d, J = 16.1 Hz, 2H), 7.76 (d, J = 7.3 Hz, 4H), 7.31 (d, J = 16.0 

Hz, 2H), 5.08 (d, J = 7.3 Hz, 2H), 4.92 (d, J = 7.0 Hz, 2H), 0.92 (s, 18H); 13C NMR (151 MHz, 

DMSO-d6): δ 167.6, 158.8, 153.0, 141.9, 135.1, 131.9, 130.8, 130.4, 127.7, 127.4, 119.8, 100.0, 

77.4, 37.5, 27.0; HRMS (ESI) for C38H40N2NaO6: calculated for [M+Na]+ 643.2779, found  

643.2764; [α]D25 = 27.5 (c = 0.26, DMSO). 
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4.  Synthesis of BPVB-NMOF-Sc-DS 

4.1 General procedure for the synthesis of BPVB-NMOF-Sc-DS 

 
In a 20 mL vial, a solution of ZrCl4 (7 mg, 0.03 mmol) in 5 mL dry DMF and H2O (5.4 µL, 0.3 

mmol) was sonicated at 20 oC for 10 minutes. AcOH (54.9 µL, 0.9 mmol) was added, and then 

sonicated at 20 oC for 5 minutes, followed by the addition of the chiral H2BPVB (5, 18.6 mg, 

0.03 mmol) and sonication at 20 oC for 5 minutes. The resulting solution was filtered by a PTFE 

membrane filter (mesh = 0.2 µm) into a 50 mL vial. Covered by a non-tight cap, the solution was 

put in an oil bath at 40 oC. After standing at 40 oC for 5 days, it was allowed to cool down to 

room temperature and sonicated (at 20 oC, 10 minutes) then centrifugation (3500 rpm, 10 

minutes). The sonication and centrifugation were done repeatedly for 3 cycles (washing with 

DMF), followed by filtration washed several times with DMF and THF. The title BPVB-NMOF 

(10.3 mg, 47%) was obtained as a pale yellow solid after drying in vacuo at room temperature 

for 2 hours. To analyze linker occupancy in BPVB-NMOF, 10 mg of the resulting BPVB-NMOF 
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was digested in a 1:1 mixture of a saturated K3PO4/D2O solution and DMSO-d6 (0.6 : 0.6 mL). 

The suspension was sonicated at room temperature for 10 minutes, after which the organic layer 

was subjected to 1H-NMR analysis (Figure S5).  

 

 

 
Figure S5. 1H-NMR Analysis of BPVB-NMOF. 

 

BPVB-NMOF (24.7 mg, 0.0056 mmol, the weight of solvent-containing in MOF was omitted) 

was charged into a 2 mL vial, followed by the addition of acetone (0.6 mL, 10mM). The 

suspension was sonicated at 20 oC for 1 hour, Sc(DS)3 (76.4 mg, 0.067 mmol, 2.0 equiv to 

bipyridine scaffold, assumed that no defect of the bipyridine linker during MOF construction) 

was added, followed by adding H2O (60 µL). The suspension was vigorously stirred at room 

temperature for 18 hours. After completion, it was sonicated (at 20 oC, 10 minutes) and then 

centrifugation (3500 rpm, 10 minutes). The sonication and centrifugation were done repeatedly 

for 3 cycles (washing with H2O), followed by filtration washed several times with H2O and 

acetone. The title BPVB-NMOF-Sc-DS (41.1 mg) was obtained as a yellow solid after drying in 

vacuo at room temperature for 12 hours. BPVB-NMOF-Sc-DS has Sc and Zr loadings of 0.451 

and 0.818 mmol/g, respectively. Under the identical procedure, BPVB-NMOF-Sc-OTf has Sc 

and Zr loadings of 1.370 and 1.329 mmol/g, respectively. 

 

Table S6. Optimization in the preparation of BPVB-NMOF. 

1H-NMR (K
3
PO

4
/D

2
O/DMSO-d

6
) 
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Entry MOF Conditions Results ZrCl4 Source 

1 90 oC, 2 d 62% yield, 57% ee Wako:LEG4496 
2 90 oC, 2 d 82% yield, 70% ee Wako:WTK0876 
3 70 oC, 3 d 95% yield, 76% ee Wako:WTK0876 
4a 70 oC, 3 d 88% yield, 79% ee Wako:WTK0876 
5a 60 oC, 4 d 92% yield, 82% ee Wako:WTK0876 
6a 60 oC, 3 d 94% yield, 82% ee Aldrich (≥99.9%) 
7a 50 oC, 5 d 91% yield, 84% ee Aldrich (≥99.9%) 
8a 40 oC, 7 d 93% yield, 84% ee Aldrich (≥99.9%) 

a1.0 equiv of ZrCl4 was applied. 

 
Table S7. Reproducibility of post-synthetic metalation step. 
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Table S8. Elemental analysis for nitrogen loading of the 3rd trial (in Table S7) 

BPVB-MOF-Sc-DS (mg) C (%) H (%) N (%) N (mmol/g) Sc/N ratio (%) 
1.0839 45.52 6.97 1.36 0.971 102 

 

a)                                                                         b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
Trial Sc Loading (mmol/g) Zr Loading (mmol/g) Sc/Zr ratio (%) 
1st 0.451 0.818 55 
2nd 0.499 0.972 51 
3rd 0.496 0.901 55 
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c)                                                                      d) 

 

 

 

 

 

 

 

 

 
 

Figure S6. Preparation of chiral BPVB-NMOFs. a, A solution before solvothermal process. b, After 

precipitation at 40 oC. c, BPVB-NMOF after filtration and drying under vacuum. d, BPVB-NMOF-Sc-

DS after filtration and drying under vacuum.     
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5.  Control experiments for epoxide ring-opening reactions  
Table S9. Control experiments in BPVB-NMOF-Sc-DS-catalyzed asymmetric ring-opening reaction of 

epoxide in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S10. Leaching issue of the standard reaction conditions. 

Metal ion leaching Aqueous phase (%) Crude product (%) 
Sc UDL UDL 
Zr UDL UDL 

Respective limit of detection for Sc and Zr is 0.65% and 0.44%, respectively. 
 

(a) 

 

Sc loading of BPVB-NMOF-Sc-DS Yield (%) Ee (%) 
0.350 >99 84 
0.509 >99 85 
0.705 98 84 

 

 
 

Entry Deviation from standard conditions Yield (%) Ee (%) 
1 none >99  85 
2 w/o catalyst n.d. - 
3 Sc(DS)3 (1 mol%), 1 (1.2 mol%) 87  93 
4 Sc(DS)3 (1 mol%), 5 (1.2 mol%) 61 49 
5a BPVB-MOF (w/o Sc) 20 3 
6 BPVB-MOF-OTf 22 61 
7 0.5 mol%  82 76 
8 0.25 mol%   77 70 
9 12 h 93 84 
10 6 h 80 83 
11 THF 12 23 
12 CH2Cl2 32 49 
13 MeCN 58 35 
14 w/o solvent 89 31 
15 MOPS buffer 74 70 
16 entry 3 in MOPS buffer 27 86 

Reaction conditions: 11 (0.2 mmol), BPVB-NMOF-Sc-DS (1 mol%, 0.002 mmol), 
12a (0.3 mmol), H2O (1 mL), rt, 24 h, yield after isolation. aZr loading was controlled 
as same as the standard conditions (2.8 mol% Zr). MOPS buffer (0.2 M, pH = 7.5).  
DS = dodecyl sulfate. n.d.= not detected. 
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(b) 

 
Sc loading of BPVB-NMOF-Sc-DS Yield (%) Ee (%) 

0.430 96 78 
0.584 98 76 

 

 
Table S11. Lot difference. (a) reaction in water; (b) reaction in MOPS buffer. 
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6.  Typical procedure for epoxide ring-opening reactions in water 

 
To a 2 mL vial equipped with a stirring bar were charged 11 (39.3 mg, 0.2 mmol) and BPVB-

NMOF-Sc-DS (0.002 mmol, 1 mol% based on Sc3+),) followed by adding degassed water (1 

mL). It was flushed by argon before closing a cap to stir at room temperature for 1 hour. Aniline 

(27.4 µL, 0.3 mmol) was loaded and again argon-flushed before stirring at room temperature. 

After 24 hours, the reaction mixture was filtered then the filtrate was extracted with EtOAc (3 x 

15 mL). The combined organic phase was washed with brine, and dried over anhydrous Na2SO4. 

The crude product was obtained after filtration and concentration. It was then purified by 

preparative thin-layer chromatography (nhexane/EtOAc = 3/1) to give the desired product 13a. 

 
Figure S7. Appearance of the reaction in water after completion. 

 

<Conditions reported by Ueno et al.> 

 
Figure S8. Comparison with Ueno’s result. 
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To a 2 mL vial equipped with a stirring bar, BPVB-NMOF-Sc-DS (1.2 x 10−4 mmol, 5 mol% 

based on Sc3+), 30 µL of acetonitrile (MeCN), and 540 µL of MOPS buffer (10 mM, pH 7.5) 

were added. This was followed by the addition of 11 (15 µL, 0.16 M in MeCN, 2.4 x 10−3 mmol) 

and 12 (15 µL, 0.16 M in MeCN, 2.4 x 10−3 mmol). The vial was flushed with argon before 

closing the cap and stirring at room temperature or 40 °C. After 48 hours, the reaction mixture 

was quenched by adding saturated NaHCO3 (1 mL) and EtOAc (3 mL), then centrifuged at 3500 

rpm for 10 minutes. This centrifugation step was repeated three times. The combined organic 

phase was washed with brine and dried over anhydrous Na2SO4. The crude product was obtained 

after filtration and concentration. Conversion and enantioselectivity were determined by 1H 

NMR analysis and HPLC, respectively. 
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7.  Spectroscopic data of the products                                                                           

The obtained analytical data for literature-known compounds is in full agreement with reported 

data.  

 

(1S,2S)-1,2-diphenyl-2-(phenylamino)ethan-1-ol (13a)12 
1H NMR (600 MHz, CDCl3) δ 7.32 – 7.22 (m, 10H), 7.11 – 7.07 (m, 2H), 6.71 – 

6.66 (m, 1H), 6.56 (dd, J = 8.6, 0.9 Hz, 2H), 4.87 (d, J = 5.9 Hz, 1H), 4.70 (br s, 

1H), 4.55 (d, J = 5.9 Hz, 1H), 2.63 (br s, 1H);  13C NMR (151 MHz, CDCl3) δ 147.2, 

140.5, 140.2, 129.0, 128.5, 128.2, 127.8, 127.5, 127.2, 126.5, 117.9, 114.1, 78.0, 64.7; HPLC 

(Daicel Chiralcel® OD-H, nhexane/ iPrOH = 90/10, flow rate 1.0 mL/min at a wavelength of 254 

nm, 35 ℃); tR = 13.0 min (minor), tR = 17.2 min (major). 

 

(1S,2S)-1,2-diphenyl-2-(p-tolylamino)ethan-1-ol (13b)13 

The crude mixture was purified by preparative TLC (nhexane/toluene/EtOAc = 3/1/1). 
1H NMR (600 MHz, CDCl3) δ 7.32 – 7.20 (m, 10H), 6.92 (d, J = 8.3 Hz, 2H), 6.51 

(d, J = 8.4 Hz, 2H), 4.85 (d, J = 6.2 Hz, 1H), 4.51 (d, J = 6.2 Hz, 1H), 2.21 (s, 3H); 
13C NMR (151 MHz, CDCl3) δ 144.9, 140.6, 140.2, 129.5, 128.4, 128.1, 127.8, 127.4, 

127.3, 127.2, 126.6, 114.3, 78.0, 65.2, 20.3; HPLC (Daicel Chiralpak® AD-H, 
nhexane/iPrOH = 95/5, flow rate 1.0 mL/min at a wavelength of 254 nm); tR = 25.9 

min (major), tR = 28.0 min (minor).  

 

 (1S,2S)-2-((4-Bromophenyl)amino)-1,2-diphenylethan-1-ol (13c)13,14 

The crude mixture was purified by preparative TLC (nhexane/Et2O = 3/2). 
1H NMR (600 MHz, CDCl3) δ 7.35 – 7.19 (m, 10H), 7.14 (d, J = 8.5 Hz, 2H), 6.40 

(d, J = 8.5 Hz, 2H), 4.86 (d, J = 5.0 Hz, 1H), 4.78 (s, 1H), 4.49 (d, J = 5.3 Hz, 1H), 

2.49 (s, 1H); 13C NMR (151 MHz, CDCl3) δ 146.2, 140.4, 139.7, 131.7, 128.6, 

128.3, 128.0, 127.6, 127.2, 126.4, 115.6, 109.4, 77.9, 64.5; HPLC (Daicel 

Chiralcel® OD-H + Daicel Chiralpak® AD-H, nhexane/iPrOH = 95/5, flow rate 1.0 

mL/min at a wavelength of 254 nm); tR = 70.9 min (major), tR = 82.4 min (minor). 

 

(1S,2S)-2-((4-Methoxyphenyl)amino)-1,2-diphenylethan-1-ol (13d)13 
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The crude mixture was purified by twice preparative TLC (nhexane/EtOAc = 4/1 

then nhexane/dichloromethane = 1/2). 
1H NMR (600 MHz, CDCl3) δ 7.35 – 7.11 (m, 10H), 6.70 – 6.63 (m, 2H), 6.54 – 

6.51 (m, 2H), 4.82 (d, J = 6.3 Hz, 1H), 4.50 – 4.23 (m, 2H), 3.68 (s, 3H), 2.85 (br 

s, 1H); 13C NMR (151 MHz, CDCl3) δ 152.5, 141.3, 140.6, 140.2, 128.4, 128.1, 

127.8, 127.4, 127.3, 126.7, 115.7, 114.6, 78.1 (d, J = 3.1 Hz), 66.2, 55.6 (q, J = 3.1 

Hz); HPLC (Daicel Chiralcel® OD-3, nhexane/iPrOH = 90/10, flow rate 1.0 mL/min at a 

wavelength of 254 nm); tR = 24.7 min (major), tR = 30.1 min (minor). 

 

(1S,2S)-2-((2-Methoxyphenyl)amino)-1,2-diphenylethan-1-ol (13e)12 

The crude mixture was purified by preparative TLC (nhexane/EtOAc = 9/1). 
1H NMR (600 MHz, CDCl3) δ 7.37 – 7.11 (m, 10H), 6.78 (dd, J = 7.8, 1.4 Hz, 

1H), 6.72 – 6.68 (m, 1H), 6.67 – 6.63 (m, 1H), 6.44 – 6.40 (m, 1H), 5.30 (br s, 

1H), 4.89 (d, J = 6.4 Hz, 1H), 4.54 (d, J = 6.4 Hz, 1H), 3.89 (s, 3H), 2.80 (br s, 

1H); 13C NMR (151 MHz, CDCl3) δ 147.4, 140.6, 140.1, 137.1, 128.4, 128.1, 

127.7, 127.4, 127.3, 126.7, 121.0, 117.1, 111.7, 109.6, 78.3 (d, J = 3.3 Hz), 64.9, 55.6 (q, J = 3.2 

Hz); HPLC (Daicel Chiralpak® AS-H, nhexane/iPrOH = 95/5, flow rate 0.8 mL/min at a 

wavelength of 254 nm); tR = 15.1 min (major), tR = 19.2 min (minor). 

 

(1S,2S)-1,2-Diphenyl-2-((3-(trifluoromethyl)phenyl)amino)ethan-1-ol (13f)14 

The crude mixture was purified by preparative TLC (nhexane/Et2O = 3/2). 
1H NMR (600 MHz, CDCl3) δ 7.35 – 7.23 (m, 10H), 7.12 (t, J = 7.9 Hz, 1H), 6.88 

(d, J = 7.4 Hz, 1H), 6.77 (s, 1H), 6.61 (d, J = 8.2 Hz, 1H), 4.99 (br s, 1H), 4.90 (d, 

J = 5.5 Hz, 1H), 4.56 (d, J = 5.5 Hz, 1H), 2.49 (br s, 1H); 13C NMR (151 MHz, 

CDCl3) δ 147.4, 140.4, 139.6, 131.2 (q, J = 31.7 Hz), 129.4, 128.7, 128.3, 128.0, 

127.7, 127.2, 126.4, 124.2 (q, J = 272.6 Hz), 116.5, 114.1 (q, J = 3.9 Hz), 110.5 (q, J = 4.0 Hz), 

77.9, 64.3; HPLC (Daicel Chiralpak® AD-H, nhexane/iPrOH = 95/5, flow rate 1.0 mL/min at a 

wavelength of 254 nm); tR = 15.2 min (major), tR = 17.6 min (minor).  

 

(1S,2S)-2-(Naphthalen-1-ylamino)-1,2-diphenylethan-1-ol (13g)12 
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The crude mixture was purified by preparative TLC (nhexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.07 – 8.02 (m, 1H), 7.84 – 7.79 (m, 1H), 7.58 – 

7.47 (m, 2H), 7.40 – 7.27 (m, 10H), 7.24 – 7.13 (m, 2H), 6.40 – 6.32 (m, 1H), 

5.58 (s, 1H), 5.04 (d, J = 5.4 Hz, 1H), 4.74 (d, J = 5.3 Hz, 1H), 2.56 (s, 1H); 13C 

NMR (151 MHz, CDCl3) δ 142.1, 140.6, 139.9, 134.2, 128.6, 128.6, 128.3, 

128.0, 127.5, 127.2, 126.5, 126.4, 125.6, 124.8, 123.9, 120.0, 117.7, 106.6, 78.2 (d, J = 3.4 Hz), 

64.4 (d, J = 1.7 Hz); HPLC (Daicel Chiralcel® OD-3, nhexane/iPrOH = 95/5, flow rate 1.0 

mL/min at a wavelength of 254 nm); tR = 37.7 min (minor), tR = 80.0 min (major).  

 

(1S,2S)-2-(Methyl(phenyl)amino)-1,2-diphenylethan-1-ol (13h)12 

The crude mixture was purified by preparative TLC (nhexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.43 (d, J = 7.8 Hz, 2H), 7.31 (t, J = 7.6 Hz, 2H), 7.26 

(t, J = 7.5 Hz, 2H), 7.22 – 7.15 (m, 4H), 7.04 (d, J = 8.6 Hz, 2H), 7.03 – 6.99 (m, 

2H), 6.96 – 6.93 (m, 1H), 5.32 (d, J = 10.0 Hz, 1H), 4.91 (d, J = 10.0 Hz, 1H), 4.01 

(br s, 1H), 2.73 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 151.3, 140.6, 134.6, 129.1, 

128.7, 128.2, 127.9, 127.7, 127.6, 127.6, 120.3, 117.7, 73.7 (d, J = 2.8 Hz), 71.4 (d, J = 1.8 Hz), 

32.7 (d, J = 2.0 Hz); HPLC (Daicel Chiralpak® AD-H, nhexane/iPrOH = 95/5, flow rate 0.8 

mL/min at a wavelength of 254 nm); tR = 15.3 min (minor), tR = 30.7 min (major). 

 

(1R,2R)-2-(1-Methyl-1H-indol-3-yl)-1,2-diphenylethan-1-ol (13i)12 

The crude mixture was purified by preparative TLC (nhexane/EtOAc = 3/1). 
1H NMR (600 MHz, CDCl3) δ 7.46 (d, J = 8.0 Hz, 1H), 7.30 (d, J = 8.2 Hz, 1H), 

7.25 – 7.12 (m, 11H), 7.10 – 7.07 (m, 1H), 7.06 – 7.02 (m, 1H), 5.33 (dd, J = 

8.1, 2.4 Hz, 1H), 4.58 (d, J = 8.1 Hz, 1H), 3.80 (s, 3H), 2.52 (d, J = 2.7 Hz, 1H); 
13C NMR (151 MHz, CDCl3) δ 142.4, 141.9, 137.1, 128.6, 128.1, 128.0, 127.9, 127.3, 127.2, 

126.8, 126.2, 121.9, 119.5, 119.1, 113.7, 109.2, 77.7 (d, J = 1.5 Hz), 52.2, 32.9 (q, J = 2.1 Hz); 

HPLC (Daicel Chiralcel® OD-H, nhexane/iPrOH = 80/20, flow rate 0.8 mL/min at a wavelength 

of 254 nm); tR = 16.3 min (minor), tR = 24.9 min (major).  

 

(1S,2S)-1,2-Diphenyl-2-(phenylthio)ethan-1-ol (13j)12 

The crude mixture was purified by preparative TLC (dichloromethane/nhexane = 

2/1). 1H NMR (600 MHz, CDCl3) δ 7.31 – 7.28 (m, 2H), 7.23 – 7.20 (m, 3H), 7.19 

– 7.11 (m, 8H), 7.05 – 7.01 (m, 2H), 4.94 (dd, J = 8.6, 2.1 Hz, 1H), 4.36 (d, J = 8.6 
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Hz, 1H), 3.30 (s, 1H); 13C NMR (151 MHz, CDCl3) δ 140.4, 139.2, 134.1, 132.4, 128.9, 128.5, 

128.1, 128.0, 127.8, 127.4, 127.3, 126.9, 76.8, 64.0; HPLC (Daicel Chiralcel® OD-H, 
nhexane/iPrOH = 95/5, flow rate 1.0 mL/min at a wavelength of 254 nm); tR = 15.4 min (minor), 

tR = 18.1 min (major). 
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8.  Typical procedure for biocompatible epoxide ring-opening reactions  
 

 
 

To a 3.5 mL vial equipped with a stirring bar were charged 11 (39.3 mg, 0.2 mmol), BPVB-

NMOF-Sc-DS (0.004 mmol, 2 mol% based on Sc3+), and an additive (50 mg) followed by adding 

MOPS buffer (0.2 M, pH 7.5, 2 mL) and subsequent aniline (0.3 mmol, 27.4 µL). It was flushed 

by argon before closing a cap to stir at room temperature. After 48 hours, the reaction mixture 

was filtered then the filtrate was extracted with EtOAc (3 x 10 mL). The combined organic phase 

was washed with brine, and dried over anhydrous Na2SO4. The crude product was obtained after 

filtration and concentration. It was then purified by preparative thin-layer chromatography 

(nhexane/EtOAc = 3/1) to give the desired product 13a. 

 
Figure S9. Appearance of the reaction in buffer in the presence of pepsin (after completion). 

 
Table S12. Biocompatible conditions in BPVB-NMOF-Sc-DS-catalyzed asymmetric ring-opening 

reaction of epoxide. 

 
 
 
 
 
 
 
 
 
 
 

 
Entry Additive Yield (%) Ee (%) Sc Leaching (%) Zr Leaching (%) 

1 glutathione >99 85 UDL UDL 
2 lipase 85 87 3.1 0.8 
3 pepsin 83 84 UDL UDL 
4 diastase 60 84   UDL UDL 
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Respective limit of detection for Sc and Zr is 0.65% and 0.44%, respectively. 
Table S13. Comparison of non-immobilized Sc(DS)3 for biocompatible conditions.  

 
 
 
 
 
 

 

 

 

 

 

  

 
Entry Additive Yield (%) Ee (%) 

1 glutathione >99 (68)a,b 90 (88)a,b 
2 lipase 59 (n.d.)a,c 87 (−) a,c 
3 pepsin 39 (n.d.)a,c 84 (−)a,c 
4 diastase trace (n.d.) a,c − (−)a,c 

a1 mol% Sc(DS)3, 1.2 mol% Bolm’s ligand.  bThree halves equivalents 
of glutathione was used at 40oC, 24 h. c Run for 24 h. 
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9.  General procedure for recovery and reuse experiments   

To a 3.5 mL vial equipped with a stirring bar were charged 11 (0.4 mmol, 39.3 mg) and BPVB-

NMOF-Sc-DS (0.008 mmol, 2 mol% based on Sc3+) followed by adding degassed water (2 mL). 

It was flushed by argon before closing a cap to stir at room temperature for 1 hour. Aniline (0.6 

mmol, 54.8 µL) was loaded and again argon-flushed before stirring at room temperature. After 

24 h, the reaction mixture was carefully filtered and washed with H2O and acetone, the obtained 

yellow solid was dried in vacuo at room temperature for 12 hours and directly applied for the 

next run (the reaction scale of the next run was calculated based on the remaining catalyst after 

recovery). On the other hand, the filtrate was extracted with EtOAc (3 x 15 mL). The combined 

organic phase was washed with brine, and dried over anhydrous Na2SO4. The crude product was 

obtained after filtration and concentration. It was then purified by preparative thin-layer 

chromatography (nhexane/EtOAc = 3/1) to give the desired product 13a. The leaching of metal 

ions was determined by ICP analysis in both aqueous solution and part of the crude product. 

 

 
Table S14. Reuse experiment.  

 

 

 

 

 

 

Respective limit of detection for Sc and Zr is 0.65% and 0.44%, respectively. 

  

 
 1st Run 2nd Run 3rd Run 

Yield, Ee 96% yield, 87% ee >99% yield, 81% ee >99% yield, 78% ee 
Sc Leaching UDL UDL UDL 
Zr Leaching 1.1 1.5 UDL 
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10.  TG analysis           

Thermogravimetric (TG) analysis of the prepared MOFs was conducted to assess their thermal 

characteristics. For BPVB-NMOF, a 20% solvent loss was detected, leading to a calculated yield 

of 47% (Figure S10a). Furthermore, the thermal stability of the MOFs before and after Sc-

complexation were compared. Remarkably, after subjecting BPVB-NMOF-Sc-DS to 

temperatures exceeding 600 °C, a higher residue was observed. This observation indicates that 

the presence of Sc species has a substantial impact on the thermal stability of the MOF (Figure 

S10b). 

a) 

 
b) 

 
Figure S10. TG analysis. a, BPVB-NMOF. b, BPVB-NMOF-Sc-DS. 
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11.  SEM analysis 

The SEM image of BPVB-NMOF confirmed the successful preparation of nano-sized UiO-67 

MOF. The analysis of particle size distribution provided a normal distribution curve, showcasing 

a well-defined pattern with an average particle diameter of 125 nm (Figure S11). 

 

a) 

 
b)                                                                     c) 

 
 

Figure S11. SEM Analysis of BPVB-NMOF. a, SEM Image of BPVB-NMOF. b, Size distribution 

curve. c, Size distribution histogram. 
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Figure S12. SEM Image of BPVB-NMOF-Sc-DS. 
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12.  PXRD analysis 

 
Figure S13. PXRD spectrum of chiral H2BPVB 5. 

 

 
Figure S14. PXRD patterns of BPVB-NMOFs. 
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13.  Water stability test of BPVB-NMOF and BPVB-NMOF-Sc-DS 

To a 2 mL vial equipped with a stirring bar, BPVB-NMOF (10 mg), and degassed water (1 mL) 

were added. The vial was flushed with argon before closing the cap and stirring at room 

temperature for 24 hours. The resulting MOF was recovered by centrifugation, filtration, and 

drying in vacuo before PXRD and digestive 1H-NMR analyses. 

 

 
Figure S15. PXRD patterns of water-treated MOFs. 
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Figure S16. Digestive 1H NMR spectra of BPVB-NMOF (above) and BPVB-NMOF-Sc-DS (below) 

(K3PO4/D2O/DMSO-d6). 
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14.  STEM/EDS analysis  
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Figure S17. STEM/EDS analysis of BPV-MOF. 

  

   

 

 

Figure S18. STEM/EDS analysis of BPV-MOF-Sc-DS. 
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Figure S19. STEM/EDS analysis of BPV-MOF-Sc-OTf. 
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Figure S20. STEM/EDS analysis of BPVB-NMOF. 
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Figure S21. STEM/EDS analysis of BPVB-NMOF-Sc-DS. 
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Figure S22. STEM/EDS analysis of BPVB-NMOF-Sc-OTf. 
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<Area analysis of BPVB-NMOF-Sc-OTf> 
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Figure S23. STEM/EDS analysis of BPVB-NMOF-Sc-DS (after the reaction with lipase). 
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15.  N2 adsorption/desorption isotherms  

Nitrogen sorption experiments were conducted at 77 K after drying the samples (50-55 mg) at 

50°C for 24 hours under vacuum. 

 

 
Figure S24. N2 Adsorption/ desorption isotherms of BPVB-NMOF and BPVB-NMOF-Sc-DS. 
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Figure S25. Pore size distributions of BPVB-NMOF (red) and BPVB-NMOF-Sc-DS (blue). 
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16.  XPS study 

 
Figure S26.  N 1s binding energy of BPVB-NMOF. 

 
Figure S27. N 1s, Sc 2p3/2, and Sc 2p1/2 binding energy of BPVB-NMOF-Sc-DS. 
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17.  Computational details 

All DFT geometry optimization and frequency calculations were performed with Gaussian 16 

program.15 Optimization were conducted in the gas phase with the B3LYP functional and 6-

31G+(d,p) basis sets for C, H, N, O and LanL2DZ for Sc. The optimization of Sc3+-H2BPVB 

complex was performed with the solute electron density (SMD)16 implicit solvation model for 

solvents. All stationary points were characterized by vibrational frequency calculations to 

confirm the minima for ground state optimizations (no imaginary frequencies) or transition state 

calculations (one imaginary frequency) and to obtain zero-point energy (ZPE) corrections. All 

energy values are reported in Hartrees and are the sum of electronic and thermal free energies as 

computed by Gaussian 16. 

 

Cartesian coordinate 

The thermal corrections were computed at 298.15 K and 1 atm pressure. The Cartesian 

coordinates are in Å. 

B3LYP optimized structures 
H2BPDC 
C -0.66284400 0.33480300 -0.52846000 
C 0.66278200 -0.33455400 -0.52840500 
C -0.76761100 1.73180800 -0.55639500 
C -2.03927700 2.27858500 -0.57141000 
C -3.17227400 1.44655200 -0.56995800 
C -2.96822200 0.04654300 -0.50639300 
N -1.73512100 -0.46513400 -0.48839400 
N 1.73505900 0.46540300 -0.48841300 
C 2.96814000 -0.04629300 -0.50648500 
C 3.17217300 -1.44630500 -0.57004600 
C 2.03921900 -2.27835600 -0.57129000 
C 0.76754300 -1.73155700 -0.55621400 
C -4.07809700 -0.98481300 -0.37243900 
O -3.71716800 -2.09482000 -1.20374300 
C 4.07811300 0.98490600 -0.37230900 
O 3.71723000 2.09522200 -1.20317900 
C -4.33202900 -1.42251400 1.10968500 
C -3.10672500 -2.12242300 1.71710600 
C -4.70600100 -0.19173500 1.95455900 
C -5.52368100 -2.39961300 1.10727800 
C 4.33215500 1.42200700 1.10997800 
C 3.10673400 2.12132300 1.71785300 
C 4.70652700 0.19092200 1.95421700 
C 5.52358200 2.39938800 1.10788700 
H 0.12904500 2.33847400 -0.57245000 
H -2.18728100 3.35236600 -0.59370100 
H 2.18718800 -3.35214500 -0.59348600 
H -0.12912500 -2.33820700 -0.57214600 

H -5.00654000 -0.54865200 -0.73837400 
H -4.52780300 -2.56086900 -1.43940300 
H 5.00649200 0.54875700 -0.73844800 
H 4.52782000 2.56167300 -1.43820000 
H -2.77450500 -2.94433600 1.07789800 
H -3.36299300 -2.52591400 2.70328200 
H -4.95982700 -0.50145100 2.97371800 
H -5.57483200 0.33242700 1.54089300 
H -3.87862100 0.52076700 2.02398900 
H -6.40882500 -1.94849800 0.64164900 
H -5.28274800 -3.32656200 0.57650400 
H 2.77415100 2.94334400 1.07897600 
H 2.26720200 1.43285200 1.83946800 
H 5.57549600 -0.33278800 1.54025300 
H 3.87937600 -0.52187200 2.02335100 
H 6.40873800 1.94875700 0.64180500 
H 5.28232700 3.32660600 0.57773200 
H 5.79115200 2.67324800 2.13379700 
H 4.96033200 0.50020100 2.97351300 
H -2.26695200 -1.43426800 1.83880400 
H 3.36302400 2.52455100 2.70413100 
H -5.79108700 -2.67403200 2.13308200 
C -4.47319500 2.17336100 -0.61104200 
O -4.60727800 3.32763100 -0.25023100 
O -5.51805600 1.47873900 -1.12988300 
H -6.27841300 2.08481500 -1.11366500 
C 4.47316700 -2.17299800 -0.61135200 
O 4.60771600 -3.32685000 -0.24942600 
O 5.51738600 -1.47876500 -1.13199900 
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H 6.27792700 -2.08461100 -1.11582400 
 
H2BPV 
C -0.72616300 0.14816100 -0.55750700 
C 0.72611900 -0.14810300 -0.55754400 
C -1.19571000 1.47005500 -0.60175800 
C -2.56443100 1.67255300 -0.61302200 
C -3.45100100 0.57908200 -0.56892600 
C -2.87530900 -0.71591300 -0.51702800 
N -1.55493700 -0.90306200 -0.51421700 
N 1.55489500 0.90311800 -0.51425200 
C 2.87526800 0.71597300 -0.51706500 
C 3.45095400 -0.57902900 -0.56897000 
C 2.56437900 -1.67249500 -0.61308200 
C 1.19566100 -1.46999800 -0.60180800 
C -3.71139900 -1.97959600 -0.40723800 
O -3.16938300 -2.91443400 -1.34012000 
C 3.71135500 1.97966500 -0.40731300 
O 3.16917700 2.91456800 -1.34002400 
C -3.79480400 -2.55280900 1.04738700 
C -2.42211100 -3.01673900 1.55817400 
C -4.36784800 -1.47536400 1.98453100 
C -4.76273000 -3.75267600 1.02954700 
C 3.79497200 2.55276100 1.04735300 
C 2.42234100 3.01663700 1.55836300 
C 4.36815500 1.47527200 1.98435700 
C 4.76289100 3.75263400 1.02947600 
H -0.48659100 2.28723200 -0.64695800 
H -2.96213900 2.67921800 -0.68930300 
H 2.96209500 -2.67915700 -0.68937700 
H 0.48654100 -2.28717300 -0.64700900 
H -4.74277400 -1.74510000 -0.69735800 
H -3.75552000 -3.68053400 -1.37253100 
H 4.74268400 1.74521000 -0.69763300 
H 3.75515000 3.68080100 -1.37224500 
H -1.96331200 -3.72102800 0.85923400 
H -2.53868800 -3.51222500 2.52857000 
H -4.50635900 -1.88915200 2.98875700 
H -5.34100900 -1.11119300 1.63678200 
H -3.69669400 -0.61560100 2.06825100 
H -5.74268400 -3.47156800 0.62487300 
H -4.36926400 -4.59042800 0.44211700 
H 1.96342800 3.72097600 0.85955100 
H 1.73465700 2.17737500 1.68098900 
H 5.34130200 1.11117300 1.63649500 
H 3.69705500 0.61547100 2.06809000 
H 5.74279100 3.47155300 0.62465100 
H 4.36936200 4.59044300 0.44216900 
H 4.91851000 4.12725500 2.04629900 
H 4.50673800 1.88900600 2.98859600 
H -1.73440000 -2.17749500 1.68077000 
H 2.53904300 3.51204100 2.52878700 
H -4.91821700 -4.12737500 2.04636100 
C -4.89776600 0.79524000 -0.58587700 

H -5.51940300 0.00415700 -0.99104000 
C 4.89771400 -0.79521300 -0.58587500 
H 5.51938500 -0.00415300 -0.99102600 
C -5.52332500 1.90139700 -0.13742500 
H -4.99229000 2.72717400 0.32311700 
C 5.52322700 -1.90142200 -0.13748300 
H 4.99215800 -2.72721400 0.32299200 
C -6.97877000 2.09252100 -0.19884500 
O -7.55432900 3.09211000 0.19369400 
O -7.65648400 1.03897900 -0.73711400 
H -8.59624200 1.28313300 -0.72435800 
C 6.97866600 -2.09258700 -0.19889600 
O 7.55419100 -3.09222100 0.19358100 
O 7.65642500 -1.03901200 -0.73704600 
H 8.59617600 -1.28319400 -0.72427900 
 
H2BPY 
C 0.71163000 -0.20739500 -0.46935500 
C -0.71162400 0.20732100 -0.46934700 
C 1.06655800 -1.56458000 -0.51320000 
C 2.41320100 -1.88710900 -0.51184400 
C 3.37473500 -0.85916700 -0.46590800 
C 2.91938200 0.48454200 -0.42020900 
N 1.62233600 0.77756500 -0.42316100 
N -1.62232900 -0.77763500 -0.42312800 
C -2.91937900 -0.48460600 -0.42017200 
C -3.37472700 0.85909300 -0.46588900 
C -2.41318600 1.88704200 -0.51183600 
C -1.06654800 1.56451100 -0.51319900 
C 3.89232200 1.64603700 -0.36128100 
O 3.46036500 2.58817900 -1.34632100 
C -3.89234000 -1.64608600 -0.36125900 
O -3.46041800 -2.58819200 -1.34633600 
C 4.03389600 2.28233900 1.05989500 
C 2.72563100 2.94396800 1.51941400 
C 4.45618700 1.19566500 2.06451600 
C 5.14736300 3.34572300 0.98861900 
C -4.03394300 -2.28240400 1.05990900 
C -2.72574200 -2.94416700 1.51942000 
C -4.45611600 -1.19569700 2.06454400 
C -5.14751600 -3.34567600 0.98864500 
H 0.28973500 -2.31774300 -0.55284600 
H 2.74138300 -2.92037500 -0.55035000 
H -2.74137400 2.92030600 -0.55033900 
H -0.28971700 2.31766600 -0.55285200 
H 4.88209300 1.26026700 -0.63367300 
H 4.17852600 3.21576200 -1.49359900 
H -4.88210100 -1.26027600 -0.63363500 
H -4.17840900 -3.21604900 -1.49328400 
H 2.37125300 3.66314400 0.77619500 
H 2.89211000 3.47158300 2.46524900 
H 4.62793900 1.64473500 3.04829900 
H 5.38189000 0.69916900 1.75577500 
H 3.68161500 0.43107300 2.18104200 
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H 6.08809600 2.91539600 0.62527000 
H 4.87017300 4.18391700 0.33922700 
H -2.37147400 -3.66343100 0.77623300 
H -1.93414900 -2.20712800 1.67254300 
H -5.38172500 -0.69904100 1.75577000 
H -3.68143000 -0.43123100 2.18112900 
H -6.08822300 -2.91525300 0.62534500 
H -4.87044900 -4.18388600 0.33921500 
H -5.33437000 -3.76316500 1.98340100 
H -4.62799600 -1.64476300 3.04830600 
H 1.93413200 2.20684100 1.67261600 
H -2.89225500 -3.47171100 2.46528900 
H 5.33422400 3.76318800 1.98338400 
C 4.75759700 -1.17723100 -0.46433000 
C 5.94024400 -1.45568400 -0.45946200 
C -4.75758000 1.17720500 -0.46431800 
C -5.94020200 1.45575300 -0.45947100 
C 7.36232200 -1.64943900 -0.42511100 
O 8.17446500 -0.74668000 -0.34262700 
O 7.70906500 -2.95728200 -0.49166400 
H 8.68076400 -2.99187600 -0.46037900 
C -7.36226700 1.64959500 -0.42518800 
O -8.17451100 0.74691300 -0.34310500 
O -7.70885800 2.95754000 -0.49128700 
H -8.68055400 2.99222300 -0.46007400 
 
H2BPVB 
C 0.74201700 -0.01101900 -0.59841000 
C -0.73941000 -0.00548200 -0.60189700 
C 1.46354200 -1.21375100 -0.64277200 
C 2.84602400 -1.14432700 -0.65186600 
C 3.50410700 0.09988700 -0.59977500 
C 2.68265700 1.25464500 -0.54676000 
N 1.35115500 1.18153600 -0.55101900 
N -1.34866800 -1.19781200 -0.55271500 
C -2.68017500 -1.27127100 -0.55386000 
C -3.50160500 -0.11670100 -0.61361600 
C -2.84321600 1.12728700 -0.66874400 
C -1.46085200 1.19698200 -0.65457900 
C 3.25829100 2.65518400 -0.42527500 
O 2.58078200 3.46841100 -1.38411600 
C -3.25526500 -2.67214100 -0.43256300 
O -2.56871300 -3.48715800 -1.38332900 
C 3.18986400 3.23992700 1.02505300 
C 1.74118400 3.45899200 1.48789400 
C 3.90987600 2.28099000 1.98942000 
C 3.93410200 4.59025600 1.03026200 
C -3.19752100 -3.25269500 1.01991400 
C -1.75203500 -3.46551900 1.49546300 
C -3.92886000 -2.29371500 1.97565100 
C -3.93717900 -4.60551000 1.02237300 
H 0.92899700 -2.15430400 -0.69354400 
H 3.43384600 -2.05293000 -0.73442500 
H -3.43056400 2.03559500 -0.75754600 

H -0.92629600 2.13741400 -0.70740300 
H 4.32450400 2.61815000 -0.68108600 
H 2.98589000 4.34446200 -1.37569100 
H -4.31932700 -2.63755100 -0.69737900 
H -2.97615900 -4.36215400 -1.37950800 
H 1.19101300 4.07483100 0.77138200 
H 1.73799800 3.96555600 2.45978500 
H 3.94233900 2.71548200 2.99409400 
H 4.94111900 2.08742800 1.67411200 
H 3.39408900 1.31874600 2.05700800 
H 4.96246700 4.48289100 0.66409100 
H 3.42439100 5.34559100 0.42028000 
H -1.19361800 -4.08056800 0.78471300 
H -1.22037300 -2.51764300 1.59913600 
H -4.95858400 -2.10572800 1.65209300 
H -3.41777400 -1.32901300 2.04408900 
H -4.96249200 -4.50287300 0.64642700 
H -3.41915500 -5.36079200 0.41945600 
H -3.99489500 -5.00314900 2.04080300 
H -3.96705200 -2.72521500 2.98141500 
H 1.20521100 2.51326800 1.58855300 
H -1.75516900 -3.97033300 2.46825600 
H 3.98372500 4.99083600 2.04796800 
C 4.96687400 0.16775900 -0.60909300 
H 5.41110200 1.04555300 -1.06794200 
C -4.96419300 -0.18496700 -0.62643200 
H -5.40659400 -1.06805500 -1.07651600 
C 5.78276800 -0.76742400 -0.07903700 
H 5.33833600 -1.60742500 0.45143600 
C -5.78229300 0.75563900 -0.10939300 
H -5.33996000 1.60324300 0.41060600 
C 7.24538100 -0.74852900 -0.09461800 
C 7.99746400 0.15600100 -0.87210900 
C 7.94519500 -1.67571100 0.70315400 
C 9.38532300 0.14506400 -0.83923400 
H 7.49219300 0.86359300 -1.52061100 
C 9.33380700 -1.69195500 0.73951400 
H 7.38373300 -2.38546300 1.30399200 
C 10.06711000 -0.77873100 -0.02989200 
H 9.95024500 0.84436200 -1.44426600 
H 9.86934500 -2.40423000 1.35740600 
C -7.24472100 0.73470300 -0.12705700 
C -7.94607200 1.68386500 0.64159300 
C -7.99567300 -0.19403800 -0.87835900 
C -9.33626500 1.70216400 0.67720100 
H -7.38569200 2.41141400 1.22183300 
C -9.38188100 -0.18182900 -0.84538800 
H -7.48973900 -0.92158700 -1.50377000 
C -10.06665100 0.76471400 -0.06581400 
H -9.85913000 2.43770300 1.27694100 
H -9.95920200 -0.89460200 -1.42392800 
C 11.54560200 -0.83033500 0.03661200 
O 12.18870600 -1.60878000 0.71689400 
O 12.15058500 0.09789300 -0.75257700 



S58 
 
 
 

H 13.10717700 -0.02265600 -0.63534200 
C -11.54711200 0.73619500 -0.06662600 
O -12.23110100 -0.05428800 -0.69103200 
O -12.10268300 1.69954700 0.71652100 
H -13.06522100 1.59145700 0.64471800 
 
Sc3+-H2BPVB 
C 0.73267700 -0.99795800 -0.01013400 
C -0.73267600 -0.99794700 0.01073300 
C 1.51863800 -2.14508600 -0.12221800 
C 2.89443000 -2.00731000 -0.20302100 
C 3.51149800 -0.74319900 -0.12736100 
C 2.65348700 0.36606000 0.04302600 
N 1.31355100 0.22329400 0.06294300 
N -1.31354400 0.22328200 -0.06264200 
C -2.65346200 0.36609500 -0.04283100 
C -3.51148700 -0.74313000 0.12776200 
C -2.89443500 -2.00722200 0.20381300 
C -1.51864500 -2.14505400 0.12308500 
C 3.13131700 1.78630500 0.22925600 
O 2.03098100 2.59211500 -0.28381600 
C -3.13132900 1.78628100 -0.22927800 
O -2.03100800 2.59221600 0.28371600 
Sc -0.00001600 2.04565100 -0.00006200 
C 3.47407600 2.19555500 1.69983500 
C 2.30384200 1.92028400 2.65359400 
C 4.71229700 1.42034700 2.17951800 
C 3.80513100 3.69967400 1.70920900 
C -3.47407500 2.19541100 -1.69986500 
C -2.30379200 1.92013900 -2.65357600 
C -4.71223500 1.42010900 -2.17951500 
C -3.80520600 3.69952100 -1.70934500 
H 1.06442000 -3.12528200 -0.18947800 
H 3.50198700 -2.89137300 -0.35630600 
H -3.50204500 -2.89121200 0.35731500 
H -1.06444000 -3.12524000 0.19056000 
H 3.99643100 1.99306000 -0.40329600 
H 2.28002100 3.52912400 -0.34432100 
H -3.99643300 1.99304300 0.40328700 
H -2.28018600 3.52920000 0.34403700 
H 1.40910300 2.48661500 2.36579400 
H 2.57830600 2.24337900 3.66258300 
H 4.97905700 1.77257800 3.18089300 
H 5.57220600 1.58537000 1.52338800 
H 4.52429100 0.34583500 2.24421800 
H 4.58614000 3.93816800 0.97845300 

H 2.92566300 4.31913500 1.50040600 
H -1.40912600 2.48665100 -2.36594200 
H -2.05137300 0.85668100 -2.69699400 
H -5.57214800 1.58501300 -1.52336100 
H -4.52413800 0.34561500 -2.24426900 
H -4.58625700 3.93804100 -0.97864200 
H -2.92577600 4.31904500 -1.50055400 
H -4.17016800 3.98334300 -2.70114700 
H -4.97906300 1.77234800 -3.18087200 
H 2.05157000 0.85681400 2.69729300 
H -2.57838500 2.24289500 -3.66263800 
H 4.17013400 3.98356200 2.70097400 
C 4.95724700 -0.58161900 -0.25694100 
H 5.30944100 0.41381900 -0.50042200 
C -4.95725300 -0.58156400 0.25717200 
H -5.30948200 0.41386900 0.50065900 
C 5.85745500 -1.57218700 -0.07680000 
H 5.51086700 -2.56646300 0.19663200 
C -5.85742700 -1.57212100 0.07681300 
H -5.51079600 -2.56637400 -0.19665000 
C 7.30977300 -1.44403600 -0.18483700 
C 7.96988800 -0.22026700 -0.42351700 
C 8.09793000 -2.60122200 -0.02936300 
C 9.35676000 -0.16692500 -0.50759500 
H 7.39979300 0.69593800 -0.53684600 
C 9.48662200 -2.54408700 -0.11958400 
H 7.60750600 -3.55185300 0.16158000 
C 10.13807300 -1.32613600 -0.36005100 
H 9.84710400 0.78327800 -0.68781100 
H 10.07345200 -3.44791300 0.00024200 
C -7.30976100 -1.44398200 0.18470900 
C -8.09788900 -2.60120100 0.02929300 
C -7.96990400 -0.22020300 0.42320100 
C -9.48658300 -2.54407700 0.11940500 
H -7.60742300 -3.55184100 -0.16149700 
C -9.35678900 -0.16687300 0.50720300 
H -7.39984800 0.69603600 0.53645900 
C -10.13806900 -1.32610100 0.35972400 
H -10.07341500 -3.44790400 -0.00037800 
H -9.84714700 0.78334700 0.68729500 
C -11.65113600 -1.26198000 0.45243000 
O -12.18703500 -0.12097400 0.62019300 
O -12.29456200 -2.35403500 0.35465700 
C 11.65114200 -1.26195600 -0.45283600 
O 12.29456100 -2.35407500 -0.35566300 
O 12.18702300 -0.12088000 -0.62010300 
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19.  1H & 13C NMR spectra and HPLC chromatograms 
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