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1. Materials and methods 
Two metal sources, [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 and [Pt(tBu2bpy)(OH2)2](OTf)2, and 

sulfoxides, (S)- and (R)-3, (R)-methyl phenyl sulfoxide, (R)- and rac-p-anisyl methyl sulfoxide, and 
(R)- and rac-o-anisyl methyl sulfoxide were prepared according to reported procedures, and their 
analytical data were referred to the reported ones. Specific references for them are noted where 
applicable. Ligand L was prepared by following the reported procedure1. Other solvents, organic and 
inorganic reagents are commercially available, and were used without further purification. 

 
NMR spectroscopic measurements were performed using a Bruker AVANCE 500 spectrometer 

(500 MHz for 1H; 471 MHz for 19F; 126 MHz for 13C) and a JEOL JNM-ECX400 spectrometer (400 
MHz for 1H). Display of NMR spectra and deconvolution analysis were performed using an iNMR 
software. The chemical shifts were reported in parts per million (ppm) on the d scale, and were 
referenced to tetramethylsilane (TMS, d = 0 ppm for 1H NMR) and CDCl3 (d = 77.16 ppm for 13C 
NMR) in CDCl3, acetone-d5 (d = 2.05 ppm for 1H NMR), acetone-d6 (d = 29.84 ppm for 13C NMR), 
and hexafluorobenzene (–162.0 ppm for 19F NMR) in acetone-d6, and CHDCl2 (d = 5.32 ppm for 1H 
NMR) in CD2Cl2. No calibration was conducted for 19F NMR measurement in CD2Cl2. The 
multiplicity of each signal for 1H NMR was indicated by s (singlet), d (doublet), dd (double-doublet), 
t (triplet), dt (double-triplet), m (multiplet), and brs (broad-singlet). Assignment of 1H and 13C NMR 
signals was supported by 2D NMR spectroscopy. ESI-TOF mass spectra were recorded on a 
Micromass LCT spectrometer, in which high-resolution mass (HRMS) data were collected using a 
leucine enkephalin as an internal standard. UV-vis spectroscopy was performed using a JASCO V-
770 spectrophotometer. CD spectra were recorded using a JASCO J-820 spectropolarimeter. Specific 
rotation was recorded using a JASCO P-1030 polarimeter. IR spectra were recorded on a JASCO 
FT/IR-4200 spectrometer using a ZnSe ATR method. Melting points were measured by YANACO 
MP-500D apparatus. Single-crystal X-ray diffraction (XRD) analyses were performed using a Rigaku 
XtaLAB P200 diffractometer under CuKa radiation with a CrysAlisPro software package and a R-
AXIS RAPID II diffractometer under MoKa radiation with RAPID AUTO software package, and the 
obtained data were analysed using CrystalStructure and Olex2 crystallographic software packages2 
except for refinement, which was performed using SHELXL-2013 program suite3. TwinRotMat 
function in PLATON program was also used for single-crystal XRD analyses4. X-ray structures were 
displayed using a Mercury and PyMOL software packages. HPLC data were collected using a JASCO 
MD-4010 photodiode array detector connected with PU-4185-Binary binary RHPLC semi-micro 
pump, CO-4060 column oven, CD-4095 circular dichroism detector, and RI-4030 refractive index 
detector. Elemental analyses were conducted in Microanalytical Laboratory, Department of Chemistry, 
School of Science, the University of Tokyo using Vario MICRO Cube elemental analyser with 
addition of MgO, and creation of calibration curves and calculation of analytical values were carried 
out in Excel. 
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2. Synthesis and characterisation of 1tight and 1loose  

2.1 Synthesis of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)25,6 

PdCl2(MeCN)2 (80.1 mg, 0.309 mmol, 1.0 equiv.) and tBu2bpy (83.5 mg, 0.311 mmol, 1.0 equiv.) 
were placed in a flask and dissolved in CH2Cl2 (20 mL). This reaction mixture was stirred at room 
temperature for 2 h. To this reaction mixture was added n-hexane to obtain a pale yellow precipitate, 
which was then isolated and dissolved in CH2Cl2 (15 mL). To this solution was added AgOTf (170.8 
mg, 0.665 mmol, 2.4 equiv.), and the reaction solution was then stirred at room temperature for 1.5 h. 
After removal of Ag salts by filtration, the filtrate was evaporated. The resulting pale yellow solid was 
recrystallised from CH2Cl2 by slow diffusion of n-hexane to afford [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 
(199.3 mg, 0.268 mmol, 86%) as pale yellow needle crystals. 
1H NMR (500 MHz, CDCl3, 300 K): d 8.24 (d, J = 6.5 Hz, 2H), 7.90 (d, J = 1.5 Hz, 2H), 7.66 (dd, J 
= 6.0, 2.0 Hz, 2H), 1.47 (s, 18H). 13C NMR (126 MHz, CDCl3, 300 K): d 168.5, 156.1, 149.5, 125.3, 
120.1, 36.5, 30.4. Anal. Calcd for C20H32F6N2O10PdS2 {[Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2}: C 32.24, 
H 4.33, N 3.76; found: C 32.03, H 4.01, N 3.76. 
Crystal data for [Pd(tBu2bpy)(OH2)2]2(OTf)4·(CH2Cl2): C41H50Cl2F12N4O16Pd2S4, Fw = 1494.79, 
crystal dimensions 0.135 × 0.029 × 0.026 mm3, triclinic, space group P-1, a = 13.7738(4), b = 
15.5003(5), c = 16.4954(6) Å, a = 84.224(3), b = 67.154(3), g = 65.395(3)°, V = 2942.94(19) Å3, Z = 
2, rcalcd = 1.687 g cm–3, µ = 80.20 cm–1, T = 98 K, l(CuKa) = 1.54184 Å, 2qmax = 162.806°, 
57057/12257 reflections collected/unique (Rint = 0.1374), R1 = 0.0972 (I > 2s(I)), wR2 = 0.2684 (for 
all data), GOF = 1.029, largest diff. peak and hole 2.179/–1.103 eÅ–3. CCDC deposit number 2190131. 
PLAT430_ALERT_2_B Short Inter D…A Contact 
Response: The short contacts come from H2O…OTf, though hydrogen atoms of the water molecule 
could not be located in the difference electron density maps. 
 

 
Supplementary Fig. 1 1H NMR spectrum of [Pd(tBu2bpy)(OH2)2](OTf)2 (500 MHz, CDCl3, 300 K). 
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Supplementary Fig. 2 13C NMR spectrum of [Pd(tBu2bpy)(OH2)2](OTf)2 (126 MHz, CDCl3, 300 
K). 
 

 
Supplementary Fig. 3 ORTEP drawing of [Pd(tBu2bpy)(OH2)2](OTf)2 at the 50% probability level. 
Colour: C black, N blue, O red, F yellow green, S dark red, Cl yellow green and Pd yellow. CCDC 
deposit number of [Pd(tBu2bpy)(OH2)2](OTf)2 is 2190131. This figure was produced by the checkCIF 
report of the International Union of Crystallography. 



 7 

2.2 Synthesis of 1tight 
A CH2Cl2 solution (1.0 mL) of L (10.0 mg, 15.9 µmol, 1.0 equiv.) was mixed with a CH2Cl2 

solution (2.0 mL) of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (38.2 mg, 51.3 µmol, 3.2 equiv.), and then 
stirred at room temperature for 4 h. During the reaction, the colour of the solution was changed from 
pale yellow to purple in a few minutes. The reaction mixture was filtered to remove precipitates and 
the filtrate was evaporated. The resulting solid was washed with CHCl3 and the residue was dried up 
under reduced pressure. The solid was recrystallised from CH2Cl2 by vapour diffusion of Et2O. The 
obtained plate crystals were washed with a small amount of CHCl3 and dried up under reduced pressure 
to afford tightly-twisted 1tight, [Pd3L(tBu2bpy)3](OTf)6·(H2O)4.9·(Et2O)0.15, (14.27 mg, 5.19 µmol, 33% 
yield) as a colourless solid.  
Mp: > 257 °C (decomp.). 1H NMR (500 MHz, acetone-d6, 300 K): d 9.81 (d, J = 7.0 Hz, 3H), 9.09 (d, 
J = 6.0 Hz, 3H), 9.00 (d, J = 6.0 Hz, 3H), 8.95 (d, J =1.5 Hz, 3H), 8.88 (d, J = 2.0 Hz, 3H), 8.85 (d, J 
= 3.5 Hz, 3H), 8.10 (dd, J = 5.0, 1.0 Hz, 3H), 8.03 (dd, J = 6.0, 1.5 Hz, 3H), 7.98 (d, J = 8.5 Hz, 3H), 
7.80 (d, J = 5.5 Hz, 3H), 7.64 (t, J = 8.0 Hz, 3H), 7.41 (d, J = 10.5 Hz, 3H), 7.10 (t, J = 7.5 Hz, 3H), 
6.94 (d, J = 7.0 Hz, 3H), 6.40 (d, J = 7.0 Hz, 3H), 5.09 (d, J = 14.5 Hz, 3H), 5.05 (d, J = 15.0 Hz, 3H), 
4.89 (d, J = 7.5 Hz, 3H), 4.87 (d, J = 13.5 Hz, 3H), 4.50 (dd, J = 14.0, 11.5 Hz, 3H), 1.56 (s, 27H), 
1.50 (s, 27H). 13C NMR (126 MHz, acetone-d6, 301 K): d 168.9, 168.7, 157.8, 157.3, 152.2, 150.4, 
142.0, 141.8, 134.5, 134.2, 133.4, 133.1, 132.1, 131.9, 131.2, 129.2, 128.6, 126.9, 126.6, 126.5, 123.3, 
123.2, 122.9, 120.8, 118.2, 63.0, 61.3, 37.1, 37.0. The 13C signals of tert-butyl groups were overlapped 
with those of acetone-d6 and could not be identified. The TfO anion has four 13C signals but only three 
signals were observed due to the low S/N ratio. 19F NMR (471 MHz, acetone-d6, 300 K): d –75.4, –
76.1. 1H NMR (500 MHz, CD2Cl2, 300 K): d 9.62 (d, J = 7.5 Hz, 3H), 9.25 (d, J = 4.0 Hz, 3H), 8.98 
(d, J = 6.5 Hz, 3H), 8.73 (d, J = 6.0 Hz, 3H), 8.31 (d, J = 1.5 Hz, 3H), 8.25 (d, J = 1.5 Hz, 3H), 7.99 
(dd, J = 6.0, 1.5 Hz, 3H), 7.90 (dd, J = 6.0, 2.0 Hz, 3H), 7.86 (d, J = 8.5 Hz, 3H), 7.69 (d, J = 7.5 Hz, 
3H), 7.55 (t, J = 8.0 Hz, 3H), 7.40 (d, J = 10.5 Hz, 3H), 6.68 (d, J = 7.5 Hz, 3H), 6.68 (t, J = 7.5 Hz, 
3H), 6.29 (d, J = 7.5 Hz, 3H), 4.83 (d, J = 11.5 Hz, 3H), 4.81 (d, J = 11.0 Hz, 3H), 4.75 (d, J = 8.0 Hz, 
3H), 4.61 (dd, J = 14.0, 4.0 Hz, 3H), 4.18 (dd, J = 14.0, 11.5 Hz, 3H), 1.57 (s, 27H), 1.51 (s, 27H). IR 
(ATR, cm–1): 3144 (br), 2967, 1618, 1417, 1248, 1155, 1028, 810, 636. UV-vis (CH2Cl2, 293 K, 87.3 
µM): lmax (nm) (e (M–1 cm–1)) = 309.8 (3.98 × 104). HRMS (ESI-TOF): m/z = 1100.2498 as [Pd3(H–

2L)(tBu2bpy)3](OTf)3]+ (calcd 1100.2462). Anal. Calcd for C102.6H125.3F18N12O23.05Pd3S6 
{[Pd3L(tBu2bpy)3](OTf)6·(H2O)4.9·(Et2O)0.15}: C 44.82, H 4.58, N 6.09; found: C 44.81, H 4.58, N 
6.09. 
Crystal data for tightly-twisted Pd3L(tBu2bpy)3·(OTf)5.08·(H2O)6.95·(CH2Cl2)1.27 (missing triflates were 
not observed due to severe disorder): C102.36H116.55Cl2.55F15.25N12O22.20Pd3S5.08, Fw = 2732.41, crystal 
dimensions 0.131 × 0.081 × 0.031 mm3, trigonal, space group R-3, a = 23.0889(2), c = 41.6772(6) Å, 
V = 19241.3(4) Å3, Z = 6, rcalcd = 1.415 g cm–3, µ = 53.78 cm–1, T = 93 K, l(CuKa) = 1.54187 Å, 
2qmax = 144.478°, 39889/8311 reflections collected/unique (Rint = 0.0578), R1 = 0.0845 (I > 2s(I)), 
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wR2 = 0.2630 (for all data), GOF = 1.113, largest diff. peak and hole 1.414/–1.123 eÅ–3. CCDC deposit 
number 2190130. 
PLAT306_ALERT_2_B Isolated Oxygen Atom (H-atoms missing?) 
Response: Hydrogen atoms of water molecules could not be located in the difference electron density 
maps. 
PLAT430_ALERT_2_B Short Inter D…A Contact 
Response: The short contacts come from H2O-TfO, though hydrogen atoms of water molecules could 
not be located in the difference electron density maps. 
PLAT601_ALERT_2_B Unit Cell Contains Solvent Accessible VOIDS of ...125 Ang**3 
Response: Some solvents and TfO anions in the large pore could not be located due to severe 
disordering. 
 

 

Supplementary Fig. 4 1H NMR spectrum of 1tight (500 MHz, acetone-d6, 300 K). 
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Supplementary Fig. 5 13C NMR spectrum of 1tight (126 MHz, acetone-d6, 301 K). 

 
Supplementary Fig. 6 19F NMR spectrum of 1tight (471 MHz, acetone-d6, 300 K). 
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Supplementary Fig. 7 1H-1H COSY NMR spectrum of 1tight (500 MHz, acetone-d6, 300 K). 
 

 
Supplementary Fig. 8 1H-1H ROESY NMR spectrum of 1tight (500 MHz, acetone-d6, 300 K). 
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Supplementary Fig. 9 1H-13C HSQC NMR spectrum of 1tight (500 MHz for 1H and 126 MHz for 13C, 
acetone-d6, 300 K). 

 
Supplementary Fig. 10 1H-13C HMBC NMR spectrum of 1tight (500 MHz for 1H and 126 MHz for 
13C, acetone-d6, 300 K). 
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1H NMR signals of 1tight in CD2Cl2 were also assigned by 2D NMR measurement as shown below. 

 

Supplementary Fig. 11 1H NMR spectrum of 1tight (500 MHz, CD2Cl2, 300 K).  
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Supplementary Fig. 12 1H-1H COSY NMR spectrum of 1tight (500 MHz, CD2Cl2, 300 K).  
 

 
Supplementary Fig. 13 1H-1H ROESY NMR spectrum of 1tight (500 MHz, CD2Cl2, 300 K). 
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Supplementary Fig. 14 VT 1H NMR spectra of 1tight measured at (a) 230 K, (b) 245 K, (c) 260 K, (d) 
280 K and (e) 300 K (500 MHz, CD2Cl2). The downfield shift of one para-phenylene signal (Hl) was 
maintained in the range from 230 to 300 K, suggesting the presence of C-H···Pd anagostic interactions 
even at 300 K in the solution. 
 

 
Supplementary Fig. 15 UV-vis spectrum of 1tight (87.3 µM, l = 0.2 cm, 293 K in CH2Cl2). 
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Supplementary Fig. 16 High resolution-ESI-TOF mass spectrum of 1tight (positive, acetone). 
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Supplementary Fig. 17 ORTEP drawing of 1tight at the 50% probability level. Colour: C black, N 
blue, O red, F yellow green, S dark red and Pd yellow. CCDC deposit number of 1tight is 2190130. 
This figure was produced by the checkCIF report of the International Union of Crystallography. 
 

 
Supplementary Fig. 18 Crystal structure of 1tight with the distance and angle of C-H···Pd interactions. 
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2.3 Synthesis of 1loose 
A CHCl3 solution (2.2 mL) of L (13.2 mg, 20.9 µmol, 1.0 equiv.) was mixed with a CHCl3 solution 

(4.7 mL) of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (25.2 mg, 33.8 µmol, 1.6 equiv.), and then stirred at 
room temperature for 3 h. During the reaction, a pink solid was precipitated. The resulting precipitate 
was collected by filtration and washed with CHCl3 to obtain a dark pink solid whose main component 
was dinuclear metallocycle 2 (21.3 mg, 10.7 µmol, 64%), which was then suspended in CH2Cl2 (10 
mL). To the suspension was added a CH2Cl2 solution (5 mL) of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 
(9.7 mg, 13.0 µmol, 1.2 equiv. to the dinuclear metallocycle). The reaction mixture was stirred at room 
temperature for 3 h, and then heated at reflux for 1.5 h. During heating, a colourless solid was 
precipitated. The resulting precipitate was collected by filtration and dried under reduced pressure. 
This solid was recrystallised from acetone by vapour diffusion of Et2O to afford loosely-twisted 1loose, 
[Pd3L(tBu2bpy)3](OTf)6·(H2O)4, (14.2 mg, 5.21 µmol, 31% in total) as colourless plate crystals.  
Mp: > 272 °C (decomp.). 1H NMR (500 MHz, acetone-d6, 300 K): d 8.99 (d, J = 6.0 Hz, 3H), 8.69 (s, 
3H), 8.62 (d, J = 1.5 Hz, 3H), 8.47 (d, J = 1.5 Hz, 3H), 8.10 (d, J = 8.0 Hz, 3H), 8.00 (brs, 3H), 7.91 
(dd, J = 5.5, 1.0 Hz, 3H), 7.82 (brs, 3H), 7.68 (t, J = 7.5 Hz, 3H), 7.62 (brs, 3H), 7.55 (m, 6H), 7.47 
(brs, 3H), 7.19 (d, J = 5.0 Hz, 3H), 6.94 (d, J = 5.0 Hz, 3H), 6.75 (brs, 3H), 4.78 (d, J = 13.0 Hz, 3H), 
4.23 (d, J = 13.0 Hz, 3H), 3.21 (d, J = 11.5 Hz, 3H), 1.88 (brs, 3H), 1.54 (s, 27H), 1.43 (s, 27H). 13C 
NMR (126 MHz, acetone-d6, 300 K): d 168.6, 166.9, 158.3, 156.4, 151.4, 150.0, 145.6, 141.7, 135.1, 
135.1, 134.8, 134.0, 133.8, 133.6, 131.3, 131.3, 127.3, 125.8, 125.7, 123.8, 123.2, 122.8, 120.7, 118.1, 
63.1, 60.4, 36.9, 36.7, 30.8, 30.2. 1H NMR signals of para-phenylene moieties were not fully assigned 
at 300 K, because the rotation of the para-phenylene moieties was so fast that extra cross signals 
derived from chemical exchange processes appeared in the ROESY spectrum and disturbed the 
assignment of the signals. So, the 1H NMR signals of para-phenylene moieties were assigned by 2D 
1H-1H COSY and ROESY NMR analyses at 270 K where the rotation of para-phenylene moieties was 
slow enough. 
IR (ATR, cm–1): 3459 (br), 2975, 1620, 1417, 1240, 1156, 1027, 844. UV-vis (CH3CN, 293 K, 82.3 
µM): lmax (nm) (e (M–1 cm–1)) = 311 (3.69 × 104). HRMS (ESI-TOF): m/z = 1100.2410 as [Pd3(H–

1L)(tBu2bpy)3](OTf)4]+ (calcd 1100.2462). Anal. Calcd for C102H122F18N12O22Pd3S6 
{[Pd3L(tBu2bpy)3](OTf)6·(H2O)4}: C 45.01, H 4.52, N 6.18; found: C 45.04, H 4.52, N 6.17.  
Crystal data for loosely-twisted Pd3L(tBu2bpy)3·(OTf)6·(C3H6O)0.375·(H2O)0.5: 
C103.12H116.25F18N12O18.88Pd3S6, Fw = 2679.38, crystal dimensions 0.221 × 0.150 × 0.087 mm3, trigonal, 
space group P-3c1, a = 23.8678(5), c = 29.5387(5) Å, V = 14572.9(7) Å3, Z = 4, rcalcd = 1.221 g cm–3, 
µ = 44.34 cm–1, T = 93.15 K, l(CuKa) = 1.54178 Å, 2qmax = 134.130°, 30304/8396 reflections 
collected/unique (Rint = 0.0431), R1 = 0.1399 (I > 2s(I)), wR2 = 0.3524 (for all data), GOF = 1.473, 
largest diff. peak and hole 6.128/–2.917 eÅ–3. CCDC deposit number 2190129. 
PLAT602_ALERT_2_A Solvent Accessible VOID(S) in Structure  
Response: Some solvents in the large pore could not be located due to severe disordering. 
PLAT097_ALERT_2_B Large Reported Max. (Positive) Residual Density … 6.13 eA–3 



 18 

Response: The atom type is correct. The large residual density may be due to an anomalous dispersion 
effect and has no chemical significance. 
PLAT306_ALERT_2_B Isolated Oxygen Atom (H-atoms Missing?) 
Response: Hydrogen atoms of water molecules could not be located in the difference electron density 
maps. 
PLAT342_ALERT_3_B Low Bond Precision on C-C Bonds … 0.02019 Ang. 
Response: Some solvents in the large pore could not be located due to severe disordering. 
 

 
Supplementary Fig. 19 1H NMR spectrum of 1loose (500 MHz, acetone-d6, 300 K). 
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Supplementary Fig. 20 13C NMR spectrum of 1loose (126 MHz, acetone-d6, 300 K). 

 
Supplementary Fig. 21 1H-1H COSY NMR spectrum of 1loose (500 MHz, acetone-d6, 300 K). 
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Supplementary Fig. 22 1H-1H ROESY NMR spectrum of 1loose (500 MHz, acetone-d6, 300 K). 

 
Supplementary Fig. 23 1H-13C HSQC NMR spectrum of 1loose (500 MHz for 1H and 126 MHz for 
13C, acetone-d6, 300 K).  
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Supplementary Fig. 24 1H-13C HMBC NMR spectra of 1loose (500 MHz for 1H and 126 MHz for 13C, 
acetone-d6, 300 K); (upper) overall spectrum and (lower) enlarged and amplified spectrum. 
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Supplementary Fig. 25 VT 1H NMR spectra of 1loose (500 MHz, acetone-d6) (a) at 270 K, (b) 280 K, 
(c) 290 K and (d) at 300 K. 

 
Supplementary Fig. 26 1H-1H COSY NMR spectrum of 1loose (500 MHz, acetone-d6, 270 K). 
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Supplementary Fig. 27 1H-1H ROESY NMR spectrum of 1loose (500 MHz, acetone-d6, 270 K). 

 
Supplementary Fig. 28 UV-vis absorption spectrum of 1loose (82.3 µM, l = 0.2 cm, 293 K in MeCN). 
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Supplementary Fig. 29 High resolution-ESI-TOF mass spectrum of 1loose (positive, acetone). 
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Supplementary Fig. 30 ORTEP drawing of 1loose at the 50% probability level. Colour: C black, N 
blue, O red, F yellow green, S dark red and Pd yellow. CCDC deposit number of 1loose is 2190129. 
This figure was produced by the checkCIF report of the International Union of Crystallography. 
 

 
Supplementary Fig. 31 Crystal structure of 1loose with the distance between H atom and p plane. 
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Supplementary Fig. 32 1H NMR spectra of 1loose (500 MHz, acetone-d6, 300 K) (a) 1 h and (b) 2 
weeks at room temperature after dissolved in acetone-d6. 
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2.4 Definition of the two twisted isomers of 1 
The two twisted isomers of 1 are defined by the degree to which the ortho-phenylenediamine 

moieties are folded inside the macrocycle. The degree of folding is evaluated by the dihedral angle 
between the plane horizontal to the macrocyclic skeleton and the plane of the ortho-phenylenediamine 
ring. The dihedral angle in L before metal coordination is nearly 0°, indicating no twisting. One isomer 
of the twisted PdII3-macrocycles with a dihedral angle of greater than 90° is defined as the tightly-
twisted isomer, 1tight. In contrast, the other isomer with a dihedral angle of less than 90° is therefore 
defined as the loosely-twisted isomer, 1loose. As a result of the different twisting modes, the absolute 
configuration of the amine nitrogen atoms changes through metal coordination to (all-R or all-S) and 
(alt-R/S) for the tightly- and loosely-twisted isomers, respectively. Note that this definition differs from 
the typical definition of a helix, which is based on differences in helical pitch. This is because the 
structure of 1 is not a helix, but a twist with the P- and M-helicity. 

 
Supplementary Fig. 33 Illustration supporting the definition of the twisted isomers: (left) L is twisted 
tightly to form (P)-1tight forming the (all-R) configuration with ortho-phenylenediamine nitrogen 
atoms, and (right) L is twisted loosely to form (P)-1loose with the (alt-R/S) configuration with ortho-
phenylenediamine nitrogen atoms. 
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2.5 Characterisation of 2  
Characterisation of an intermediate species 2 obtained in the synthesis of 1loose is shown below. 

1H NMR (500 MHz, acetone-d6, 300 K): d 9.12 (d, J = 6.0 Hz, 2H), 8.90 (s, 2H), 8.89 (s, 2H), 8.84 (d, 
J = 5.5 Hz, 2H), 8.79 (s, 2H), 8.27 (d, J = 10.0 Hz, 2H), 8.20 (d, J = 5.5 Hz, 2H), 8.10 (m, 4H), 7.66 
(m, 6H), 7.26 (t, J = 7.5Hz, 2H), 6.25 (d, J = 7.5 Hz, 2H), 5.94 (m, 2H), 5.63 (m, 2H), 4.93 (d, J = 5.5 
Hz, 2H), 4.91 (d, J = 14.5 Hz, 2H), 4.66 (d, J = 14.0 Hz, 2H), 4.46 (dd, J = 16.0, 6.0 Hz, 2H), 4.19 (d, 
J = 13.5 Hz, 2H), 4.01 (dd, J = 16.0, 5.0 Hz, 2H), 1.66 (t, J = 12.5 Hz, 2H), 1.53 (s, 36H). 
HRMS (ESI-TOF): m/z = 689.2654 as [Pd2(H–2L)(tBu2bpy)2]2+ (calcd 689.2650). Assignment of Hc 
and Hh in the 1H NMR spectrum was completed by 2D NMR analysis and H-D exchange of amine 
protons by adding D2O into the acetone-d6 solution of 2. 13C NMR of 2 was not measured in acetone-
d6 due to the low solubility and slow decomposition of 2. 
 

 
Supplementary Fig. 34 1H NMR spectrum of as-synthesised 2 (500 MHz, acetone-d6, 300 K). The 
peaks of p-phenylene groups (j, k, p, q, r, s) highly broaden due to their rotational motion. 
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Supplementary Fig. 35 1H-1H COSY NMR spectrum of as-synthesised 2 (500 MHz, acetone-d6, 300 
K). 
 

 
Supplementary Fig. 36 1H-1H ROESY NMR spectrum of as-synthesised 2 (500 MHz, acetone-d6, 
300 K). 
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Supplementary Fig. 37 1H NMR spectra (500 MHz, acetone-d6, 300 K) of (a) as-synthesised 2 and 
(b) as-synthesised 2 with D2O. 
 

 
Supplementary Fig. 38 High resolution-ESI-TOF mass spectrum of 2 (positive, acetone). 
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2.6 Synthesis of [Pt(tBu2bpy)(OH2)2](OTf)27,8 
Water (3.8 mL) and HCl aq. (4 M, 0.2 mL) were added to K2PtCl4 (49.9 mg, 120 µmol, 1.0 equiv.) 

and tBu2bpy (32.3 mg, 120 µmol, 1.0 equiv.) placed in a 2-necked flask, and then the mixture was 
heated at reflux for 2 h. During the reaction, a yellow precipitate was formed. The yellow solid was 
collected by filtration and washed with water, MeOH and Et2O in this order. The resulting solid was 
dried up to afford [PtCl2(tBu2bpy)] (57.3 mg, 107 µmol, 89%) as a yellow solid, which was then 
dissolved in CH2Cl2 (6.5 mL). To this solution was added AgOTf (58.4 mg, 227 µmol, 2.1 equiv.). 
The reaction solution was stirred at room temperature for 1 h. After removal of precipitated Ag salts 
by filtration, the filtrate was evaporated. The resulting pale yellow solid was dried under reduced 
pressure to afford [Pt(tBu2bpy)(OH2)2](OTf)2 (83.7 mg, 105 µmol, 87% in total) as a pale yellow solid.  
1H NMR (500 MHz, CDCl3, 300 K): d 8.57 (d, J = 6.0 Hz, 2H), 8.46 (brs, 4H), 7.91 (d, J = 1.5 Hz, 
2H), 7.71 (dd, J = 6.0, 2.0 Hz, 2H), 1.50 (s, 18H). 13C NMR (126 MHz, acetone-d6, 300 K): d 149.0, 
125.2, 100.1, 36.6, 30.4, 30.2. Some of 13C NMR signals were not observed due to the low solubility 
in CDCl3. 

 
Supplementary Fig. 39 1H NMR spectrum of [Pt(tBu2bpy)(OH2)2](OTf)2 (500 MHz, 300 K, CDCl3). 

 
Supplementary Fig. 40 13C NMR spectrum of [Pt(tBu2bpy)(OH2)2](OTf)2 (126 MHz, 300 K, CDCl3). 
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2.7 Synthesis and characterisation of [Pt2L(tBu2bpy)2](OTf)4 

A dinuclear PtII complex, [Pt2L(tBu2bpy)2](OTf)4, was synthesised by the reaction of L with the 
PtII salt, [Pt(tBu2bpy)(OH2)2](OTf)2 similarly to the synthesis of 2. A CHCl3 solution (2.0 mL) of L 
(29.8 mg, 47.2 µmol, 1.0 equiv.) was mixed with a CHCl3 solution (10.0 mL) of 
[Pt(tBu2bpy)(OH2)2](OTf)2 (68.4 mg, 85.8 µmol, 1.8 equiv.), and then stirred at 45 °C for 21.5 h. 
During the reaction, dark pink precipitate was formed. The resulting precipitate was collected by 
filtration and washed with CHCl3 to afford [Pt2L(tBu2bpy)2](OTf)4 as a dark pink solid (46.98 mg, 
21.8 µmol, 51%). 
1H NMR (500 MHz, CDCl3, 300 K): d 9.52 (s, 2H), 9.39 (d, J = 6.0 Hz, 2H), 9.12 (d, J = 6.5 Hz, 2H), 
8.93 (s, 6H), 8.24 (dd, J = 6.0, 2.0 Hz, 2H), 8.18 (d, J = 8.0 Hz, 2H), 8.11 (dd, J = 6.0 1.5 Hz, 2H), 
7.68 (t, J = 7.5 Hz, 2H), 7.59 (d, J = 7.5 Hz, 4H), 7.27 (t, J = 8.0 Hz, 2H), 6.34 (d, J = 8.0 Hz, 2H), 
5.93 (m, 2H), 5.63 (m, 2H), 5.07 (d, J = 13.0 Hz, 2H), 4.93 (d, J = 12.0 Hz, 4H), 4.44 (dd, J = 16.0, 
6.5 Hz, 2H), 4.33 (d, J = 13.5 Hz, 2H), 4.00 (dd, J = 15.5, 6.0 Hz, 2H), 1.65 (m, 2H), 1.55 (s, 36H), 
HRMS (ESI-TOF): m/z = 852.8032 as [Pt2(H–1L)(tBu2bpy)2(OTf)]2+ (calcd 852.8052). 

 
Supplementary Fig. 41 1H NMR spectrum of as-synthesised [Pt2L(tBu2bpy)2](OTf)4 (500 MHz, 
acetone-d6, 300 K). The signals of p-phenylene groups (j, k, p, q, r, s) were highly broadened due to 
their rotational motion. 
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Supplementary Fig. 42 1H-1H COSY NMR spectrum of as-synthesised [Pt2L(tBu2bpy)2](OTf)4 (500 
MHz, acetone-d6, 300 K). 
 

 
Supplementary Fig. 43 1H-1H ROESY NMR spectrum of as-synthesised [Pt2L(tBu2bpy)2](OTf)4 (500 
MHz, acetone-d6, 300 K).  
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Supplementary Fig. 44 High resolution-ESI-TOF mass spectrum of [Pt2L(tBu2bpy)2](OTf)4 (positive, 
MeCN). 
 

Single-crystal XRD analysis was performed on a crystal separately prepared by the following 
procedure. A CHCl3 solution (0.25 mL) of L (1.48 mg, 2.34 µmol, 1.3 equiv.) was mixed with a CHCl3 
solution (0.5 mL) of [Pt(tBu2bpy)(OH2)2](OTf)2 (2.85 mg, 3.57 µmol, 2.0 equiv.), and the reaction 
solution was allowed to stand at room temperature for 2 weeks to afford [Pt2L(tBu2bpy)2](OTf)4 as red 
crystals, which were analysed by single-crystal XRD. The surface of this crystal was coloured red 
because the surface might be partially oxidised. 
Crystal data for Pt2L(tBu2bpy)2·(OTf)4·(H2O)1.75·(CHCl3)0.5: C82.50H90.50Cl1.50F12N10O13.75Pt2S4, Fw = 
2241.74, crystal dimensions 0.142 × 0.08 × 0.069 mm3, triclinic, space group P-1, a = 11.6403(6), b 
= 16.7015(6), c = 29.8560(12) Å, a = 74.874(3), b = 80.040(4), g = 82.830(4)°, V = 5499.4(4) Å3, Z = 
2, rcalcd = 1.354 g cm–3, µ = 63.79 cm–1, T = 93 K, l(CuKa) = 1.54187 Å, 2qmax = 145.734°, 
50139/20687 reflections collected/unique (Rint = 0.0939), R1 = 0.1150 (I > 2s(I)), wR2 = 0.3875 (for 
all data), GOF = 1.146, largest diff. peak and hole 1.904/–2.056 eÅ–3. CCDC deposit number 2190132. 
PLAT084_ALERT_3_B High wR2 Value (i.e. > 0.25) … 0.39 
Response: The average intensity of reflections is relatively low due to the small size of the crystal. 
PLAT242_ALERT_2_B Low ‘MainMol’ Ueq as Compared to Neighbors of C71 
Response: This problem is caused by the large Ueq of the neighboring methyl groups in the tert-butyl 
substituent and inherently difficult to avoid. 
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PLAT306_ALERT_2_B Isolated Oxygen Atom (H-Missing?) 
Response: Hydrogen atoms of water molecules could not be located in the difference electron density 
maps. 
PLAT 342_ALERT_3_B Low Bond Precision on C-C Bonds … 0.03184 Ang. 
Response: The average intensity of reflections is relatively low due to the small size of the crystal. 
PLAT430_ALERT_2_B Short Inter D…A Contact 
Response: The short contacts come from H2O…OTf, though hydrogen atoms of the water molecule 
could not be located in the difference electron density maps. 
 

 
Supplementary Fig. 45 ORTEP drawing of [Pt2L(tBu2bpy)2](OTf)4 at the 50% probability level. 
Colour: C black, N blue, O red, F yellow green, S dark red and Pt yellow. CCDC deposit number of 
[Pt2L(tBu2bpy)2](OTf)4 is 2190132. This figure was produced by the checkCIF report of the 
International Union of Crystallography. 
 

We have attempted to synthesise the Pt-analogue of 1loose and 1tight in a similar fashion for 
comparison, but have not yet succeeded in synthesising the Pt-analogue of 1tight, probably due to the 
inherent difficulties associated with the kinetic process. Therefore, it is difficult at this time to discuss 
the differences in structure and dynamics of the Pd- and Pt-complexes of both twisted isomers due to 
the synthetic limitations. 
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3. Isomerisation from 1tight to 1loose 

3.1 Theoretical analysis of the rate constant of isomerisation from 1tight to 1loose 

 
Supplementary Fig. 46 Scheme of isomerisation from 1tight to 1loose and decomposition to by-products. 
 

We considered isomerisation reaction from 1tight to 1loose and decomposition reaction as pseudo 
first order reactions as shown in the scheme above. In this case, the differential equations are given 
below:  

!
!"
!1tight" =	– 𝑘#$%!1tight" −	𝑘!&'!1tight"  ···(3-1) 

!
!"
[1loose] = 	𝑘#$%!1tight"  ···(3-2) 

!
!"
[B] = 	𝑘!&'!1tight"  

where [1tight], [1loose] and [B] are the concentrations of 1tight, 1loose and by-product, respectively, and 
kiso and kdec are the rate constants of isomerisation from 1tight to 1loose and decomposition of 1tight, 
respectively. After rearrangement, the differential equation of equation (3-1) is solved: 

!
!"
!1tight" =	– (𝑘#$% +	𝑘!&')!1tight"  

!1tight" = [1tight]( ∙ 𝑒)(+!"#,+$%&)"  ···(3-3) 
where [1tight]0 is the initial concentration of 1tight. Then, the equation (3-3) is substituted into the 
equation (3-2) and a new differential equation of [1loose] is given and solved. 

!
!"
[1loose] = 	𝑘#$%[1tight]( ∙ 𝑒)(+!"#,+$%&)"  

[1loose] =
'!"#

'!"#('$%&
[1tight]( ∙ (1 − 𝑒)(+!"#,+$%&)")  ···(3-4) 

The rate constant of isomerisation from 1tight to 1loose was estimated by curve fitting analysis of time 
course 1H NMR spectroscopy based on equations (3-3) and (3-4). The fitting analysis and estimation 
of the standard error were conducted using KaleidaGraph software. 
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3.2 Time course 1H NMR measurement to estimate the isomerisation rate from 1tight to 1loose  
1tight (0.52 mg, 0.19 µmol) was dissolved in acetone-d6 (0.5 mL, 0.38 mM). To this solution was 

added 1,4-dioxane as an internal standard. Then, this solution was allowed to stand at 293 K for 9 days 
with monitored by 1H NMR spectroscopy. 

The rate constant of isomerisation from 1tight to 1loose was estimated by curve fitting analysis to be 
5.7 × 10–6 s–1 at 293 K based on equations (3-3) and (3-4). 

 
Supplementary Fig. 47 Time course 1H NMR spectra of 1tight with 1,4-dioxane (a) 33 min, (b) 1 h 32 
min, (c) 3 h 3 min, (d) 15 h 34 min, (e) 27 h 23 min, (f) 39 h 49 min, (g) 63 h 35 min, (h) 88 h 11 min, 
(i) 120 h 13 min, (j) 160 h 19 min, (k) 183 h 45 min and (l) 207 h 39 min at 293 K after dissolved in 
acetone-d6 (500 MHz, acetone-d6, 300 K). 

 
Supplementary Fig. 48 Plot of normalised integral values of 1tight and 1loose and unassignable by-
products and their fitting curves based on the equations (3-3) and (3-4). 
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4. Estimation of the rate of helicity inversion by EXSY NMR 

4.1 Theoretical analysis of the rate of helicity inversion based on 1H-1H EXSY NMR 
measurements9 

1H-1H EXSY NMR measurement was conducted with a Bruker AVANCE500 (500 MHz) 
spectrometer at 300 K using the standard pulse sequence for phase-sensitive NOESY measurements 
programmed in XWinNMR Bruker software. Relaxation decay (D1) was set to 2 s, and appropriate 
mixing times (tm = 50–1050 ms) for each trinuclear metallocycle were chosen.  

When populations of both exchangeable (P/M)-isomers were equal, rate constants of exchange 
processes between two spectroscopically-distinct states (k) are derived from according to the 
equations:	

𝑘 = .
/)
ln 0,.

0).
	 	

𝑟 = 1**,1++
1*+,1+*

	  

where tm is the mixing time of NOESY measurements, IAA and IBB are the integral values of diagonal 
peaks, and IAB and IBA are those of cross peaks. After phase and baseline were corrected in both 
dimensions, the integral values of the diagonal and cross peaks were calculated using iNMR software. 
Using these calculated integral values, the rate constant (k) was calculated from the slope of the plots 
of ln[(r + 1)/(r – 1)] versus mixing time (tm) by linear regression analysis. In these measurements, the 
rate constant of the helicity inversion (k) was defined as the sum of the rate constants of helicity 
inversion from (M)- to (P)-isomers (kMP) and from (P)- to (M)-isomers (kPM). Linear regression 
analysis and estimation of the standard error were conducted by StatPlus software10. 

 
4.2 Theoretical analysis of activation parameters of helicity inversion based on VT EXSY NMR 
measurements 

The enthalpy of activation (DH‡) and the entropy of activation (DS‡) were derived according to 
the Eyring equation: 

ln +
2
=	− 34‡

5
.
2
+ 	ln +B

6
+ 	ln 37

‡

5
  

where R is the gas constant, kB is the Boltzmann constant and h is the Planck constant. Using these two 
activation parameters, the Gibbs energy of activation (DG‡) was calculated according to the equation: 
∆𝐺‡ =	∆𝐻‡ − 𝑇∆𝑆‡  

The rate constants (k) of helicity inversion at various temperatures were estimated by VT EXSY 
measurements. Based on the plots of ln(k/T) versus 1/T (Eyring plot), DH‡ and DS‡ were estimated 
from the slope and the y-intercept of the plot, respectively. 
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4.3 VT EXSY NMR measurements of 1loose in acetone-d6 and estimation of the rate and activation 
parameters of the helicity inversion 

To estimate the rate constant of helicity inversion, two sets of chemical exchange signals between 
Hd and Hf, and between Ho and Hv can be used. However, since the intensity of the chemical exchange 
signals between Hd and Hf were too weak to accurately calculate the integral value at lower 
temperatures, the signals between Ho and Hv were used to estimate the rate constant (k) and activation 
parameters. Moreover, estimation of the inversion rate was well reproduced at 300 K even using 1loose 
obtained in different batches. 

 
Supplementary Fig. 49 Helicity inversion between the (M)- and (P)-1loose with their chemical 
structural formula. 
 

 
Supplementary Fig. 50 Plots of ln[(r + 1)/(r – 1)] versus mixing time τm for 1loose in acetone-d6 from 
1H-1H VT EXSY spectra (500 MHz, acetone-d6, 0.19 mM) recorded with different mixing times (0.05–
1.05 s) and their fitting line with formula based on chemical exchange signals between Ho and Hv; (a) 
at 280 K, (b) 290 K, (c) 300 K and (d) 310 K. 
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Supplementary Fig. 51 1H-1H EXSY NMR spectra of 1loose (500 MHz, acetone-d6, mixing time τm = 
0.3 s, 0.19 mM). Blue squares indicate the chemical exchange signals; (a) 280 K, (b) 290 K, (c) 300 K 
and (d) 310 K. 
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Supplementary Fig. 52 Eyring plot for 1loose in acetone-d6 and the enthalpy, entropy and Gibbs energy 
of activation at 300 K calculated from the plot. 
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4.4 EXSY NMR measurements of 1tight 

 

Supplementary Fig. 53 Helicity inversion between (M)- and (P)-1tight and their chemical structural 
formula. 
 

 
Supplementary Fig. 54 1H-1H EXSY NMR spectrum of 1tight (500 MHz, acetone-d6, 300 K, mixing 
time τm = 0.3 s). Blue dotted squares indicate the absence of chemical exchange signals. The notes 
“rot” indicate chemical exchange signals between the two signals derived from the rotation of para-
phenylene moieties. 
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5. Synthesis of chiral sulfoxides 
5.1 Synthesis of methanesulfinyl chloride11 

Dimethyl disulfide (0.4752 g, 5.05 mmol, 1.0 equiv.) and acetic acid (0.6031 g, 10.0 mmol, 2.0 
equiv.) were placed in a flask and the atmosphere was then roughly changed to argon by flow. This 
reaction mixture was stirred and then cooled to –20 °C. To this solution was added sulfuryl chloride 
(2.1221 g, 15.7 mmol, 3.1 equiv.) dropwise over 8 min, and this reaction mixture was stirred at –20 °C 
for 3 h. The solution was coloured orange during the addition of sulfinyl chloride and then changed to 
pale yellow during stirring. Then, the reaction mixture was allowed to return to room temperature for 
1 h, during which time sulfur dioxide and hydrochloric acid gases were observed. This reaction mixture 
was then warmed to 35 °C and stirred for 1 h. The mixture was brought to 105 torr under reduced 
pressure at room temperature to remove acetyl chloride to give crude methanesulfinyl chloride as a 
pale yellow liquid (1.1253 g). Since methanesulfinyl chloride is known to be highly unstable, it was 
used for the next reaction without further purification. 
1H NMR (500 MHz, CDCl3, 300 K): d 3.38 (s, 3H). 
 

 
Supplementary Fig. 55 1H NMR spectrum of crude methanesulfinyl chloride (500 MHz, CDCl3, 300 
K).  
 
 
  



 45 

5.2 Synthesis of 1,2,5,6-di-O-isopropylidene-a-D-glucofuranosyl (S)-methanesulfinate12 

1,2,5,6-Di-O-isopropylidene-a-D-glucofuranose (diacetone-D-glucose, DAGOH) (2.4820 g, 9.54 
mmol, 1.0 equiv.) and diisopropylethylamine (1.7 mL, 9.8 mmol, 1.0 equiv.) were placed in a flask 
and dry toluene (46 mL) was added under argon atmosphere. Then, a dry toluene solution (2 mL) of 
methanesulfinyl chloride (1.1253 g, 11.4 mmol 1.2 equiv.) was added dropwise to the solution over 8 
min at –78 °C. This reaction mixture was stirred at –78 °C for 3 h and a colourless precipitate formed 
during the reaction. The reaction mixture was then brought to room temperature, quenched with water 
(about 15 mL) and diluted with CH2Cl2 (about 10 mL). The organic layer was washed with 
hydrochloric acid aq. (1 M), sodium hydrogen carbonate aq. (2wt%) and saturated NaCl aq., and then 
dried over anhydrous sodium sulfate. After evaporation, the resulting colourless solid was 
recrystallised from n-hexane three times to afford (S)-MeS(O)ODAG as colourless crystals (0.8392 g, 
2.49 mmol, 26%). 
1H NMR (500 MHz, CDCl3, 300 K): d 5.92 (d, J = 3.5 Hz, 1H), 4.78 (d, J = 2.0 Hz, 1H), 4.62 (d, J = 
3.5 Hz, 1H), 4.27 (m, 2H), 4.11 (m, 1H), 4.02 (m, 1H), 2.70 (s, 1H), 1.51 (s, 3H), 1.43 (s, 3H), 1.34 (s, 
3H), 1.31 (s, 3H). MS (ESI-TOF): m/z = 345.10 as [MeS(O)ODAG·Na]+ (calcd 345.10).  
Crystal data for (S)-MeS(O)ODAG: C13H22O7S, Fw = 322.36, crystal dimensions 0.262 × 0.051 × 0.021 
mm3, orthorhombic, space group P212121, a = 5.5406(6), b = 15.7441(18), c = 17.755(2) Å, V = 
1548.8(3) Å3, Z = 4, rcalcd = 1.382 g cm–3, µ = 21.39 cm–1, T = 93.15 K, l(CuKa) = 1.54184 Å, 2qmax 

= 136.394°, 5632/2713 reflections collected/unique (Rint = 0.0779), R1 = 0.1366 (I > 2s(I)), wR2 = 
0.3536 (for all data), Flack parameter = 0.07(8), GOF = 1.070, largest diff. peak and hole 1.658/–0.405 
eÅ–3. CCDC deposit number 2190133. 
PLAT094_ALERT_2_B Ratio of Maximum / Minimum Residual Density … 4.09 
Response: The atom type is correct and there is no evidence of twinning. The large residual density 
may be due to an anomalous dispersion effect and has no chemical significance. 
PLAT097_ALERT_2_B Large Reported Max. (Positive) Residual Density … 1.66 eA–3 

Response: The atom type is correct and there is no evidence of twinning. The large residual density 
may be due to an anomalous dispersion effect and has no chemical significance. 
PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds … 0.01789 Ang. 
Response: The average intensity of reflections is relatively low due to small size of the crystal. 
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Supplementary Fig. 56 1H NMR spectrum of (S)-MeS(O)ODAG (500 MHz, CDCl3, 300 K). 
 

 
Supplementary Fig. 57 ESI-TOF mass spectrum of (S)-MeS(O)ODAG (positive, MeOH). 
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Supplementary Fig. 58 ORTEP drawing of (S)-MeS(O)ODAG at the 50% probability level. Colour: 
C black, O red and S yellow. CCDC deposit number of 1,2,5,6-di-O-isopropylidene-α-D-
glucofuranosyl (S)-methanesulfinate ((S)-MeS(O)ODAG) is 2190133. This figure was produced by 
the checkCIF report of the International Union of Crystallography. 
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5.3 Synthesis of (S)-312 

The compound was synthesised with reference to a report of similar compounds12. Mg turnings 
(140.8 mg, 5.79 mmol, 1.0 equiv.) was added to an oven-dried flask under argon atmosphere, an then 
dry THF (6.0 mL) was poured into the flask. To this mixture, 1,2-dibromoethane (120 µL, 1.39 mmol, 
0.24 equiv.) was added with stirring as a reaction initiator, followed by addition of mesityl bromide 
(770 µL, 5.03 mmol, 0.87 equiv.) dropwise over 10 min. This reaction mixture was heated at reflux 
for 2 h to obtain a grey suspension of the desired Grignard reagent, 2-mesitylmagnesium bromide.  

(S)-MeS(O)ODAG (399.9 mg, 1.19 mmol) was placed in an oven-dried flask under argon 
atmosphere and dry toluene (36 mL) was poured into the flask. After cooling down to 0 °C, the 
suspension of 2-mesitylmagnesium bromide was added to this solution dropwise over 12 min, and the 
reaction mixture was stirred at 0 °C for 75 min. After quenching with sat. NH4Cl aq., the reaction 
mixture was diluted with CH2Cl2. The organic layer was dried over anhydrous sodium sulfate and 
evaporated. The crude product was then purified by silica gel column chromatography (eluent: AcOEt: 
n-hexane = 1:1). After removal of the solvent, the desired sulfoxide (S)-3 was obtained as a colourless 
oil (173.9 mg, 0.954 mmol, 80% yield, 96% ee). The optical purity of the product was determined by 
chiral HPLC analysis as shown in Supplementary Fig. 66a. 
1H NMR (500 MHz, CDCl3, 300 K): d 6.87 (s, 2H), 2.85 (s, 3H), 2.56 (s, 6H), 2.29 (s, 3H). MS (ESI-
TOF): m/z = 205.06 as [MesS(O)Me·Na]+ (calcd 205.07). [a] = –234.7 (c = 0.01735, CHCl3, 20.6 °C). 
The obtained value of the specific rotation was consistent with the reported value ([a] = –241 (c = 1, 
CHCl3, 98% ee for (R)-3))13. 
 

 
Supplementary Fig. 59 1H NMR spectrum of (S)-3 (500 MHz, CDCl3, 300 K). 
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Supplementary Fig. 60 ESI-TOF mass spectrum of (S)-3 (positive, MeOH). 
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5.4 Synthesis of 1,2,5,6-di-O-isopropylidene-a-D-glucofuranosyl (R)-methanesulfinate12 

Diacetone-D-glucose (DAGOH, 4.661 g, 17.9 mmol, 1.0 equiv.) and pyridine (1.84 mL, 22.8 µmol, 
1.3 equiv.) were placed in a flask and dry THF (90 mL) was poured into the flask under argon 
atmosphere. After cooling to –78 °C, a THF solution (5 mL) of methanesulfinyl chloride (2.1148 g, 
21.5 mmol, 1.2 equiv.) was added to the reaction mixture dropwise over 8 min (some of the 
methanesulfinyl chloride was accidentally added at room temperature). This reaction mixture was 
stirred at –78 °C for 3 h and a colourless precipitate was formed during the reaction. After bringing 
the reaction mixture to come to room temperature, the reaction mixture was quenched with water 
(about 50 mL) and diluted with CH2Cl2 (about 100 mL). The organic layer was washed with 
hydrochloric acid aq. (1 M), sodium hydrogen carbonate aq. (2wt%) and saturated NaCl aq., and then 
dried over anhydrous sodium sulfate. After evaporation, the resulting pale yellow oil was purified by 
column chromatography twice (eluent: n-hexane:2-propanol = 15:1) to obtain a mixture of (R)-
MeS(O)ODAG and diacetone-D-glucose as a colourless oil (3.8074 g, 8.62 mmol for (R)-
MeS(O)ODAG, 48% (estimated by 1H NMR)), since (R)-MeS(O)ODAG was gradually decomposed 
during purification to form diacetone-D-glucose. The ratio of (R)-MeS(O)ODAG to diacetone-D-
glucose in the product varied from batch to batch of synthesis. 
1H NMR (500 MHz, CDCl3, 300 K): d 5.95 (d, J = 3.5 Hz, 1H, DAGOH), 5.92 (d, J = 3.5 Hz, 1H, 
(R)-MeS(O)ODAG), 4.76 (d, J = 3.5 Hz, 1H, (R)-MeS(O)ODAG), 4.72 (d, J = 3.0 Hz, 1H, (R)-
MeS(O)ODAG), 4.54 (d, J = 3.5 Hz, 1H, DAGOH), 4.36-4.32 (m, 2H, DAGOH), 4.19-4.10 (m, 3H 
and 1H, (R)-MeS(O)ODAG and DAGOH), 4.08 (dd, J = 7.5, 2.5 Hz, 1H, DAGOH), 4.02-3.97 (m, 1H 
and 1H, (R)-MeS(O)ODAG and DAGOH) 2.70 (s, 3H, (R)-MeS(O)ODAG), 2.45 (d, J = 3.5 Hz, 1H, 
DAGOH), 1.50 (s, 3H and 3H, (R)-MeS(O)ODAG and DAGOH), 1.45 (s, 3H, DAGOH), 1.42 (s, 3H, 
(R)-MeS(O)ODAG), 1.36 (s, 3H, DAGOH), 1.33 (s, 3H, (R)-MeS(O)ODAG), 1.32 (s, 3H, DAGOH), 
1.30 (s, 3H, (R)-MeS(O)ODAG). MS (ESI-TOF): m/z = 345.09 as [MeS(O)ODAG·Na]+ (calcd 
345.10). 
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Supplementary Fig. 61 1H NMR spectrum (500 MHz, CDCl3, 300 K) of a mixture of (R)-
MeS(O)ODAG and diacetone-D-glucose (500 MHz, CDCl3, 300 K). 
 

 
Supplementary Fig. 62 ESI-TOF mass spectrum of (R)-MeS(O)ODAG (positive, MeOH). 
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5.5 Synthesis of (R)-312 

The compound was synthesised with reference to a report of similar compounds12. Mg turnings 
(200.9 mg, 8.27 mmol, 1.0 equiv.) was placed in an oven-dried flask and dry THF (8.2 mL) was poured 
into the flask under argon atmosphere. To this suspension was added with stirring 1,2-dibromoethane 
(170 µL, 1.97 mmol, 0.24 equiv.) as a reaction initiator. Then, mesityl bromide (1.10 mL, 7.19 mmol, 
0.87 equiv.) was added dropwise over 15 min. This reaction mixture was heated at reflux for 2 h to 
obtain a grey suspension of the desired Grignard reagent, 2-mesitylmagnesium bromide.  

(R)-MeS(O)ODAG (a mixture of (R)-MeS(O)ODAG and diacetone-D-glucose estimated from 1H 
NMR to be in the molar ratio of 5:2; 745.1 mg, 1.56 mmol for (R)-MeS(O)ODAG) was placed in an 
oven-dried flask under argon atmosphere and dry toluene (34 mL) was poured into the flask. After 
cooling to 0 °C, the suspension of 2-mesitylmagnesium bromide was added to the solution dropwise 
over 30 min. This reaction mixture was stirred at 0 °C for 70 min. After quenching with sat. NH4Cl 
aq., the reaction mixture was diluted with CH2Cl2. The organic layer was dried over anhydrous sodium 
sulfate and evaporated. The crude product was then purified by silica gel column chromatography 
twice (eluent: CHCl3:AcOEt = 20:1 or AcOEt:n-hexane = 1:1). After removal of the solvent, (R)-3 
was obtained as a colourless oil (167.6 mg, 0.919 mmol, 58%, 96% ee). The optical purity of the 
product was determined by chiral HPLC analysis as shown in Supplementary Fig. 66b. 
1H NMR (500 MHz, CDCl3, 300 K): d 6.87 (s, 2H), 2.85 (s, 3H), 2.56 (s, 6H), 2.29 (s, 3H). 13C NMR 
(126 MHz, CDCl3, 300 K): d  141.0, 137.8, 136.0, 130.9, 38.4, 21.0, 18.9. MS (ESI-TOF): m/z = 
205.06 as [MesS(O)Me·Na]+ (calcd 205.07). [a] = +235.07 (c = 0.01634, 23.6 °C, CHCl3). The 
obtained value of the specific rotation was consistent with the reported value ([a] = +243 (c = 1, CHCl3, 
97% ee for (R)-3))13. 
 

 
Supplementary Fig. 63 1H NMR spectrum of (R)-3 (500 MHz, CDCl3, 300 K). 
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Supplementary Fig. 64 13C NMR spectrum of (R)-3 (126 MHz, CDCl3, 300 K). 
 

 
Supplementary Fig. 65 ESI-TOF mass spectrum of (R)-3 (positive, MeOH). 
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Supplementary Fig. 66 Chiral HPLC traces of (a) (S)-3 and (b) (R)-3 (CHIRALPAK OD-H column, 
n-hexane:2-propanol = 90:10, 40 °C, 1 mL/min, detected with photodiode array at 240 nm). 
 

 
Supplementary Fig. 67 CD spectra (CH2Cl2, 293 K, l = 1.0 cm) of (blue line) (R)-3 (0.11 mM) and 
(red line) (S)-3 (0.12 mM). 
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5.6 Synthesis of (R)-methyl phenyl sulfoxide12 

Mg turnings (181.7 mg, 7.48 mmol, 1.0 equiv.) was placed in an oven-dried flask and dry THF 
(7.4 mL) was poured into the flask under argon atmosphere. To this suspension was added 
bromobenzene (650 µL, 6.21 mmol, 0.83 equiv.) dropwise over 10 min. This reaction mixture was 
heated at reflux for 2 h to obtain a grey suspension of the desired Grignard reagent, phenylmagnesium 
bromide.  

(R)-MeS(O)ODAG (a mixture of (R)-MeS(O)ODAG and diacetone-D-glucose estimated from 1H 
NMR to be in the molar ratio of 5:4; 405.4 mg, 0.743 mmol for (R)-MeS(O)ODAG) was placed in an 
oven-dried flask and dry toluene (31 mL) was poured into the flask under argon atmosphere. After 
cooling to 0 °C, the suspension of phenylmagnesium bromide was added to the solution dropwise over 
7 min. The reaction mixture was stirred at 0 °C for 60 min. After quenching with sat. NH4Cl aq., the 
reaction mixture was diluted with CH2Cl2. The organic layer was dried over anhydrous sodium sulfate 
and evaporated. The crude product was then purified by silica gel column chromatography twice 
(eluent: CHCl3:AcOEt = 5:2 or CH2Cl2:AcOEt = 1:1). After removal of the solvent, (R)-methyl phenyl 
sulfoxide was obtained as a colourless oil (40.4 mg, 0.288 mmol, 39%, 93% ee).  
1H NMR (500 MHz, CDCl3, 300 K): d 7.66 (dd, J = 7.5, 1.5 Hz, 2H), 7.53 (m, 3H), 2.73 (s, 3H). 13C 
NMR (126 MHz, CDCl3, 300 K): d 145.8, 131.1, 129.5, 123.6, 44.0. MS (ESI-TOF): m/z = 141.02 as 
[MeS(O)Ph·H]+ (calcd 141.04). [a] = +124.2 (c = 0.00372, acetone, 25.4 °C). The obtained value of 
the specific rotation was consistent with the reported value ([a] = +137 (c = 1, acetone, 93% ee for 
(R)-methyl phenyl sulfoxide))13. 
 

 
Supplementary Fig. 68 1H NMR spectrum of (R)-methyl phenyl sulfoxide (500 MHz, CDCl3, 300 K). 
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Supplementary Fig. 69 13C NMR spectrum of (R)-methyl phenyl sulfoxide (126 MHz, CDCl3, 300 
K). 
 

 
Supplementary Fig. 70 ESI-TOF mass spectrum of (R)-methyl phenyl sulfoxide (positive, MeOH). 
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Supplementary Fig. 71 Chiral HPLC traces of (a) rac-methyl phenyl sulfoxide and (b) (R)-methyl 
phenyl sulfoxide (CHIRALPAK OD-H column, n-hexane:2-propanol = 80:20, 20 °C, 1 mL/min, 
detected with photodiode array at 240 nm).  
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5.7 Synthesis of (R)-p-anisyl methyl sulfoxide12 

The synthesis of this compound was performed with reference to a report of similar compounds12. 
Mg turnings (201.7 mg, 8.30 mmol, 1.0 equiv.) was placed in an oven-dried flask and dry THF (8.2 
mL) was poured into the flask under argon atmosphere. To this suspension was added with stirring 
1,2-dibromoethane (95 µL, 1.10 mmol, 0.13 equiv.) as a reaction initiator. Then, p-anisyl bromide 
(1080 µL, 8.63 mmol, 1.04 equiv.) was added dropwise over 30 min and the reaction mixture was 
heated at reflux for 2 h to obtain a grey suspension of the desired Grignard reagent, p-anisylmagnesium 
bromide.  

(R)-MeS(O)ODAG (a mixture of (R)-MeS(O)ODAG and diacetone-D-glucose estimated from 1H 
NMR to be in the molar ratio of 5:2; 427.3 mg, 0.969 mmol for (R)-MeS(O)ODAG) was placed in an 
oven-dried flask and dry toluene (30 mL) was poured into the flask under argon atmosphere. After 
cooling to 0 °C, the suspension of p-anisylmagnesium bromide was added to the solution dropwise 
over 15 min. This reaction mixture was stirred at 0 °C for 60 min. After quenching with sat. NH4Cl 
aq., the reaction mixture was diluted with CH2Cl2. The organic layer was dried over anhydrous sodium 
sulfate and evaporated. The crude product was then purified by silica gel column chromatography 
twice (eluent: from EtOAc:n-hexane = 1:1 to EtOAc, or CHCl3:MeOH = 50:1). After removal of the 
solvent, the resulting pale yellow oil was crystallized in n-hexane to afford (R)-p-anisyl methyl 
sulfoxide as colourless crystals (39.74 mg, 0.233 mmol, 24%, 97% ee).  
1H NMR (500 MHz, CDCl3, 300 K): d 7.59 (AA’XX’ spin system, 2H), 7.04 (dt, J = 9.0, 2.0 Hz, 2H), 
3.86 (s, 3H), 2.70 (s, 3H). 13C NMR (126 MHz, CDCl3, 300 K): d 162.1, 136.7, 125.6, 115.0, 55.7, 
44.1. MS (ESI-TOF): m/z = 193.03 as [AnisS(O)Me·Na]+ (calcd 193.03). [a] = +156.67 (c = 0.003974, 
26.4 °C, CHCl3). The obtained value of the specific rotation was consistent with the reported value 
([a] = +165.9 (c = 0.38, CHCl3, 99.5% ee for (R)-p-anisyl methyl sulfoxide))14. 
 

 
Supplementary Fig. 72 1H NMR spectrum of (R)-p-anisyl methyl sulfoxide (500 MHz, CDCl3, 300 
K). 
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Supplementary Fig. 73 13C NMR spectrum of (R)-p-anisyl methyl sulfoxide (126 MHz, CDCl3, 300 
K). 
 

 
Supplementary Fig. 74 ESI-TOF mass spectrum of (R)-p-anisyl methyl sulfoxide (positive, MeOH). 
 

For HPLC analysis of the product, rac-p-anisyl methyl sulfoxide, was prepared by racemisation 
of (R)-p-anisyl methyl sulfoxide15. To a 1,4-dioxane solution (0.08 mL) of (R)-p-anisyl methyl 
sulfoxide (4.0 mg, 23 µmol) was added aqueous hydrogen chloride (0.04 mL, 12 M). The reaction 
solution was stirred at room temperature for 9 h under argon atmosphere. The reaction solution was 
then neutralised with aqueous Na2CO3 (0.5 mL, 2.0 M) and the sulfoxide was extracted with diethyl 
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ether. The organic layer was dried over anhydrous sodium sulfate and evaporated to afford rac-p-
anisyl methyl sulfoxide (2.1 mg, 12 µmol, 53%). 

 
Supplementary Fig. 75 1H NMR spectra (CDCl3, 300 K) of (a) rac-p-anisyl methyl sulfoxide (400 
MHz) and (b) (R)-p-anisyl methyl sulfoxide (500 MHz). 
 

 
Supplementary Fig. 76 Chiral HPLC traces of (a) rac-p-anisyl methyl sulfoxide and (b) (R)-p-anisyl 
methyl sulfoxide (CHIRALPAK OD-H column, n-hexane:2-propanol = 97:3, 50 °C, 0.5 mL/min, 
detected with photodiode array at 240 nm).  
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5.8 Synthesis of (R)-o-anisyl methyl sulfoxide12 

The compound was synthesised with reference to a report of similar compounds12. Mg turnings 
(270.4 mg, 11.1 mmol, 1.0 equiv.) was placed in an oven-dried flask and dry THF (12.3 mL) was 
poured into the flask under argon atmosphere. To this suspension was added with stirring 1,2-
dibromoethane (100 µL, 1.16 mmol, 0.10 equiv.) as a reaction initiator. o-Anisylbromide (1130 µL, 
9.03 mmol, 0.81 equiv.) was then added to the solution dropwise over 20 min. The reaction mixture 
was heated at reflux for 2 h to afford a grey suspension of the desired Grignard reagent, o-
anisylmagnesium bromide.  

(R)-MeS(O)ODAG (a mixture of (R)-MeS(O)ODAG and diacetone-D-glucose estimated from 1H 
NMR to be in the molar ratio of 5:4; 591 mg, 1.08 mmol for (R)-MeS(O)ODAG) was placed in an 
oven-dried flask and dry toluene (45 mL) was poured into the flask under argon atmosphere. After 
cooling to 0 °C, the suspension of o-anisylmagnesium bromide was added to the solution dropwise 
over 16 min. The reaction mixture was stirred at 0 °C for 60 min. After quenching with sat. NH4Cl aq., 
the reaction mixture was diluted with CH2Cl2. The organic layer was dried over anhydrous sodium 
sulfate and evaporated. The crude product was then purified by silica gel column chromatography 
(eluent: EtOAc/n-hexane = 3:1). After removal of the solvent, the resulting colourless solid was 
recrystallised from n-hexane to afford (R)-o-anisyl methyl sulfoxide as colourless crystals (96.3 mg, 
0566 mmol, 52%, > 99% ee).  
1H NMR (500 MHz, CDCl3, 300 K): d 7.83 (dd, J = 8.0, 2.0 Hz, 1H), 7.46 (dt, J = 8.0, 1.5 Hz, 1H), 
7.20 (dt, J = 7.5, 0.5 Hz, 1H), 6.92 (d, J = 8.0 Hz, 1H), 3.89 (s, 3H), 2.28 (s, 3H). 13C NMR (126 MHz, 
CDCl3, 300 K): d 154.9, 133.2, 132.0, 124.7, 121.8, 110.7, 55.8, 41.3. MS (ESI-TOF): m/z = 171.04 
as [AnisS(O)Me·H]+ (calcd 171.05). [a] = +341.2 (c = 0.002623, 20.6 °C, acetone). The obtained 
value of the specific rotation was consistent with the reported value ([a] = +340 (c = 1, acetone, 95.3% 
ee for (R)-o-anisyl methyl sulfoxide))14. 
Crystal data for (R)-o-anisyl methyl sulfoxide: C8H10O2S, Fw = 170.22, crystal dimensions 0.2 × 0.07 
× 0.05 mm3, monoclinic, space group P21, a = 5.9039(7), b = 9.1343(15), c = 8.3223(10) Å, b = 
110.587(4)°, V = 420.14(10) Å3, Z = 2, rcalcd = 1.346 g cm–3, µ = 3.31 cm–1, T = 113(2) K, l(MoKa) 
= 0.71075 Å, 2qmax = 54.930°, 4131/1895 reflections collected/unique (Rint = 0.0515), R1 = 0.0491 (I 
> 2s(I)), wR2 = 0.1726 (for all data), Flack parameter = –0.05(5), GOF = 1.321, largest diff. peak and 
hole 0.917/–1.190 eÅ–3. CCDC deposit number 2190134. 
PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds … 0.013333 Ang. 
Response: The average intensity of reflections is relatively low due to small size of the crystal. 
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Supplementary Fig. 77 1H NMR spectrum of (R)-o-anisyl methyl sulfoxide (500 MHz, CDCl3, 300 
K). 
 

 
Supplementary Fig. 78 13C NMR spectrum of (R)-o-anisyl methyl sulfoxide (126 MHz, CDCl3, 300 
K). 
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Supplementary Fig. 79 ESI-TOF mass spectrum of (R)-o-anisyl methyl sulfoxide (positive, MeOH). 
 

 

Supplementary Fig. 80 ORTEP drawing of (R)-o-anisyl methyl sulfoxide at the 50% probability level. 
Colour: C black, O red and S yellow. CCDC deposit number of (R)-o-anisyl methyl sulfoxide is 
2190134. This figure was produced by the checkCIF report of the International Union of 
Crystallography. 
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For HPLC analysis of the product, rac-o-anisyl methyl sulfoxide was prepared by racemisation of 
(R)-o-anisyl methyl sulfoxide15. To a 1,4-dioxane solution (0.13 mL) of (R)-o-anisyl methyl sulfoxide 
(3.9 mg, 23 µmol) was added aqueous hydrogen chloride (0.06 mL, 12 M). The reaction solution was 
stirred at room temperature for 15 h under argon atmosphere. Then, the reaction solution was 
neutralised with aqueous Na2CO3 (0.5 mL, 1.4 M) and the sulfoxide was extracted with diethyl ether. 
The organic layer was dried over anhydrous sodium sulfate and evaporated to afford rac-o-anisyl 
methyl sulfoxide (2.0 mg, 12 µmol, 51%). 

 
Supplementary Fig. 81 1H NMR spectra of (a) rac-o-anisyl methyl sulfoxide and (b) (R)-o-anisyl 
methyl sulfoxide (500 MHz, CDCl3, 300 K). 
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Supplementary Fig. 82 Chiral HPLC traces of (a) rac-o-anisyl methyl sulfoxide and (b) (R)-o-anisyl 
methyl sulfoxide (CHIRALPAK AD-H column, n-hexane:2-propanol = 90:10, 40 °C, 1.0 mL/min, 
detected with photodiode array at 240 nm).  
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5.9 Synthesis of 2-propanesulfinyl chloride11 

Diisopropyl disulfide (1.5034 g, 10.0 mmol, 1.0 equiv.) and acetic acid (1.2117 g, 20.2 mmol, 2.0 
equiv.) were placed in a flask under argon atmosphere. This reaction mixture was stirred and then 
cooled to –20 °C. To this solution was added sulfuryl chloride (5.017 g, 37.2 mmol, 3.7 equiv.) 
dropwise over 10 min, and this reaction mixture was stirred at –20 °C for 3 h. The solution was 
coloured yellow during addition of 2-propanesulfinyl chloride and then changed to pale yellow. The 
reaction mixture was allowed to return to room temperature for 1.5 h, during which time sulfur dioxide 
and hydrochloric acid gases were observed. This reaction mixture was then warmed to 35 °C and 
stirred for 1 h. Removal of acetyl chloride from the mixture at 49.5 torr under reduced pressure at room 
temperature afforded crude 2-propanesulfinyl chloride as a pale yellow liquid (2.3773 g, 18.8 mmol, 
94%). Since 2-propanesulfinyl chloride is known to be very unstable, it was used for the next reaction 
without further purification. 
1H NMR (500 MHz, CDCl3, 300 K): d 3.30 (septet, J = 7.0 Hz, 1H), 1.46 (d, J = 7.0 Hz, 3H), 1.44 (d, 
J = 7.0 Hz, 3H). 
 

 
Supplementary Fig. 83 1H NMR spectrum of the crude 2-propyl sulfinyl chloride (500 MHz, CDCl3, 
300 K).  
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5.10 Synthesis of 1,2,5,6-di-O-2-propylidene-a-D-glucofuranosyl (R)-2-propylsulfinate12 

Diacetone-D-glucose (2.4462 g, 9.40 mmol, 1.0 equiv.) and pyridine (0.90 mL, 11 µmol, 1.2 
equiv.) were placed in a flask and dry THF (45 mL) was poured into the flask under argon atmosphere. 
After cooling to –78 °C, a THF solution (5 mL) of 2-propyl sulfinyl chloride (2.3773 g, 18.8 mmol, 
2.0 equiv.) was added to the reaction mixture dropwise over 15 min at –78 °C. This reaction mixture 
was stirred at –78 °C for 3 h and a colourless precipitate was formed during the reaction. After bringing 
the reaction mixture to room temperature, the reaction mixture was quenched with water and diluted 
with CH2Cl2. The organic layer was washed with hydrochloric acid aq. (1 M), sodium hydrogen 
carbonate aq. (3wt%) and saturated NaCl aq., and then dried over anhydrous sodium sulfate. After 
evaporation, the resulting pale yellow oil was purified by column chromatography (eluent: diethyl 
ether:n-hexane = 3:7) to afford (R)-iPrS(O)ODAG as a colourless oil (1.1814 g, 3.37 mmol, 36%). 
1H NMR (500 MHz, CDCl3, 300 K): d 5.91 (d, J = 3.5 Hz, 1H), 4.80 (d, J = 3.5 Hz, 1H), 4.71 (d, J = 
1.5 Hz, 1H), 4.14 (m, 3H), 3.97 (dd, J = 8.0, 4.0 Hz, 1H), 2.82 (septet, J = 7.0 Hz, 1H), 1.50 (s, 3H), 
1.42 (s, 3H), 1.31 (s, 3H), 1.31 (s, 3H), 1.27 (d, J = 7.0 Hz, 3H), 1.27 (d, J = 7.0 Hz, 3H). MS (ESI-
TOF): m/z = 373.10 as [iPrS(O)ODAG·Na]+ (calcd 373.13). 
 

 
Supplementary Fig. 84 1H NMR spectrum of (R)-iPrS(O)ODAG (500 MHz, CDCl3, 300 K). 
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Supplementary Fig. 85 ESI-TOF mass spectrum of (R)-iPrS(O)ODAG (positive, MeOH). 
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5.11 Synthesis of (R)-isopropyl p-tolyl sulfoxide12 

Mg turnings (48.7 mg, 2.00 mmol, 1.0 equiv.) was placed in an oven-dried flask and dry diethyl 
ether (2.0 mL) was poured into the flask under argon atmosphere. p-Bromotoluene (341.2 mg, 1.99 
mmol, 1.0 equiv.) was added with stirring to the solution over 6 min. 1,2-Dibromoethane (55 µL, 0.64 
mmol, 0.32 equiv.) was then added to the mixture to accelerate the formation of the desired Grignard 
reagent, p-tolylmagnesium bromide.  

(R)-iPrS(O)ODAG (155.8 mg, 0.445 mmol) was added to an oven-dried flask and the atmosphere 
was changed to argon. After dry toluene (10 mL) was added to the flask the reaction solution was 
cooled to 0 °C. To this solution, the suspension of p-tolylmagnesium bromide was added dropwise 
over 5 min and this suspension was stirred for 75 min at 0 °C. After quenched with sat. NH4Cl aq., the 
reaction solution was diluted with CH2Cl2. The organic layer was dried over anhydrous sodium sulfate 
and evaporated. Then, the crude product was purified by silica gel column chromatography (eluent: n-
hexane to EtOAc:n-hexane = 1:2 to 1:1). After removal of the solvent (R)-2-propyl p-tolyl sulfoxide 
was obtained as a colourless oil (13.3 mg, 0.073 mmol, 16%, 76% ee determined by specific rotation).  
1H NMR (500 MHz, CDCl3, 300 K): d 7.48 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 2.81 (septet, 
J = 7.0 Hz, 2H), 2.41 (s, 3H), 1.20 (d, J = 7.0 Hz, 3H), 1.15 (d, J = 7.0 Hz, 3H). MS (ESI-TOF): m/z 
= 205.05 as [iPrS(O)Tol·Na]+ (calcd 205.07). [a] = +144 (c = 0.00093, 22.4 °C, ethanol). The reported 
value of specific rotation was [a] = +188 (c = 4.0, ethanol, 100% ee for (R)-2-propyl p-tolyl 
sulfoxide)12. 
 

 
Supplementary Fig. 86 1H NMR spectrum of (R)-2-propyl p-tolyl sulfoxide (500 MHz, CDCl3, 300 
K). 
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Supplementary Fig. 87 ESI-TOF mass spectrum of (R)-2-propyl p-tolyl sulfoxide (positive, MeOH). 
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6. Asymmetric synthesis of 1tight 
6.1 Synthesis of (M)-enantio-enriched 1tight from (S)-3 

A CH2Cl2 solution (0.5 mL) of (S)-3 (96% ee, 93.5 mg, 513 µmol, 65 equiv.) was added to a 
CH2Cl2 solution (1.0 mL) of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (19.0 mg, 25.5 µmol, 3.2 equiv.). To 
this solution was added a CH2Cl2 solution (1.0 mL) of L (5.00 mg, 7.93 µmol, 1.0 equiv.) at –70 °C. 
This reaction mixture was stirred at –70 °C for 4 h. After bringing the reaction mixture to room 
temperature, Et2O was added to the reaction mixture and filtered. The filtrate was evaporated under 
reduced pressure to afford (S)-3 (87.9 mg, 482 µmol, 94% recovery yield, 95% ee). The precipitate 
was dissolved in CH2Cl2 and filtered to remove insoluble residue. The filtrate was evaporated and 
dried in vacuo. After the resulting solid was washed with CHCl3, (M)-enantio-enriched 1tight was 
obtained as a pale yellow solid (3.15 mg, 1.19 µmol, 15% yield, 25% ee based on the deconvolution 
analysis using an iNMR software). The enantiomeric excess was estimated using D-4 as a chiral shift 
reagent.  
 

 
Supplementary Fig. 88 1H NMR spectra of (a) rac-1tight and (b) (M)-enantio-enriched 1tight 
synthesised with (S)-3 (500 MHz, CD2Cl2, 300 K). 

 

Supplementary Fig. 89 (a),(b) 1H NMR spectra of aforementioned (M)-enantio-enriched 1tight (a) 
before and (b) after addition of D-4 as a chiral shift reagent (500 MHz, CD2Cl2, 300 K). 
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Supplementary Fig. 90 Deconvolution analysis of 1H NMR spectrum of the (M)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 89b. 
 

 
Supplementary Fig. 91 Chiral HPLC traces of (S)-3 (a) before and (b) after use for asymmetric 
synthesis of 1tight (CHIRALPAK OD-H column, eluent: n-hexane:2-propanol = 90:10, 40 °C, 1 
mL/min, detected with photodiode array at 240 nm). 
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6.2 Synthesis of (P)-enantio-enriched 1tight from (R)-3 
A CH2Cl2 solution (0.2 mL) of (R)-3 (96% ee, 37.5 mg, 206 µmol, 65 equiv.) was added to a 

CH2Cl2 solution (0.4 mL) of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (7.64 mg, 10.3 µmol, 3.2 equiv.). To 
this solution was added a CH2Cl2 solution (0.4 mL) of L (2.01 mg, 3.19 µmol, 1.0 equiv.) at –70 °C. 
This reaction mixture was stirred at –70 °C for 4 h. After bringing the reaction mixture to room 
temperature, Et2O was added to the reaction mixture and filtered. The filtrate was evaporated under 
reduced pressure to afford (R)-3 (33.5 mg, 184 µmol, 89% recovery yield, 95% ee). The precipitate 
was dissolved in CH2Cl2 and filtered to remove insoluble residue. The filtrate was evaporated and 
dried in vacuo. After the resulting solid was washed with CHCl3, (P)-enantio-enriched 1tight was 
obtained as a pale yellow solid (1.13 mg, 0.426 µmol, 13% yield, 31% ee based on the deconvolution 
analysis using an iNMR software). The enantiomeric excess was estimated using D-4 salt as a chiral 
shift reagent.  
 

 
Supplementary Fig. 92 1H NMR spectra of (a) rac-1tight and (b) (P)-enantio-enriched 1tight 
synthesised with (R)-3 (500 MHz, CD2Cl2/CH2Cl2, 300 K). For the analysis of (P)-enantio-enriched 
1tight, a mixture of CD2Cl2 and CH2Cl2 was used as the solvent to check its stability in CH2Cl2 for 
spectrochemical analysis that contains methanol as a stabiliser. 
 

 
Supplementary Fig. 93 (a),(b) 1H NMR spectra of aforementioned (P)-enantio-enriched 1tight (a) 
before and (b) after addition of D-4 as a chiral shift reagent (500 MHz, CD2Cl2/CH2Cl2, 300 K). In this 
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measurement, a mixture of CD2Cl2 and CH2Cl2 was used as the solvent to check the stability in CH2Cl2 
for spectrochemical analysis that contains methanol as a stabiliser. 

 
Supplementary Fig. 94 Deconvolution analysis of 1H NMR spectrum of the (P)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 93b. 

 
Supplementary Fig. 95 Chiral HPLC traces of (R)-3 (a) before and (b) after use for asymmetric 
synthesis of 1tight (CHIRALPAK OD-H column, eluent: n-hexane:2-propanol = 90:10, 40 °C, 1 
mL/min, detected with photodiode array at 240 nm). 
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6.3 Summary of asymmetric synthesis of 1tight 
For the asymmetric synthesis of 1tight, several chiral sulfoxides were examined as shown in the 

Supplementary Fig. 96. These reactions were conducted at –70 °C because the enantiomeric excess at 
this temperature was expected to become higher than that at room temperature. Since the preliminary 
asymmetric reaction with (R)-2-propyl p-tolyl sulfoxide gave much lower selectivity than (R)-methyl 
p-tolyl sulfoxide, we mainly examined substitution effects of the aromatic ring of the chiral sulfoxides 
through this study. Among the screening reaction with various chiral sulfoxides, 3 gave the higher 
yield and enantiomeric excess and therefore was used as an additive for asymmetric synthesis of 1tight. 
 

 

Supplementary Fig. 96 Asymmetric synthesis of 1tight and the screening results of chiral sulfoxides 
to optimise the asymmetric synthesis. *: Enantiomeric excess of enantio-enriched 1tight synthesised 
with (R)-3 was estimated by the integral ratio of the outer amine protons (Ha, around 9.3 ppm), while 
that with other (R)-sulfoxides were estimated by one bipyridine protons (Hs, 8.2 ppm) because the 
intensity or splitting of the amine proton signals were not enough to clearly determine the integral 
value by deconvolution analysis. **: The asymmetric reaction with (R)-o-anisyl methyl sulfoxide 
preferentially afforded opposite enantiomers to the other (R)-sulfoxides. 
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6.4 Synthesis of 1tight with (R)-methyl p-tolyl sulfoxide (2.2 equiv.) 
A CH2Cl2 solution (0.2 mL) of (R)-methyl p-tolyl sulfoxide (3.49 mg, 22.6 µmol, 2.2 equiv. to the 

Pd salt, 7.1 equiv. to L) was added to a CH2Cl2 solution (0.4 mL) of 
[Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (7.67 mg, 10.3 µmol, 3.2 equiv. to L). To this solution was added 
a CH2Cl2 solution (0.4 mL) of L (2.00 mg, 3.17 µmol, 1.0 equiv.) at –70 °C. This reaction mixture 
was stirred at –70 °C for 4 h, brought to room temperature, and Et2O was added to the reaction mixture 
and filtered. The filtrate was evaporated under reduced pressure to afford (R)-methyl p-tolyl sulfoxide. 
The precipitate was dissolved in CH2Cl2 and filtered to remove insoluble matters. The filtrate was 
evaporated and dried in vacuo. After the resulting solid was washed with CHCl3, (P)-enantio-enriched 
1tight was obtained as a pale yellow solid (1.85 mg, 0.70 µmol, 22% yield, 17% ee based on the 
deconvolution analysis using an iNMR software). The enantiomeric excess was estimated with D-4 as 
a chiral shift reagent.  

 
Supplementary Fig. 97 1H NMR spectrum of (P)-enantio-enriched 1tight synthesised with (R)-methyl 
p-tolyl sulfoxide (2.2 equiv.) at –70 °C and D-4 as a chiral shift reagent (500 MHz, CD2Cl2/CH2Cl2, 
300 K). (P)-enantio-enriched 1tight was dissolved in a mixture of CD2Cl2 and CH2Cl2. 

 
Supplementary Fig. 98 Deconvolution analysis of 1H NMR spectrum of the (P)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 97. 
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6.5 Synthesis of 1tight with (R)-methyl p-tolyl sulfoxide (20 equiv.) 
A CH2Cl2 solution (0.2 mL) of (R)-methyl p-tolyl sulfoxide (31.7 mg, 206 µmol, 20 equiv. to the 

Pd salt, 64 equiv. to L) was added to a CH2Cl2 solution (0.4 mL) of [Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 
(7.64 mg, 10.3 µmol, 3.2 equiv. to L). To this solution was added a CH2Cl2 solution (0.4 mL) of L 
(2.02 mg, 3.20 µmol, 1.0 equiv.) at –70 °C. This reaction solution was stirred at –70 °C for 4 h. After 
the reaction mixture was allowed to return to room temperature, the reaction mixture was filtered to 
remove insoluble matters. The filtrate was evaporated and dried in vacuo. After the resulting solid was 
washed with CHCl3, a trace amount of (P)-enantio-enriched 1tight was obtained as a pale pink solid 
(64% ee based on the deconvolution analysis using an iNMR software). The enantiomeric excess was 
estimated with D-4 as a chiral shift reagent.  

 
Supplementary Fig. 99 1H NMR spectrum of (P)-enantio-enriched 1tight synthesised with (R)-methyl 
p-tolyl sulfoxide (20 equiv. to the Pd salt) at –70 °C and D-4 as a chiral shift reagent (500 MHz, 
CD2Cl2/CH2Cl2, 300 K). (P)-enantio-enriched 1tight were dissolved in a mixture of CD2Cl2 and CH2Cl2. 

 
Supplementary Fig. 100 Deconvolution analysis of 1H NMR spectrum of the (P)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 99. 
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6.6 Synthesis of 1tight with (R)-methyl phenyl sulfoxide 
A CH2Cl2 solution (0.2 mL) of (R)-methyl phenyl sulfoxide (93% ee, 28.5 mg, 203 µmol, 20 equiv. 

to the Pd salt, 66 equiv. to L) was added to a CH2Cl2 solution (0.4 mL) of 
[Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (7.60 mg, 10.2 µmol, 3.3 equiv. to L). To this solution was added 
a CH2Cl2 solution (0.4 mL) of L (1.95 mg, 3.09 µmol, 1.0 equiv.) at –70 °C. This reaction solution 
was stirred at –70 °C for 4 h and was allowed to return to room temperature. The colour of the solution 
was changed from beige to purple, as the temperature approached to room temperature. To this solution 
was added Et2O and the reaction mixture was filtered. The filtrate was evaporated under reduced 
pressure to afford (R)-methyl phenyl sulfoxide (25.3 mg, 180 µmol, 89% recovery yield). The 
precipitate was dissolved in CH2Cl2 and filtered to remove insoluble matters. The filtrate was 
evaporated and dried in vacuo. After the resulting solid was washed with CHCl3, (P)-enantio-enriched 
1tight was obtained as a pale pink solid (0.53 mg, 0.20 µmol, 6.5% yield, 17% ee based on the 
deconvolution analysis using an iNMR software). The enantiomeric excess was estimated with D-4 as 
a chiral shift reagent.  

 
Supplementary Fig. 101 1H NMR spectrum of (P)-enantio-enriched 1tight synthesised with (R)-methyl 
phenyl sulfoxide (20 equiv. to the Pd salt) at –70 °C and D-4 as a chiral shift reagent (400 MHz, 
CD2Cl2/CH2Cl2, 298 K). (P)-Enantio-enriched 1tight was dissolved in a mixture of CD2Cl2 and CH2Cl2. 

 
Supplementary Fig. 102 Deconvolution analysis of 1H NMR spectrum of the (P)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 101. 
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6.7 Synthesis of 1tight with (R)-p-anisyl methyl sulfoxide 
A CH2Cl2 solution (0.2 mL) of (R)-p-anisyl methyl sulfoxide (97% ee, 34.8 mg, 204 µmol, 20 

equiv. to the Pd salt, 65 equiv. to L) was added to a CH2Cl2 solution (0.4 mL) of 
[Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (7.67 mg, 10.3 µmol, 3.3 equiv.). To this solution was added a 
CH2Cl2 solution (0.4 mL) of L (1.99 mg, 3.15 µmol, 1.0 equiv.) at –70 °C. This reaction mixture was 
stirred at –70 °C for 24 h. The colour of the solution was changed from yellow to pink orange during 
the reaction. After the reaction mixture was allowed to return to room temperature, Et2O was added 
and the reaction mixture was filtered. The filtrate was evaporated under reduced pressure to afford (R)-
p-anisyl methyl sulfoxide (32.6 mg, 192 µmol, 94% recovery yield). The precipitate was dissolved in 
CH2Cl2 and filtered to remove insoluble matters. The filtrate was evaporated and dried in vacuo. After 
the resulting solid was washed with CHCl3, (P)-enantio-enriched 1tight was obtained as a pale pink 
orange solid (0.31 mg, 0.12 µmol, 3.7% yield, 17% ee based on the deconvolution analysis using an 
iNMR software). The enantiomeric excess was estimated with D-4 as a chiral shift reagent.  

 
Supplementary Fig. 103 1H NMR spectrum of (P)-enantio-enriched 1tight synthesised with (R)-p-
anisyl methyl sulfoxide (20 equiv. to the Pd salt) at –70 °C and D-4 as a chiral shift reagent (500 MHz, 
CD2Cl2/CH2Cl2, 300 K). (P)-Enantio-enriched 1tight was dissolved in a mixture of CD2Cl2 and CH2Cl2. 

 
Supplementary Fig. 104 Deconvolution analysis of 1H NMR spectrum of the (P)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 103. 
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6.8 Synthesis of 1tight with (R)-o-anisyl methyl sulfoxide 
A CH2Cl2 solution (0.2 mL) of (R)-o-anisyl methyl sulfoxide (> 99% ee, 34.4 mg, 202 µmol, 20 

equiv. to the Pd salt, 65 equiv. to L) was added to a CH2Cl2 solution (0.4 mL) of 
[Pd(tBu2bpy)(OH2)2](OTf)2·(H2O)2 (7.61 mg, 10.2 µmol, 3.3 equiv.). To this solution was added a 
CH2Cl2 solution (0.4 mL) of L (1.96 mg, 3.11 µmol, 1.0 equiv.) at –70 °C. This reaction mixture was 
stirred at –70 °C for 4 h. After the reaction mixture was allowed to come to room temperature, Et2O 
was added and the reaction mixture was filtered. The filtrate was evaporated under reduced pressure 
to afford (R)-o-anisyl methyl sulfoxide. The precipitate was dissolved in CH2Cl2 and filtered to remove 
insoluble matters. The filtrate was evaporated and dried in vacuo. After the resulting solid was washed 
with CHCl3, (M)-enantio-enriched 1tight was obtained as a pale yellow solid (1.00 mg, 0.377 µmol, 
12% yield, 21% ee based on the deconvolution analysis using an iNMR software). The enantiomeric 
excess was estimated with D-4 as a chiral shift reagent.  

 
Supplementary Fig. 105 1H NMR spectrum of (M)-enantio-enriched 1tight synthesised with (R)-o-
anisyl methyl sulfoxide (20 equiv. to the Pd salt) at –70 °C and D-4 as a chiral shift reagent (500 MHz, 
CD2Cl2/CH2Cl2, 300 K). (M)-Enantio-enriched 1tight was dissolved in a mixture of CD2Cl2 and CH2Cl2. 

 
Supplementary Fig. 106 Deconvolution analysis of 1H NMR spectrum of the (M)-enantio-enriched 
1tight with D-4, shown in Supplementary Fig. 105. 
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7. Evaluation of the helicity inversion rate of 1tight  
7.1 Theoretical analysis of the rate constant of the helicity inversion of 1tight 

 
Supplementary Fig. 107 Scheme of the helicity inversion of 1tight, isomerisation from 1tight to 1loose 
and decomposition of 1tight with the rate constant of each reaction. 
 

We considered the inversion and isomerisation reaction as pseudo first order reactions, as shown 
in the scheme above. In this case, the differential equations are given below: 

!
!"
8(P)-1tight9 =	– 𝑘9: 8(P)-1tight9 +	𝑘:9 8(M)-1tight9 	– (𝑘#$% + 𝑘!&') 8(P)-1tight9  ···(7-1) 

!
!"
8(M)-1tight9 =	– 𝑘:9 8(M)-1tight9 +	𝑘9: 8(P)-1tight9 	– (𝑘#$% + 𝑘!&') 8(M)-1tight9  ···(7-2) 

where [(P)-1tight] and [(M)-1tight] are the concentration of (P)- and (M)-1tight, respectively, kPM and kMP 
are the rate constants of helicity inversion from (P)- to (M)- and from (M)- to (P)-1tight, respectively, 
kiso is the rate constant of isomerisation from 1tight to 1loose and kdec is the rate constant of decomposition 
of 1tight. We supposed that kiso and kdec of (P)-1tight were the same as those of (M)-1tight. By subtracting 
equation (7-1) from (7-2) and solving the differential equation, we get the difference between [(M)-
1tight ] and [(P)-1tight ], which corresponds to enantiomeric excess, as below: 

!
!"
;8(M)-1tight9 – 8(P)-1tight9< =	– (𝑘 + 𝑘#$% + 𝑘!&') ;8(M)-1tight9 – 8(P)-1tight9<  

;8(M)-1tight9 – 8(P)-1tight9< = 𝐶𝑜𝑛𝑠𝑡.∙ 𝑒)(+,+!"#,+$%&)"  ···(7-3) 

where 2𝑘9: = 2𝑘:9 = 𝑘 and Const. is a constant of integration. In the time course experiments, 
(M)-enantio-enriched 1tight with E0% ee was used, indicating that  

;8(M)-1tight9(
− 8(P)-1tight9(

< = ;8(M)-1tight9(
+ 8(P)-1tight9(

< ∙ ./0//	  ···(7-4) 

where [(P)-1tight ]0 and [(M)-1tight ]0 are the initial concentrations of (P)- and (M)-1tight. By combining 
equations (7-3) and (7-4) where t = 0, Const. is determined. Therefore, the equation (7-5) is given 
below:  

8(M)-1tight9 − 8(P)-1tight9 = ;8(M)-1tight9(
+ 8(P)-1tight9(

< ∙ ./0// ∙ 𝑒
–(+,+!"#,+$%&)"	  ···(7-5) 

On the other hand, the decrease in the concentration of 1tight is given by the sum of equations (7-1) and 
(7-2) and solving the differential equation:  

8(M)-1tight9 + 8(P)-1tight9 = ;8(M)-1tight9(
+ 8(P)-1tight9(

< ∙ 𝑒–(+!"#,+$%&)"  ···(7-6) 
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If the enantiomeric excess was decreased to E1% ee T hours after the (M)-enantio-enriched 1tight was 
dissolved in acetone-d6, the difference between [(M)-1tight] and [(P)-1tight] is given below: 

;8(M)-1tight9 − 8(P)-1tight9< = ;8(M)-1tight9 + 8(P)-1tight9< ∙
.0
0//			  ···(7-7) 

Then, substitution of equations (7-5) and (7-6) for (7-7) and simplification gives: 

;8(M)-1tight9(
+ 8(P)-1tight9(

< ∙ </
.((

∙ 𝑒–(+,+!"#,+$%&)=>((2

= ;8(M)-1tight9(
+ 8(P)-1tight9(

< ∙ <0
.((

∙ 𝑒–(+!"#,+$%&)=>((2 

𝐸( ∙ 𝑒–=>((+2 = 𝐸.	 
𝑘 = 0

12//3ln	(
./
.0
)  ···(7-8) 

The equation (7-8) indicates that isomerisation from 1tight to 1loose and decomposition of 1tight can be 
ignored in estimation of the rate constant of the helicity inversion between (P)- and (M)-1tight. 
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7.2 Time course 1H NMR analysis to evaluate the racemisation rate of (M)-enantio-enriched 1tight 
in acetone-d6 

 

 
Supplementary Fig. 108 Scheme of time course analysis of (M)-enantio-enriched 1tight. 
 

(M)-Enantio-enriched 1tight (0.28 mg, 0.11 µmol, 25.4% ee) was dissolved in acetone-d6 (500 µL, 
0.21 mM) and this solution was allowed to stand at 293 K for 3 days as monitored by 1H NMR 
spectroscopy. This solution was then evaporated under reduced pressure at room temperature. The 
resulting solid was dissolved in CD2Cl2 and the enantiomeric excess of 1tight was estimated by 1H NMR 
spectroscopy in the presence of D-4 as a chiral shift reagent. 

Although the change in the enantiomeric excess of 1tight was not observed in the 1H NMR spectra, 
the inversion rate was evaluated by the equation (7-8) to be less than 8.5 × 10–7 s–1 in acetone-d6 at 
293 K from the decrease in the enantiomeric excess by 5% ee (from 25.4% to 20.4%) after 72 h. This 
evaluated rate of inversion between (P)- and (M)-1tight was slower than the rate of isomerisation from 
1tight to 1loose (5.7 × 10–6 s–1), which is consistent with the discussion regarding the absolute 
configuration of the amine nitrogen atoms of L. 
   

 
Supplementary Fig. 109 Time course 1H NMR spectra of (M)-enantio-enriched 1tight (a) 8 min, (b) 7 
h, (c) 1 day, (d) 2 days and (e) 3 days at 293 K after dissolved in acetone-d6 (500 MHz, acetone-d6, 
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300 K). Orange triangles indicate that 1loose gradually formed. The rate of isomerisation and 
decomposition appears to be slightly different from the rate estimated in Supplementary Fig. 48 
probably due to different conditions such as purity of the products. Specifically, rac-1tight was purified 
by recrystallisation, while the (M)-enantio-enriched 1tight was not recrystallised to prevent changes in 
enantiomeric excess, as described in the text. 
 

 
Supplementary Fig. 110 1H NMR spectra of (a) (M)-enantio-enriched 1tight in CD2Cl2 and (b) (M)-
enantio-enriched 1tight 3 days after dissolved in acetone-d6, evaporated and then redissolved in CD2Cl2 
(500 MHz, CD2Cl2, 300 K). 
 

 

Supplementary Fig. 111 (a),(b) 1H NMR spectra of the NMR samples shown in Supplementary Fig. 
110, respectively, after addition of an excess amount of D-4 as a chiral shift reagent (500 MHz, CD2Cl2, 
300 K). 
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7.3 Time course 1H NMR analysis to evaluate the racemisation rate of (M)-enantio-enriched 1tight 
in CD2Cl2 

(M)-Enantio-enriched 1tight (0.26 mg, 0.098 µmol, 25.4% ee) was dissolved in CD2Cl2 (500 µL, 
0.20 mM) and this solution was allowed to stand at 293 K for 10 days as monitored by 1H NMR 
spectroscopy. The enantiomeric ratio of 1tight was then estimated by 1H NMR spectroscopy in the 
presence of D-4 as a chiral shift reagent. 

Although the change in the enantiomeric excess of 1tight was not observed in the 1H NMR spectra, 
the inversion rate was evaluated by the equation (7-8) to be less than 9.61 × 10–8 s–1 in CD2Cl2 at 293 
K from the decrease in the enantiomeric excess by 5% ee (from 25.4% ee to 20.4% ee) after 10 days. 

 
Supplementary Fig. 112 Time course 1H NMR spectra of (M)-enantio-enriched 1tight (a) 8 min (b) 1 
day, (c) 2 days, (d) 4 days, (e) 6 days, (f) 8 days and (g) 10 days at 293 K after dissolved in CD2Cl2 
(500 MHz, CD2Cl2, 300 K). 

 
Supplementary Fig. 113 1H NMR spectra of (a) (M)-enantio-enriched 1tight 30 min after dissolved in 
CD2Cl2 with an excess amount of D-4 as a chiral shift reagent and (b) (M)-enantio-enriched 1tight 10 
days at 293 K after dissolved in CD2Cl2. The spectra were measured just after addition of D-4 (500 
MHz, CD2Cl2, 300 K).  
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7.4 Time course 1H NMR analysis of rac-1tight in CD2Cl2 with D-4 
To a CD2Cl2 solution (450 µL) of rac-1tight (0.50 mg, 0.19 µmol, 0.42 mM) was added D-4 (49 

equiv. calculated by the integral ratio). This solution was allowed to stand at room temperature for 14 
days as monitored by 1H NMR spectroscopy. The diastereomeric ratio was estimated by the integral 
ratio in the 1H NMR spectra. Though the ratio between enantiomers of 1tight was slightly changed after 
14 days in the presence of 49 equiv. of D-4, the ratio remained around 50 to 50 in 7 days, indicating 
that D-4 did not affect the enantiomeric excess of 1tight in several days and can work as a chiral shift 
reagent. 

 

Supplementary Fig. 114 1H NMR spectra of rac-1tight with D-4 (49 equiv.) (500 MHz, CD2Cl2, 300 
K); (a) 20 min after addition of D-4, (b) 1 day, (c) 3 days, (d) 7 days and (e) 14 days. The reaction 
solution was allowed to stand at room temperature. 

 

Supplementary Fig. 115 19F NMR spectra of (a) rac-1tight, (b) rac-1tight with D-4 (49 equiv.) (471 
MHz, CD2Cl2, 300 K). 
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7.5 Time course 1H NMR analysis of (M)-enantio-enriched 1tight in CD2Cl2 with D-4 
To a CD2Cl2 solution (400 µL) of (M)-enantio-enriched 1tight (0.59 mg, 0.22 µmol, 0.56 mM, 25% 

ee) was added D-4 (17 equiv. calculated by the integral ratio). This solution was allowed to stand at 
293 K for 14 days as monitored by 1H NMR spectroscopy. The diastereomeric ratio was estimated 
based on the deconvolution analysis using an iNMR software.  

 
Supplementary Fig. 116 1H NMR spectra of (M)-enantio-enriched 1tight with D-4 (17 equiv.) (500 
MHz, CD2Cl2, 300 K); (a) 20 min after addition of D-4, (b) 1 day, (c) 3 days, (d) 7 days and (e) 14 
days. The reaction solution was allowed to stand at room temperature. 
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Supplementary Fig. 117 Deconvolution analysis of 1H NMR spectra of the (M)-enantio-enriched 1tight 
with D-4; (a) 20 min after addition of D-4, (b) 1 day, (c) 3 days, (d) 7 days and (e) 14 days, shown in 
Supplementary Fig. 116. 
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8. Computational study 
DFT calculation 

All density functional theory calculations were performed using Gaussian 16 [rev.C01] and 
[rev.C02] program16. The m06-D3 functional17,18 and mixed basis sets of def2svp19 for Pd and 6-
31G(d)20,21 for other atoms were used for calculation of (P)-1tight and (P)-1loose. No imaginary 
frequency was found for all optimised structures, confirming that each optimised structure reached a 
local minimum. The result of TD-DFT calculation was convoluted using GaussSum software to create 
simulated UV-vis and CD spectra22. To check the dependence of the simulated CD spectra of (P)-1tight 
on the functional and the basis sets, the B3LYP-D323,24, TPSSh25,26 and wB9727 functionals and the 6-
31+G(d)28 basis set were used. 
 
NBO calculation 

Natural bond orbital (NBO) calculations of the optimised structure were performed using NBO7.0 
package29 embedded in the Gaussian16 software. The NBOs were visualised with the Avogadro1.2 
program30. 
 
NCI plot calculation 

Noncovalent interaction (NCI) plot calculations were performed using NCIPLOT4 program31,32. 
The NCI plots were visualised with VMD1.9 software33. 
 

 
Supplementary Fig. 118 (a) Optimised structure of (P)-1tight with a triflate anion inside of the 
macrocycle and (b) overlaid image of (blue) the crystal and (orange) the optimised structure; protons 
of tert-butyl groups are omitted for clarity. 
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Supplementary Fig. 119 (left) Table of the distances in crystal and DFT-optimised structures between 
a Pd atom and N atoms, the N1 atom and the O atom forming hydrogen bonds, the Pd atom and the H 
atom forming C-H···Pd interaction and two Pd atoms. (right) a structure of 1tight indicating the atom 
labels. 
 

 
Supplementary Fig. 120 (a) Superposition of a donor (lone pair (Pd)) and an acceptor (s* (C-H)) 
NBOs (isovalue = 0.04) of (P)-1tight with a stabilising energy of 1.07 kcal/mol. (b) NCI plot of (P)-
1tight (the isosurface is generated for s = 0.3 au and –0.06 < r < 0.06 au); the interactions between one 
para-phenylene ring and other moiety were performed for clarity. 
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Supplementary Fig. 121 (a) UV-vis spectra and (b) CD spectra; (blue line) observed spectra (CH2Cl2, 
293 K, l = 0.2 cm for UV-vis spectrum and 1.0 cm for CD spectrum) of synthesised (P)-enantio-
enriched 1tight, (orange line) simulated spectra of DFT-optimised (P)-1tight [m06-D3/def2svp for Pd/6-
31G(d) for others] and (black line) oscillator strengths in UV-vis spectrum and rotatory strengths in 
CD spectrum simulated by TD-DFT calculation. 
 

 
Supplementary Fig. 122 (a) Overlaid image of (blue) the crystal and (orange) the optimised structure 
of (P)-1tight [m06-D3/def2svp for Pd/6-31+G(d) for O, F/6-31G(d) for others]; protons of tert-butyl 
groups are omitted for clarity. (b) UV-vis spectra and (c) CD spectra; (blue line) observed spectra 
(CH2Cl2, 293 K, l = 0.2 cm for UV-vis spectrum and 1.0 cm for CD spectrum) of synthesised (P)-
enantio-enriched 1tight, (orange line) simulated spectra of DFT-optimised (P)-1tight [m06-D3/def2svp 
for Pd/6-31+G(d) for O, F/6-31G(d) for others] and (black line) oscillator strengths in UV-vis spectrum 
and simulated rotatory strengths in CD spectrum simulated by TD-DFT calculation. 
 

 
Supplementary Fig. 123 (a) Overlaid image of (blue) the crystal and (orange) the optimised structure 
of (P)-1tight [B3LYP-D3/def2svp for Pd/6-31G(d) for others]; protons of tert-butyl groups are omitted 
for clarity. (b) UV-vis spectra and (c) CD spectra; (blue line) observed spectra (CH2Cl2, 293 K, l = 0.2 
cm for UV-vis spectrum and 1.0 cm for CD spectrum) of synthesised (P)-enantio-enriched 1tight, 
(orange line) simulated spectra of DFT-optimised (P)-1tight [B3LYP-D3/def2svp for Pd/6-31G(d) for 
others] and (black line) oscillator strengths in UV-vis spectrum and simulated rotatory strengths in CD 
spectrum simulated by TD-DFT calculation. 
 



 93 

 
Supplementary Fig. 124 (a) Overlaid image of (blue) the crystal and (orange) the optimised structure 
of (P)-1tight [TPSSh/def2svp for Pd/6-31G(d) for others]; protons of tert-butyl groups are omitted for 
clarity. (b) UV-vis spectra and (c) CD spectra; (blue line) observed spectra (CH2Cl2, 293 K, l = 0.2 cm 
for UV-vis spectrum and 1.0 cm for CD spectrum) of synthesised (P)-enantio-enriched 1tight, (orange 
line) simulated spectra of DFT-optimised (P)-1tight [TPSSh/def2svp for Pd/6-31G(d) for others] and 
(black line) oscillator strengths in UV-vis spectrum and simulated rotatory strengths in CD spectrum 
simulated by TD-DFT calculation. 
 

 
Supplementary Fig. 125 (a) Overlaid image of (blue) the crystal and (orange) the optimised structure 
of (P)-1tight [wB97/def2svp for Pd/6-31G(d) for others]; protons of tert-butyl groups are omitted for 
clarity. (b) UV-vis spectra and (c) CD spectra; (blue line) observed spectra (CH2Cl2, 293 K, l = 0.2 cm 
for UV-vis spectrum and 1.0 cm for CD spectrum) of synthesised (P)-enantio-enriched 1tight, (orange 
line) simulated spectra of DFT-optimised (P)-1tight [wB97/def2svp for Pd/6-31G(d) for others] and 
(black line) oscillator strengths in UV-vis spectrum and simulated rotatory strengths in CD spectrum 
simulated by TD-DFT calculation. 
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Supplementary Fig. 126 (a) Optimised structure of (P)-1loose with a triflate anion inside of the 
macrocycle and (b) overlaid image of (blue) the crystal and (orange) the optimised structure; protons 
of tert-butyl groups are omitted for clarity. 
 

 
Supplementary Fig. 127 (a) Superposition of a donor (p (para-phenylene)) and an acceptor (s* (C-
H)) NBOs (isovalue = 0.05) of (P)-1loose with a stabilising energy of 1.26-1.88 kcal/mol. (b) NCI plot 
of (P)-1loose (the isosurface is generated for s = 0.25 au and –0.07 < r < 0.07 au); the interactions 
between one para-phenylene ring and other moiety were performed for clarity. 
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