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2 General Experimental 

2.1 Naming and Numbering of Compounds  

Systematic compound names are those generated by ChemBioDrawTM Ultra version 15.1.0.144 (Perkin 

Elmer) following IUPAC nomenclature. 

2.2 Solvents and reagents  

Unless stated otherwise, all other solvents and reagents used were directly obtained from commercial 

sources. Anhydrous and oxygen-free THF was obtained by distillation from Na/benzophenone. Due to 

the air and moisture sensitive nature of several of the reactions, glassware was oven-dried prior to 

use and the reaction performed under an inert (argon) atmosphere, with solvents being dried over 

3 Å molecular sieves prior to their use. Anhydrous solvents were degassed with argon for 15 minutes 

immediately prior to use. 

2.3 Purification  

Flash column chromatography was carried out using Fluorochem 60 40-63 micron silica gel. Thin-layer 

chromatography was carried out using Merck Kieselgel 60 F254 (230-400 mesh) fluorescent treated 

silica, visualized under UV light (254 nm) or by staining with aqueous potassium permanganate 

solution, ninhydrin or ceric ammonium molybdate solutions.  

2.4 Spectroscopy  

1H, 13C, and 19F NMR spectra were obtained using Bruker 600, or 400 MHz spectrometers using either 

CDCl3 or DMSO-d6 as the solvent. To analyse and process the NMR spectra, TopSpin™ software was 

used, and spectra were calibrated against residual non-deuteriated solvent peaks as internal 

standards. The chemical shifts are reported in parts per million (ppm) and coupling constants (J) are 

reported in Hertz (Hz). 1H NMR spectra are reported as follows: δ/ppm (number of protons, 

multiplicity, coupling constant, assignment of peak (if possible)). The multiplicities are abbreviated as 

follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. 13C NMR spectra are reported as 

follows: δ/ppm (assignment). Chemical structures are numbered arbitrarily for the purpose of 

assignment; this numbering scheme does not necessarily correspond with the systematic name of the 

compound. Two-dimensional NMR experiments (COSY, HSQC, HMBC, NOESY) were also recorded 

when necessary to help aid assignment of the proton and carbon peaks.  
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Infra-red (IR) spectra were recorded on an Agilent Cary 630 spectrometer equipped with an 

attenuated total reflectance (ATR) accessory. Samples were deposited on the ATR as a thin film or 

neat solid. Only selected maximum absorbances (νmax) of the most intense peaks are reported (cm-1).  

Optical rotations were recorded at the sodium D-line (589 nm) using a Perkin Elmer 341 polarimeter 

at a temperature of 20 °C and are reported in degrees using concentrations (c) in g.100 mL-1. Reported 

values are the average of eight readings  

2.5 Mass Spectrometry 

Liquid chromatography-mass spectrometry (LCMS) analyses were conducted using an instrument 

comprising an Agilent 1260 HPLC (equipped with Infinity II quaternary pump, vial sampler, integrated 

column compartment and variable wavelength detector) and MSD single quadrupole mass 

spectrometer. Samples were analysed using an Agilent Infinitylab poroshell 120 column (2.7 μm, 2.1 

x 150 mm) under an acetonitrile/water gradient with 0.1% HCOOH additive. 

High resolution mass spectra (HRMS) were recorded by Analytical Services and Environmental Projects 

(ASEP) at Queen’s University Belfast on a Waters LCT Premier ToF mass spectrometer using the 

electrospray ionisation (ESI) technique. 

2.6 High-Pressure Liquid Chromatography (HPLC) 

HPLC was performed on Agilent 1260 and Agilent 1100 instruments, eluting under reverse phase 

(acetonitrile-water) and normal phase (hexane/chloroform-isopropanol) conditions respectively. The 

columns, solvents, flow rates and acquisition wavelengths used for individual compounds can be 

found in section 3.3. 

2.7 Crystallography  

Low temperature1 single crystal Xray diffraction studies were carried out using CuKα radiation on an 

Agilent Supernova diffractometer equipped with an area detector and graphite monochromator. Raw 

frame data were reduced using CrysAlisPRO2 solved using SHELXT3 (3d) and Superflip (5a).4 Full-matrix 

least-squares refinement of the structures were carried out using CRYSTALS.5,6 Full refinement details 

are given in the supplementary material (CIF). CCDC 2103730, 2103731 and 2114148 contain the 

supplementary crystallographic data for this paper. These data are provided free of charge by The 

Cambridge Crystallographic Data Centre and copies can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

http://www.ccdc.cam.ac.uk/data_request/cif
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2.8  Melting Points  

Melting points were determined for compounds where a recrystallization was carried out. These were 

acquired on a Stuart SMP10 digital melting point apparatus. Values are given in °C and are 

uncorrected. 
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3 Experimental procedures and characterisation data 

3.1 Starting materials 

General procedure 1 (GP1) for the synthesis of benzylidene derivatives 

To a solution of active methylene compound (1 eq.) in EtOH:H2O (3:7 v:v) was added the aldehyde 

(1 eq.) in one portion. The mixture was stirred, placed under argon and warmed to 75 °C, and reaction 

progress was monitored by TLC. Upon completion, the reaction mixture was cooled to RT and the 

precipitate filtered under vacuum and washed with pure water (2 mL) or purified by flash column 

chromatography to afford the products. 

2-Benzylidenemalononitrile (2a) 

 

Synthesised following GP1 according to a literature procedure, and the data obtained are consistent 

with those previously reported.7  

Malononitrile (2.00 g, 30.3 mmol, 1 eq.) and benzaldehyde (3.08 mL, 30.3 mmol, 1 eq.) after 17 h in 

EtOH:H2O (3:7, 120 mL) afforded the product (4.58 g, 98%) as a white solid. δH (400 MHz, CDCl3): 7.91 

(2H, d, J 7.6 Hz, H5), 7.78 (1H, s, H3), 7.64 (1H, t, J 7.6 Hz, Ar), 7.54 (2H, t, J 7.8 Hz, Ar); δC (101 MHz, 

CDCl3): 160.1(C3), 134.8 (C5), 131.9 (Ar), 130.8 (Ar), 129.8 (C4), 113.7 (C1’), 112.7 (C1), 83.0 (C2).  

2-(4-Methoxybenzylidene)malononitrile (2b) 

 

Synthesised following GP1 according to a literature procedure, and the data obtained are consistent 

with those previously reported.7 

Malononitrile (0.5 g, 7.57 mmol, 1 eq.) and 4-methoxybenzaldehyde (0.921 mL, 7.57 mmol, 1 eq.) 

after 19 h in EtOH:H2O (3:7, 30 mL) afforded the product (1.39 g, 99%) as a fluffy, yellow solid. δH 

(400 MHz, CDCl3): 7.91 (2H, m, Ar), 7.65 (1H, s, H3), 7.01 (2H, m, Ar), 3.91 (3H, s, H8); δC (101 MHz, 
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CDCl3): 165.0 (C7), 156.0 (C3), 133.6 (Ar), 124.2 (C4), 115.3 (Ar), 114.6 (C1), 113.5 (C1’), 78.8 (C2), 55.8 

(C8).  

2-(4-Nitrobenzylidene)malononitrile (2c) 

 

Synthesised following GP1 according to a literature procedure, and the data obtained are consistent 

with those previously reported.7 

Malononitrile (0.5 g, 7.57 mmol, 1 eq.) and 4-nitrobenzaldehyde (1.14 g, 7.57 mmol, 1 eq.) after 18 h 

in EtOH:H2O (3:7, 30 mL) afforded the product (1.36 g, 90%) as a brown solid. δH (400 MHz, CDCl3): 

8.39 (2H, d, J 8.8 Hz, Ar), 8.07 (2H, d, J 8.8 Hz, Ar), 7.88 (1H, s, H3); δC (101 MHz, CDCl3): 156.0 (C3), 

150.5 (C7), 135.9 (C4), 131.4 (Ar), 124.8 (Ar), 112.8 (C1’), 111.7 (C1), 87.7 (C2). 

2-(Naphthalen-2-ylmethylene)malononitrile (2d) 

 

Synthesised following GP1 according to a literature procedure, and the data obtained are consistent 

with those previously reported.7  

Malononitrile (0.25 g, 3.78 mmol, 1 eq.) and 2-naphthaldehyde (0.590 g, 3.78 mmol, 1 eq.) after 1.5 h 

in EtOH:H2O (3:7, 15 mL) afforded the product (0.768 g, 99%) as a yellow solid. δH (400 MHz, CDCl3): 

8.29 (1H, s), 8.07 (1H, dd, J 8.7, 1.8 Hz), 7.92 (4H, m), 7.68 (1H, t, J 6.9 Hz), 7.61 (1H, t, J 7.0 Hz); δC 

(101 MHz, CDCl3): 159.9, 136.0, 134.6, 132.8, 130.1, 129.8, 128.7, 128.2, 127.8, 124.4, 114.1, 113.0 

82.4.* 

 

* One expected 13C signal is absent due to co-incidence with another peak. 
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2-(2-methylbenzylidene)malononitrile (2e) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.8  

o-Tolualdehyde (0.46 ml, 3.97 mmol, 1 eq.), malononitrile (0.46 ml, 3.92 mmol, 1 eq.), and K2CO3 

(56 mg, 0.405 mmol, 0.1 eq.) were added into a mortar and ground rapidly at rt for 1 min. The mixture 

was washed with water and filtered, and the crude product then recrystallized from ethanol, to yield 

the product as white needles, 280 mg, 43%. M.p. = 107-110 °C (EtOH). 

δH (400 MHz, CDCl3): 8.10 (1H, s), 8.08 (1H, d, J 8.8 Hz), 7.50 (1H, td, J 7.5, 1.2 Hz), 7.37 (1H, d, J 7.8 Hz), 

7.33 (1H, d, J 7.8 Hz), 2.45 (3H, s); δC (101 MHz, CDCl3): 158.3, 139.9, 134.3, 131.5, 130.1, 128.4, 127.2, 

113.9, 112.6, 84.2, 19.9; HRMS (ESI+): found 201.0979; C8H4N2OCH5O, [M+MeOH+H]+ requires 

201.1022; νmax (neat): 2967.0, 2221.5, 1572.9, 1371.7, 1230.0, 1058.6. 

2-(2-Bromobenzylidene)malononitrile (2f) 

 

Synthesised following GP1 by analogy to a literature procedure,7 and the data obtained are consistent 

with those previously reported.9  

Malononitrile (0.25 g, 3.78 mmol, 1 eq.) and 2-bromobenzaldehyde (0.441 mL, 3.78 mmol, 1 eq.) after 

21 h in EtOH:H2O (3:7, 15 mL) afforded the product (0.499 g, 57%) as a brown solid. δH (400 MHz, 

CDCl3): 8.22 (1H, s, H3), 8.12 (1H, dd, J 7.6, 1.8 Hz, Ar), 7.74 (1H, dd, J 7.8, 1.5 Hz, Ar), 7.47 (2H, m, H7-

8); δC (101 MHz, CDCl3): 158.9 (C3), 135.1 (Ar), 134.2 (Ar), 131.0 (C5), 130.0 (Ar), 128.5 (Ar), 126.6 (C4), 

113.3 (C1’), 111.9 (C1), 86.2 (C2). 
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2-(4-Chlorobenzylidene)malononitrile (2g) 

 

Synthesised following GP1 according to a literature procedure, and the data obtained are consistent 

with those previously reported.7 

Malononitrile (0.25 g, 3.78 mmol, 1 eq.) and 4-chlorobenzaldehyde (0.531 g, 3.78 mmol, 1 eq.) after 

1 h in EtOH:H2O (3:7, 15 mL) afforded the product (0.65 g, 91%) as a white powder. δH (400 MHz, 

CDCl3): 7.85 (2H, d, J 8.6 Hz, Ar), 7.73 (1H, s, H3), 7.52 (2H, d, J 8.6 Hz, Ar); δC (101 MHz, CDCl3): 158.4 

(C3), 141.3 (C7), 132.0 (Ar), 130.2 (Ar), 129.4 (C4), 113.6 (C1), 112.5 (C1’), 83.5 (C2). 

2-(3,4,5-Trimethoxybenzylidene)malononitrile (2h) 

 

Synthesised following GP1 according to a literature procedure.7  

Malononitrile (0.25 g, 3.78 mmol, 1 eq.) and 3,4,5-trimethoxybenzaldehyde (0.741 g, 3.78 mmol, 

1 eq.) after 1.5 h in EtOH:H2O (3:7, 15 mL) afforded the product (0.886 g, 96%) as a bright yellow solid. 

δH (400 MHz, CDCl3): 7.65 (1H, s, H3), 7.19 (2H, s, H5), 3.98 (3H, s, H9), 3.91 (6H, s, H8); δC (101 MHz, 

CDCl3): 159.5 (C3), 153.4 (C6), 144.2 (C7), 126.1 (C4), 114.1 (C1’), 113.3 (C1), 108.5 (C5), 80.8 (C2), 61.4 

(C9), 56.5 (C8); HRMS (ESI+): found 283.0496; C13H12KN2O3, [M+K]+ requires 283.0485; νmax (neat): 

2939.0, 2219.6, 1567.3, 1498.4, 1343.7, 1321.3, 1258.0, 1127.5, 698.9. 

2-(furan-2-ylmethylene)malononitrile (2i) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported. 8 
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Furfural (0.64 ml, 7.73 mmol, 1 eq.), malononitrile (510 mg, 7.72 mmol, 1 eq.), and K2CO3 (115 mg, 

0.832 mmol. 0.11 eq.) were added into a mortar and ground rapidly at rt for 1 min. The mixture was 

washed with water and filtered, and the crude product was purified via flash column chromatography 

(100% DCM), to yield the product as yellow solid, 490 mg, 44 %. 

δH (400 MHz, CDCl3): 7.80 (1H, d, J 1.4, H7), 7.51 (1H, s, H3), 7.35 (1H, d, J 3.5 Hz, H5), 6.71 (1H, dd, J, 

3.7, 1.7 Hz, H6); δC (101 MHz, CDCl3): 149.7 (C7), 148.2 (C4), 143.1 (C3), 123.6 (C5), 114.6 (C6), 113.9 

(C1’), 112.7 (C1), 77.7 (C2); HRMS (ESI+): found 162.0667; C8H4N2ONH4, [M+NH4]+ requires 162.0662 ; 

νmax (neat): 3041.5, 2225.2, 1602.8, 1453.7, 1394.0, 1297.1, 1017.6. 

2-(3-phenylpropylidene)malononitrile (2j)  

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.8 

Cinnamaldehyde (0.96 ml, 7.63 mmol, 1 eq.), malononitrile (506 mg, 7.66 mmol, 1 eq.), and K2CO3 

(118 mg, 0.854 mmol, 0.11 eq.) were added into a mortar and ground rapidly at rt for 10 min. The 

mixture was washed with water and filtered, and the crude product then recrystallized from ethanol, 

to yield the product as a yellow solid, 590 mg, 43%. M.p. = 127-130 °C (EtOH). δH (400 MHz, CDCl3): 

7.63-7.53 (3H, m), 7.51-7.42 (3H, m), 7.32-7.21 (2H, m); δC (101 MHz, CDCl3): 160.2, 150.6, 134.1, 

132.2, 129.5, 129.1, 122.4, 113.6, 111.8, 83.1; HRMS (ESI+): found 181.0766; C12H8N2H, [M+H]+ 

requires 181.0760; νmax (neat): 2970.7, 2221.5, 1606.5, 1446.2, 1174.1, 1054.8. 

Ethyl-2-cyano-3-phenylacrylate (2l) 

 

Synthesised following GP1 according to a literature procedure and the data obtained are consistent 

with those previously reported.7 
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Ethyl cyanoacetate (0.5 mL, 4.70 mmol, 1 eq.) and benzaldehyde (0.477 mL, 4.70 mmol, 1 eq.) were 

heated at 75 °C for 24 h in EtOH:H2O (3:7, 15 mL). The mixture was cooled to RT, extracted with EtOAc 

(3x30 mL), dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified by flash 

column chromatography (silica gel, PhMe:Et2O 99:1) to afford the product (0.245 g, 26%) as a white 

solid. δH (400 MHz, CDCl3): 8.25 (1H, s, H3), 7.99 (2H, d, J 7.1 Hz, H5), 7.53 (3H, m, H6-7), 4.39 (2H, q, J 

7.1 Hz, H9), 1.40 (3H, t, 7.1 Hz, H10); δC (101 MHz, CDCl3): 162.6 (C8), 155.2 (C3), 133.4 (Ar), 131.6 (C4), 

131.2 (C5), 129.4 (Ar), 115.6 (C1), 103.2 (C2), 62.9 (C9), 14.3 (C10). 

2-(3-phenylpropylidene)malononitrile (2o) 

 

The reaction was carried out according to a literature procedure10 and the data obtained are 

consistent with those previously reported.11 

To a solution of hydrocinnamaldehyde (0.41 mL, 3.48 mmol, 1.0 eq.) and malononitrile (375 mg, 

5.68 mmol, 1.6 eq.) under an inert atmosphere of argon in dry CH2Cl2 (15 mL) was added K2CO3 

(262 mg, 1.89 mmol, 0.5 eq.). The reaction mixture was stirred at room temperature for 16 h, after 

which the solvent was then removed in vacuo and the residue quenched with ice cold water and then 

extracted with EtOAc (3 x 10 mL). The combined organic layers were then washed with brine, dried 

over MgSO4, filtered under gravity and then concentrated in vacuo. The crude residue was then 

purified by short silica plug (30 % DCM:petroleum ether) to afford the product (248 mg, 39%) as a 

yellow oil. 

δH (400 MHz, CDCl3): 7.34 (2H, t, J 6.9 Hz), 7.30-7.26 (2H, m) 7.17 (1H, d, J 6.8 Hz), 2.96-2.85 (4H, m); 

δC (101 MHz, CDCl3): 168.3, 138.3, 129.2, 128.4. 127.3. 112.1, 110.5. 90.8, 34.4, 33.7. 
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2-benzylidene-1H-indene-1,3(2H)-dione (4a) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.12 

To a round-bottom flask under an inert atmosphere of argon and equipped with a magnetic stir bar, 

was added 1,3-indandone (438 mg, 3.00 mmol, 1eq.), benzaldehyde (0.35 ml, 3.30 mmol, 1.1 eq.), L-

proline (104 mg, 0.899 mmol, 0.3 eq.) and dry MeOH (6 ml). The reaction was then left to stir at rt for 

20 hours, with a precipitate forming over time. Following this, the precipitate was then filtered under 

vacuum and washed several times with MeOH to yield the product as a khaki solid, 631 mg, 90 %.  

δH (400 MHz, CDCl3): 8.46 (2H, d, J 8.3), 8.05-7.99 (2H, m), 7.90 (1H, s), 7.84-7.79 (2H, m), 7.59-7.49 

(3H, m).; δC (101 MHz, CDCl3): 190.4, 189.1, 147.1, 142.7, 140.2, 135.5, 135.3, 134.3, 133.3, 133.2, 

129.3, 128.9, 123.5, 123.4; HRMS (ESI+): found 235.0764; C16H10O2H, [M+H]+ requires 235.0754; νmax 

(neat): 2113.4, 1681.0, 161.2, 1587.8, 1349.3, 1200.2. 

 

(E)-2-benzylidene-2,3-dihydro-1H-inden-1-one (4b) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.13 

To a round-bottom, equipped with a magnetic stir bar, was added indanone (333 mg, 2.52 mmol, 

1 eq.), benzaldehyde (0.27 ml, 2.52 mmol, 1 eq.) and EtOH (1.4 ml). Following this the solution was 

then cooled down to 0 °C and 10 % NaOH (1.4 ml) solution then added dropwise. The solution was 

then left to stir at 0 °C for 2 hours. Once the reaction had finished the solid was then filtered under 

vacuum and washed with H2O and hexane. The solid was then dried under high vac to yield the product 

as a faint pink solid, 485 mg, 87%. 
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δH (400 MHz, CDCl3): 7.91 (1H, d, J 7.7 Hz), 7.67 (3H, d, J 6.7 Hz), 7.61 (1H, td, J 7.7, 1.1 Hz), 7.55 (1H, 

d, J 7.6 Hz), 7.49-7.37 (4H, m), 4.05 (2H, s); δC (101 MHz, CDCl3): 194.4, 149.8, 138.1, 135.5, 134.9, 

134.7, 134.0, 130.8, 129.8, 129.1, 127.8, 126.3, 124.6, 32.6; HRMS (ESI+): found 221.0935; C16H12OH, 

[M+H]+ requires 221.0961, found 441.1826; C32H12O2H, [2M+H]+ requires 441.1849; νmax (neat): 

2133.4, 1871.1, 1621.4, 1688.5, 1580.4 1446.2. 

N-Benzyl isatin (S1) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.14 

To a stirred solution of isatin (3.00 g, 20.4 mmol) and potassium carbonate (8.45 g, 61.2 mmol, 3 eq.) 

in acetonitrile (200 mL) was added benzyl bromide (2.67 mL, 22.4 mmol, 1.1 eq.) dropwise via syringe. 

The reaction was heated to 95 °C and refluxed for 4 h until completion. The mixture was cooled to RT 

and concentrated in vacuo. The crude product was recrystallised from PhMe to afford the product 

(4.42 g, 91%) as a red-orange crystalline solid. M.p. = 136-139 °C (PhMe). δH (400 MHz, CDCl3): 7.61 

(1H, d, J 7.5 Hz, H3), 7.48 (1H, td, J 7.8, 1.3 Hz, H1) 7.40-7.27 (5H, m, H11-13), 7.09 (1H, td, J 7.5, 0.8 

Hz, H2), 6.78 (1H, d, J 7.8 Hz, H4), 4.93 (2H, s, H9); δC (101 MHz, CDCl3): 183.3 (C7), 158.4 (C8), 150.9 

(C5/6), 138.4 (C1), 134.7 (C10), 129.2 (C12/13), 128.3 (C12/13), 127.6 (C11), 125.5 (C3), 123.9 (C2), 

117.9 (C5/6), 111.1 (C4), 44.2 (C9); HRMS (ESI+): found 276.0434; C15H11NO2K, [M+K]+ requires 

276.0421; νmax (neat): 1725.8, 1606.5, 1468.6, 1345.6.  
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(Z)-1-Benzyl-3-((2,2,2-trifluoroethyl)imino)indolin-2-one (1a) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.15  

N-benzyl isatin (2.00 g, 8.43 mmol, 1 eq.), 2,2,2-trifluoroethylamine (0.99 mL, 12.6 mmol, 1.5 eq.), p-

TsOH.H2O (0.16 g, 0.843 mmol, 0.1 eq.) and MgSO4 (3.00 g, 25.3 mmol, 3 eq.) were dissolved in 

toluene (75 mL) and refluxed in a sealed tube at 120 °C until completion. The solution was cooled to 

RT, washed with NaHCO3 (40 mL) and extracted with DCM (2x40 mL). Solvent removed in vacuo and 

the crude residue was recrystallised from MeOH to afford the product (1.96 g, 73%) as an 12:1 mixture 

of Z:E isomers as a yellow solid. M.p. = 127-130 °C (MeOH). δH (400 MHz, CDCl3, major isomer): 7.73 

(1H, d, J 7.5 Hz, H3), 7.38-7.29 (6H, m, H1,11-13), 7.09 (1H, t, J 7.6 Hz, H2), 6.74 (1H, d, J 7.8 Hz, H4), 

4.90 (2H, s, H9), 4.87 (2H, q, J 9.7 Hz, H14); δC (101 MHz, CDCl3): 158.7 (C8), 155.7 (C7), 145.6 (C5/6), 

135.1 (C10), 133.8 (C1), 129.1 (C12/13), 128.2 (C11), 127.5 (C12/13), 125.2 (q, JC- F  277 Hz, C15), 123.6 

(C4), 123.2 (C3), 120.9 (C5/6), 109.9 (C2) 53.8 (q, JC-F  31.5 Hz, C14), 43.8 (C9); δF (376 MHz, CDCl3): -

71.9 (t, J 9.7 Hz). 

N-Methyl isatin (S2) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.16 

To a stirred solution of isatin (0.5 g, 3.40 mmol) and potassium carbonate (0.94 g, 6.80 mmol, 2 eq.) 

in DMF (5 mL) in a sealed tube, was added iodomethane (0.423 mL, 6.80 mmol, 2 eq.) dropwise at RT. 

The reaction was heated to 40 °C until completion. After 22 h, the mixture was cooled to RT, diluted 

with DCM (20 mL) and H2O (20 mL), extracted and washed with brine (2x20 mL). The mixture was dried 
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over MgSO4, filtered and concentrated in vacuo, affording the product (0.439 g, 80%) as a red-orange 

solid. δH (400 MHz, CDCl3): 7.62-7.56 (2H, m, H1,3), 7.11 (1H, t, J 7.8 Hz, H2), 6.89 (1H, d, J 7.8 Hz, H4), 

3.24 (3H, s, H9); δC (101 MHz, CDCl3): 183.5 (C7), 158.4 (C8), 151.6 (C5/6), 138.5 (C3), 125.4 (C1), 124.0 

(C2), 117.6 (C5/6), 110.1 (C4), 26.3 (C9). 

(Z)-1-Methyl-3-((2,2,2-trifluoroethyl)imino)indolin-2-one (1b) 

 

The reaction was carried out by analogy to a literature procedure, and the data obtained are 

consistent with those previously reported.15  

N-methyl isatin (252 mg, 1.56 mmol, 1 eq.), 2,2,2-trifluoroethylamine (180 μL, 2.29 mmol, 1.5 eq.) and 

p-TsOH.H2O (11.8 mg, 0.062 mmol, 0.1 eq.) were dissolved in toluene (9 mL) and refluxed in a sealed 

tube at 120 °C until completion. After 24 h the solution was cooled to RT, solvent removed in vacuo 

and the crude residue was purified by flash column chromatography (silica gel, petrol:ethyl acetate, 

19:1) to afford the product (95.4 mg, 26%) as an 11:1 mixture of Z:E isomers as an orange solid.  

δH (400 MHz, CDCl3, major isomer): 7.71 (1H, d, J 7.7 Hz, H3), 7.47 (1H, t, J 7.7 Hz, H1), 7.12 (1H, t, J 7.5 

Hz, H2), 6.84 (1H, d, J 7.9 Hz, H4), 4.83 (2H, q, J 9.8 Hz, H10), 3.22 (3H, s, H9); δC (101 MHz, CDCl3): 

158.8 (C8), 155.9 (C7), 146.4 (C5/6), 133.9 (C3), 125.1 (q, JC-F  276.1 Hz, C11), 123.6 (C2), 123.1 (C1), 

120.7 (C5/6), 108.9 (C4), 53.6 (q, JC-F  32.3 Hz, C10), 26.0 (C9); Major δF (376 MHz, CDCl3): -71.9 (t, J 9.9 

Hz). 

1-Benzyl-6-chloroindoline-2,3-dione (S3) 

 

The reaction was carried out according to a literature procedure.14 
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To a stirred solution of 6-chloroisatin (1.00 g, 5.50 mmol, 1 eq.) and potassium carbonate (2.28 g, 

16.5 mmol, 3 eq.) in acetonitrile (55 mL) was added benzyl bromide (0.98 mL, 8.26 mmol, 1.1 eq.) 

dropwise via syringe. The reaction was heated to 95 °C and refluxed overnight until completion. The 

mixture was cooled to RT, filtered under gravity and concentrated in vacuo. The crude product was 

recrystallised from PhMe to afford the product (1.14 g, 76%) as a burnt-orange crystalline solid. M.p. 

= 175-177 °C (PhMe). δH (400 MHz, CDCl3): 7.54 (1H, d, J 8.0 Hz, H3), 7.40-7.29 (5H, m, H11-13), 

7.07 (1H, dd, J 8.0, 1.6 Hz, H2), 6.78 (1H, d, J 1.5 Hz, H4), 4.91 (2H, s, H9); δC (101 MHz, CDCl3): 

181.9 (C=O), 158.3 (C=O), 151.8 (C5/6), 144.8 (C5/6), 134.1 (C10), 129.3 (C12/13), 128.5 (C12/13), 

127.5 (C11), 126.5 (C3), 124.2 (C2), 116.1 (C1), 111.8 (C4), 44.3 (C9); HRMS (ESI+): found 272.0478; 

C15H10ClNO2H, [M+H]+ requires 272.0472; νmax (neat): 3078.8, 1731.3, 1608.3, 1425.7, 1347.4, 1254.2, 

1071.6. 

(Z)-1-benzyl-6-chloro-3-((2,2,2-trifluoroethyl)imino)indolin-2-one (1c) 

 

 

1-benzyl-6-chloroindoline-2,3-dione S3 (300 mg, 1.10 mmol, 1 eq.), 2,2,2-trifluoroethylamine 

(0.13 mL, 1.66 mmol, 1.5 eq.), p-TsOH.H2O (25 mg, 0.13 mmol, 0.12 eq.) and MgSO4 (500 mg, 

4.15 mmol, 3.8 eq.) were dissolved in toluene (10 mL) and refluxed in a sealed tube at 120 °C until 

completion. The solution was cooled to RT, washed with NaHCO3 (20 mL) and extracted with DCM 

(3x15 mL). Solvent removed in vacuo and the crude residue was recrystallised from MeOH to afford 

the product (122 mg, 31 %) as an 75:1 mixture of Z:E isomers as a mustard-yellow solid. M.p. = 155-

157 °C (MeOH). δH (400 MHz, CDCl3, major isomer): 7.65 (1H, d, J 8.0 Hz, H3), 7.37-7.27 (5H, m, H11-

13), 7.06 (1H, d, J 7.9 Hz, H2), 6.74 (1H, s, H4), 4.88 (2H, s, H9), 4.85 (2H, q, J 9.8 Hz, H14); δC (101 MHz, 

CDCl3): 158.6 (C8), 154.6 (C7), 146.6 (C5/6), 139.9 (C5/6), 134.6 (C10), 129.3 (Ar), 128.4 (Ar), 127.5 

(Ar), 125.1 (q, JC- F  276 Hz, C15), 124.3 (C3), 123.8 (C2), 119.3 (C1), 110.6 (C4), 53.9 (q, JC-F  32.5 Hz, C14), 

43.9 (C9); δF (376 MHz, CDCl3): -71.9 (3F, t, J 9.7 Hz); HRMS (ESI+): found 353.0669; C17H12ClF3N2OH, 

[M+H]+ requires 353.0663; νmax (neat): 2115.3, 1716.4, 1612.1, 1367.9, 1267.3, 1146.2. 
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1-benzyl-5-methoxyindoline-2,3-dione (S4) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.14 

To a stirred solution of 5-methoxyisatin (1.00 g, 5.64 mmol, 1 eq.) and potassium carbonate (2.34 g, 

16.9 mmol, 3 eq.) in acetonitrile (55 mL) was added benzyl bromide (1.00 mL, 8.47 mmol, 1.1 eq.) 

dropwise via syringe. The reaction was heated to 95 °C and refluxed until completion (4 h). The 

mixture was cooled to RT, filtered under gravity and concentrated in vacuo. The crude product was 

recrystallised from PhMe to afford the product (1.45 g, 96%) as a burgundy crystalline solid. M.p. = 

119-121 °C (PhMe). δH (400 MHz, CDCl3): 7.37-7.27 (5H, m, H11-13), 7.14 (1H, d, J 2.8 Hz, H3), 7.02 

(1H, dd, J 8.6, 2.8 Hz, H1), 6.68 (1H, d, J 8.6 Hz, H4), 4.90 (2H, s, H9), 3.76 (3H, s, H14); δC (101 MHz, 

CDCl3): 183.7 (C=O), 158.5 (C=O), 156.7 (C2), 144.7 (C5/6), 134.7 (C10), 129.1 (Ar), 128.2 (Ar), 127.5 

(Ar), 124.8 (C1), 118.2 (C5/6), 112.1 (C3), 109.7 (C4), 56.1 (C14), 44.2 (C9). 

(Z)-1-benzyl-5-methoxy-3-((2,2,2-trifluoroethyl)imino)indolin-2-one (1d) 

 

1-benzyl-5-methoxyindoline-2,3-dione S4 (300 mg, 1.12 mmol, 1 eq.), 2,2,2-trifluoroethylamine 

(0.15 mL, 1.68 mmol, 1.5 eq.), p-TsOH.H2O (21 mg, 0.11 mmol, 0.10 eq.) and MgSO4 (405 mg, 

3.37 mmol, 3.0 eq.) were dissolved in toluene (10 mL) and refluxed in a sealed tube at 120 °C until 

completion (24 h). The solution was cooled to RT, washed with NaHCO3 (20 mL) and extracted with 

DCM (3x15 mL). Solvent removed in vacuo and the crude residue was recrystallised from MeOH to 

afford the product (263 mg, 67 %) as an 24:1 mixture of Z:E isomers as an orange solid. M.p. = 144-

147 °C (MeOH). δH (400 MHz, CDCl3, major isomer): 7.39-7.26 (6H, m, H3 + H11-13), 6.89 (1H, dd, J 
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8.4, 2.2 Hz, H1), 6.63 (1H, d, J 8.5 Hz, H4), 4.89 (2H, q, J 9.7 Hz, H15) , 4.87 (2H, s, H9), 3.79 (3H, s, H14); 

δC (101 MHz, CDCl3): 158.8 (C=O), 156.6 (C2), 156.1 (C=O), 139.4 (C5/6), 135.2 (C10), 129.1 (Ar), 128.1 

(Ar), 127.5 (Ar), 125.2 (q, JC- F  276.0 Hz, C16), 121.6 (C5/6), 120.3 (C1), 110.8 (C4), 108.0 (C3), 56.1 

(C14), 53.7 (q, JC-F  32.4 Hz, C15), 43.8 (C9); δF (376 MHz, CDCl3): -71.8 (3F, t, J 9.7 Hz); HRMS (ESI+): 

found 349.1164; C18H15F3N2O2H, [M+H]+ requires 349.1159; νmax (neat): 3008.0, 2961.4, 2109.7, 

1720.2, 1599.0, 1489.1, 1433.3, 1269.2.  

 

3.2 Catalyst synthesis 

3-((3,5-Bis(trifluoromethyl)phenyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione (S5) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.17 

To a stirred solution of diethyl squarate (1.36 mL, 9.20 mmol) and Zn(OTf)2 (335 mg, 0.92 mmol, 

0.1 eq.) in EtOH (36 mL) at RT, was added 3,5-bistrifluoromethylaniline (1.44 mL, 9.20 mmol, 1 eq.) 

dropwise via syringe. The mixture was left to stir at RT under a flow of argon until consumption of the 

starting material. After 48 h, the precipitate was filtered, washed with cold EtOH (2 mL), and dried 

under vacuum. The product (2.36 g, 73%) was obtained as a pale cream solid. δH (400 MHz, DMSO-

d6): 11.2 (1H, s, H5), 8.04 (2H, s, H7), 7.79 (1H, s, H10), 4.81 (2H, q, J 7.1 Hz, H11), 1.42 (3H, t, J 7.1 Hz, 

H12); δC (101 MHz, DMSO-d6): 187.9 (C2/3), 184.9 (C2/3), 179.7 (C1/4), 169.6 (C1/4), 140.6 (C6), 131.1 

(q, JC-F 33.0 Hz, C8), 123.0 (q, JC-F  272.9 Hz, C9), 119.9 (C7), 116.7 (C10), 70.5 (C11), 15.8 (C12); 

δF (376 MHz, DMSO-d6): -61.7 (6F, s). 
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(S)-Quinolin-4-yl((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methanamine (S6) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.18 

To a solution of PPh3 (579 mg, 2.21 mmol, 1.3 eq.) and cinchonidine (500 mg, 1.70 mmol, 1 eq.) in dry 

THF (10 mL) under argon at 0 °C, was added DIAD (434 μL, 2.21 mmol, 1.3 eq.) in one portion. After 

15 min, DPPA (475 μL, 2.21 mmol, 1.3 eq.) was added dropwise over 15 min and the reaction mixture 

was heated to 45 °C. After 40 h, PPh3 (624 mg, 2.38 mmol, 1.4 eq.) was added in one portion and 

stirred for a further 3 h. The reaction mixture was cooled to RT, diluted with H2O (0.5 mL) and stirred 

for 3 h where-after the crude product was concentrated in vacuo. The yellow oil was dissolved in a 

mixture of DCM:HCl (10% aq. solution) (32 mL) and mixed thoroughly. The aqueous layer was removed 

and basified to pH 9-10 with aq. NH4OH solution. Solution extracted with EtOAc (3x40 mL), organic 

layers dried over MgSO4, filtered, and concentrated in vacuo. The crude residue was purified by flash 

column chromatography (silica gel, EtOAc:MeOH:NH4OH, 90:10:2) to afford the product (0.341 g, 

68%) as a yellow oil.  

δH (600 MHz, CDCl3): 8.90 (1H, d, J 4.6 Hz, H12/13), 8.35 (1H, s, H14/17), 8.13 (1H, d, J 8.3 Hz, H14/17), 

7.72 (1H, ddd, J 8.4, 6.9, 1.4 Hz, H15/16), 7.60 (1H, ddd, J 8.3, 7.1, 1.2 Hz, H15/16), 7.55-7.49 (1H, m, 

H12/13), 5.84-5.76 (1H, m, H9), 4.98 (2H, dd, J 20.9, 13.8 Hz, H10), 4.71 (1H, s, H8), 3.28 (1H, dd, J 

13.8, 10.1 Hz, H1’), 3.24-3.17 (1H, m, H5’), 3.07 (1H, s, H7), 2.84-2.76 (2H, m, H1/5), 2.31-2.24 (1H, m, 

H2), 2.03 (2H, s, H20), 1.63-1.60 (1H, m, H3), 1.58-1.53 (2H, m, H4), 1.45-1.38 (1H, m, H6’), 0.75 (1H, 

dd, J 13.8, 7.5 Hz, H6); δC (151 MHz, CDCl3): 150.5 (C12/13), 148.8 (C8), 142.0 (C9), 132.2 (C12/13), 

130.6 (C14/17), 129.1 (C15/16), 128.7 (C18/19), 128.6 (C18/19), 128.1 (C11), 126.6 (C15/16), 123.5 

(C14/17), 119.7 (C12/13) 114.4 (C10), 62.2 (C7), 56.5 (C1), 41.1 (C5), 40.1 (C2) 28.3 (C4), 27.8 (C3), 

26.3 (C6); [α]D
20 +58.7 (c = 0.562, CHCl3). 
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Cinchonidine derived aryl-thiourea catalyst (C1)  

 

This reaction was carried out according to a literature procedure, and the data obtained are consistent 

with those previously reported.19  

A solution of 3,5-bis(trifluoromethyl)phenyl isothiocyanate (0.60 mL, 3.3 mmol, 1.11 eq.) in THF (6 mL) 

was added slowly to a solution of 9-amino(9-deoxy)epicinchonidine S6 (870 mg, 2.96 mmol, 1.00 eq.) 

in THF (20 mL) at room temperature. The reaction mixture was stirred at room temperature for 24 h 

and evaporated in vacuo. The residue was purified by column chromatography on silica gel (10 g) using 

CH2Cl2/MeOH/Et3N 100/2/1 as eluent to afford an off-white solid (1.83 g, 99 %). 

δH (400 MHz, CDCl3): 8.86 H, d, J 3.8 Hz), 8.31 (1H, bs), 8.16 (1H, d, J 8.5 Hz), 7.84 (2H, s), 7.76 (1H, t, J 

7.5 Hz), 7.69 (1H, s), 7.65 (1H, t, J 7.7 Hz), 7.32 (1H, d, J 4.0 Hz), 5.75-5.62 (2H, m), 5.04-4.95 (2H, m), 

3.39-3.17 (3H, m), 2.90-2.76 (2H, m), 2.36 (1H, bs), 1.77-1.60 (3H, m), 1.40-1.31 (1H, m), 1.00-0.90 

(1H, m); δC (101 MHz, CDCl3):* 181.0, 150.1, 148.7, 140.6, 140.0, 132.7 (q, JC-F  34.1 Hz,), 130.6, 129.7, 

127.2, 123.6, 123.0, 119.0, 118.9, 115.3, 61.6, 55.0, 41.2, 39.2, 27.5, 27.2, 25.6; δF (CDCl3, 

376 MHz): -62.3 (6F, s); HRMS (ESI) calcd for C28H27F6N4S [M+H]+: 565.1860, found: 565.1860; [α]D
20 –

87 (c = 1.0, CHCl3).  

 

* Signals at ~146 and ~56 ppm were visible as broad humps on the baseline but with insufficient signal:noise to 
determine precise chemical shift values. 
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3-((3,5-Bis(trifluoromethyl)phenyl)amino)-4-(((S)-quinolin-4-yl((1S,2S,4S,5R)-5-vinylquinuclidin-2-

yl)methyl)amino)cyclobut-3-ene-1,2-dione (C2) 

 

This reaction was carried out according to a literature procedure, and the data obtained are consistent 

with those previously reported.20 

To a stirred solution of 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione 

(370 mg, 1.05 mmol, 1.2 eq.) in dry MeOH (6 mL) under argon was added (S)-quinolin-4-

yl((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methanamine (256 mg, 0.872 mmol, 1 eq.) in dry MeOH (4 mL) 

in one portion. The reaction mixture was stirred for 24 h under Ar at RT after which the precipitate 

was filtered under vacuum, washed with cold MeOH (2 mL) and dried to afford the product (0.222 g, 

42%) as a white solid.  

δH (600 MHz, DMSO-d6): 10.25 (1H, s, H20/25), 8.98 (1H, d, J 4.4 Hz, H12/13), 8.47 (1H, d, J 8.0 Hz, 

Ar), 8.39 (1H, s, H20/25), 8.09 (1H, d, J 8.3 Hz, Ar), 7.98 (2H, s, H27), 7.81 (1H, t, J 7.7 Hz, Ar), 7.74 (1H, 

t, J 7.7 Hz, Ar), 7.70 (1H, d, J 4.6 Hz, H12/13), 7.65 (1H, s, H30), 6.06 (1H, s, H8), 5.99-5.88 (1H, m, H9), 

4.99 (2H, dd, J 16.8, 10.3 Hz, H10), 3.34-3.37 (1H, m, H7), 3.30-3.18 (2H, m, H1’+5’), 2.71 (1H, d, J 13.3 

Hz, H1), 2.69-2.61 (1H, m, H5), 2.28 (1H, s, H2), 1.62-1.55 (2H, m, H3+4’), 1.54-1.47 (1H, m, H4) 1.42-

1.33 (1H, m, H6’), 0.73 (1H, s, H6); δC (151 MHz, DMSO-d6): 184.4 (C22/23), 180.3 (C22/23), 168.8, 

162.7, 150.4 (C12/13), 148.1, 145.0 (Ar), 142.1 (C9), 140.9 (Ar), 131.2 (q, JC-F 33.0 Hz, C28), 130.0 (Ar), 

129.4 (Ar), 127.2 (Ar), 126.3 (Ar),  125.8 (Ar), 124.0 (Ar), 123.4 (Ar), 123.1 (q, JC-F 273 Hz, C29), 120.4 

(C12/13), 118.3 (C27), 114.9 (C30), 114.3 (C10), 59.5 (C7), 55.5 (C1), 40.6 (C5), 39.5 (C2)*, 27.2 (C4), 

25.7 (C6); δF (376 MHz, DMSO-d6): -61.7 (6F, s); [α]D
20 -82.9 (c = 0.9, DMSO). 

 

* Carbon peak at C2 is obscured by the DMSO peak, but is visible in the HSQC spectrum 
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(S)-N-Benzhydryl-2-((2-((3,5-bis(trifluoomethyl)phenyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-

N,3,3-trimethylbutanamide (C3) 

 

The reaction was carried out according to a literature procedure and the data obtained are consistent 

with those previously reported.21 

To a stirred solution of N-methylbenzhydrylamine (200 mg, 1.01 mmol, 1.1 eq.), HBTU (383 mg, 

1.01 mmol, 1.1 eq.) and N-Boc-L-tert-leucine (213 mg, 0.918 mmol, 1 eq.) in dry DCM (15 mL) was 

added i-Pr2NEt (191 μL, 1.1 mmol, 1.2 eq.) dropwise. The reaction mixture was stirred at RT under Ar 

until completion. After 5 d, the reaction mixture was washed with 1M HCl (2x25 mL) and extracted 

with Et2O (40 mL). The organic layers were washed with aq. NaHCO3 (2x25 mL) and brine (2x25 mL), 

dried over MgSO4, filtered, and concentrated in vacuo. HCl (4M in dioxane, 2.5 mL) was added 

dropwise to the amide at 0 °C, stirred for 2 h at RT and concentrated to produce the amine 

hydrochloride. DCM (8 mL) and Et3N (0.4 mL, 2.75 mmol, 3 eq.) were added and stirred for 15 min 

before addition of 3-((3,5-Bis(trifluoromethyl)phenyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione 

(325 mg, 0.918 mmol, 1 eq.) in one portion. The reaction mixture was stirred at RT for 48 h where 

after NaOH (1N, 8 mL) was added and stirred for a further 4 h at RT. Reaction mixture was diluted with 

DCM (12.5 mL) and H2O (12.5 mL), washed with brine (15 mL), dried over MgSO4, filtered and 

concentrated. The crude residue was purified by flash column chromatography (PhMe:EtOAc, 20:1) to 

afford the product (73.8 mg, 13%) as a white solid.  

δH (400 MHz, CDCl3, exists as ≈ 5:1 rotamers, resonance of major reported): 10.1 (1H, s, NH), 7.92-7.77 

(2H, s, Ar), 7.54 (1H, s, NH), 7.39-7.32 (4H, m, Ar), 7.24-7.17 (5H, m, Ar), 7.00-6.93 (3H, m, Ar), 5.58-

5.46 (1H, m, H12), 2.99 (3H, s, H16), 1.07 (9H, s, H14); δC (101 MHz, CDCl3): 171.4, 169.2, 161.8, 139.8, 

138.1, 137.8, 137.2, 133.1 (q, JC-F  34.0 Hz), 129.4, 129.0, 128.7, 128.5, 128.2, 122.8 (q, JC-F  273 Hz), 

118.9, 61.5 , 60.4 , 36.9, 33.4, 26.1;* δF (376 MHz, CDCl3): -62.9 (6F, s); [α]D
20 -48.2 (c = 0.28, CHCl3). 

 

* Three 13C signals are not observed, likely due to co-incidence between diastereotopic groups (e.g. 21 and 21’). 



   
 

S23 

1,1'-((1R,2R)-1,2-Diphenylethane-1,2-diyl)bis(3-(3,5-bis(trifluoromethyl)phenyl)thiourea) (C4) 

 

The reaction was carried out by analogy to a literature procedure and the data obtained are consistent 

with those previously reported.22,23 

Isothiocyanato-3,5-bistrifluoromethylbenzene (344 μL, 1.88 mmol, 2 eq.) was added dropwise over 2 

min to a stirred solution of (1R,2R)-DPEN (200 mg, 0.942 mmol, 1 eq.) in dry THF (2.5 mL) at 0 °C. The 

reaction mixture was heated to RT and stirred under a constant flow of argon. After 24 h the THF was 

removed in vacuo. The crude yellow residue was purified by flash column chromatography (silica gel, 

DCM:MeOH, 95:5) to afford the product (530 mg, 75%) as a white solid.  

δH (400 MHz, DMSO-d6): 10.3 (2H, s, H6), 8.73 (2H, s, H8), 8.16 (4H, s, H4), 7.69 (2H, s, H1), 7.30 – 

7.18 (10H, m, H11-13), 5.96 (2H, s, H9); δC (101 MHz, DMSO-d6): 180.4 (C7), 141.5 (Ar), 138.4 (Ar), 

130.2 (q, JC-F  32.8 Hz, C2), 128.3 (Ar), 128.0 (Ar), 127.6 (Ar), 121.9 (C4), 121.7 (q, JC-F  272.9 Hz, C3),  

116.4 (C1), 62.6 (C9); δF (376 MHz, DMSO-d6): -61.8 (s); [α]D
20 - 39.9 (c = 0.8, CHCl3).  

N-((4S,5S)-4,5-Diphenylimidazolidin-2-ylidene)-3,5-bis(trifluoromethyl)aniline (C5) 

 

To a stirred solution of (1R,2R)-DPEN (200 mg, 0.942 mmol, 1 eq.) in dry THF (1.5 mL) was added a 

solution of isothiocyanato-3,5-bistrifluoromethylbenzene (172 μL, 0.942 mmol, 1 eq.) in dry THF 

(1 mL) dropwise over 30 min at 0 °C via syringe pump. The reaction mixture is stirred at RT for 24 h 

where after the solvent was removed in vacuo. The crude yellow oil was purified by flash column 

chromatography (silica gel, Petrol:EtOAc:NEt3, 20:1:0.01 → 10:1:0.01) to afford the product (67.5 mg, 

16%) as a white solid.  
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δH (400 MHz, DMSO-d6): 7.46 (2H, s, H7), 7.40-7.26 (13H, m, H1+4+10-12), 4.54 (2H, s, H8); 

δC (101 MHz, DMSO-d6): 157.6 (C6), 141.9 (C5), 131.1 (q, JC-F  32.0 Hz, C2), 129.0 (C10), 128.2 (Ar), 

127.1 (Ar), 124.1 (q, JC-F  273 Hz, C3), 112.6 (C1), 67.2 (C8), possible overlapping with two carbons as 

speaks is short one peak; δF (376 MHz, DMSO-d6): -61.4 (6F, s); [α]D
20 -72.2 (c = 0.266, CHCl3); HRMS 

(ESI+): found 450.1334; C23H18F6N3, [M+H]+ requires 450.1327; νmax (neat): 3028.5, 2844.0, 1664.3, 

1595.3, 1382.8, 1271.0, 1170.4, 1129.4, 698.9, 680.2. 
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3.3 Spirooxindole products  

General procedure for the synthesis of spiro[pyrrolidine-oxindoles] 

To a stirred solution of imine (1a/1b) (1 eq.) and benzylidene derivatives (1.2 eq.) in DCM (0.1 M) was 

added catalyst C1 (0.1 eq.) in one portion. The reaction mixture was stirred under air at RT and 

monitored by TLC. Upon completion, the solvent was removed in vacuo and the crude residue was 

purified by flash column chromatography to afford the product. 

A Note on Purification 

In some instances, residual benzylidinemalononitriles present upon completion of the reaction 

underwent hydrolysis during silica gel chromatography leading to contamination of the product with 

the corresponding aldehydes. These were removed by dissolving the product in methanol (5 mL), 

transferring the solution to a separatory funnel, adding saturated aqueous sodium bisulfite (1 mL) and 

shaking for 30 seconds. The solution was then diluted with water (25 mL) and extracted with CHCl3 

(25 mL). The aqueous layer was then extracted three time with chloroform (5 mL). Following this the 

organic layers were combined, dried over MgSO4, filtered under gravity, and then concentrated in 

vacuo. This procedure was adapted from Furigay et al.24 

A Note on Relative and Absolute Configuration 

All spirocyclization reactions produced at least two diastereomeric products identifiable from the 

crude 1H NMR spectra. In most cases these diastereomers were not separable by chromatography. 

The relative and absolute stereochemistry of the major diastereomers of all products are assumed to 

be analogous to the crystal structure obtained for (–)-3d (see the main text and section 6 below). With 

the exception of 3l and 5b (which contain an additional stereocentre not common to the other 

compounds synthesised), we assume the minor diastereomer to be consistent with the following 

analysis for 3k. 

The relative configuration of the minor diastereomer of 3k was identified through NOESY analysis 

(Figure S1). In a mixture containing ~1:1 major:minor diastereomer, a strong nOe enhancement was 

observed between the ortho-CH of the oxindole (H3) and the benzylidene hydrogen (H13), consistent 

with the C(13)-H(13) and C(7)-C(5) bonds being syn relative to the pyrrolidine ring. The presence of 

strong enhancements between H15 and H11 for both diastereomers indicates that the CF3 and Ph 

groups are anti for both the major and minor diastereomers. It should be noted that the absolute 

stereochemistry of the minor diastereomer is not known. 
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Figure S1. NOESY analysis of spirocycle 3k (CDCl3, 400 MHz, tmix 0.3 s).  
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1-Benzyl-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3a) 

 

1a (50 mg, 0.157 mmol, 1 eq.), 2a (29.1 mg, 0.188 mmol, 1.2 eq.) and C1 (8.9 mg, 0.016 mmol, 0.1 eq.) 

after 1 day afforded the spirocycle (71.3 mg, 96%, 91% ee, 12:1 d.r.) as a white foam solid. Crude was 

purified using 1% acetone in toluene. Yield of 250 mg scale, (366 mg, 96%, 90% ee, 6.7:1 d.r.). 

Major δH (400 MHz, CDCl3): 7.80 (1H, d, J 7.8 Hz, H3), 7.65-7.60 (2H, m, H19), 7.52-7.47 (3H, m, H20-

21), 7.41-7.26 (6H, m, H1+11-13), 7.19 (1H, t, J 7.6 Hz, H2), 6.80 (1H, d, J 7.9 Hz, H4), 5.52 (1H, d, J 

10.8 Hz, H17), 5.22 (1H, d, J 15.5 Hz, H9’), 4.85-4.76 (1H, m, H15), 4.69 (1H, d, J 15.6 Hz, H9), 2.90 (1H, 

d, J 7.5 Hz, H14); Major δC (101 MHz, CDCl3): 173.5 (C8), 143.8 (C10), 134.6 (Ar), 132.5 (C1), 130.3 (Ar), 

129.6 (Ar), 129.5 (C18), 129.2 (Ar), 129.1 (Ar), 128.2 (Ar), 127.7 (Ar), 125.1 (C3), 124.0 (C2), 122.1 (Ar), 

111.4 (C23’), 111.3 (C23), 110.6 (C4), 70.7 (C7), 60.1 (q, JC-F  32.2 Hz, C15), 51.8 (C17), 51.6 (C22), 44.8 

(C9);* Major δF (376 MHz, CDCl3): -73.5 (3F, d, J 6.2 Hz); [α]D
20 -34.8 (c = 0.94, CHCl3); HRMS (ESI+): 

found 473.1589; C27H19F3N4OH, [M+H]+ requires 473.1584; νmax (neat): 3371.4, 1709.0, 1612.1, 1287.8, 

1140.6, 1094.0, 751.1, 695.1; HPLC: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 

mL/min, λ = 254 nm, tR (major) = 19.8 min, tR (minor) = 10.5 min. 

 

* C16 not observed due to low signal intensity. 
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1-Benzyl-4'-(4-methoxyphenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3b) 

 

1a (50 mg, 0.157 mmol, 1 eq.), 2b (46 mg, 0.187 mmol, 1.2 eq.) and C1 (9 mg, 0.0159 mmol, 0.1 eq.) 

after 3 days afforded the spirocycle (77 mg, 98%, 93% ee, 2.8:1 d.r.) as a white foam solid. Crude was 

purified using 0.5% acetone in toluene.  

Major δH (400 MHz, CDCl3):* 7.79 (1H, d, J 7.7 Hz, H3), 7.54 (2H, d, J 8.7 Hz, Ar), 7.41-7.31 (6H, m, 

H1+11-13), 7.18 (1H, t, J 7.7 Hz, H2), 7.01 (2H, d, J 8.8 Hz, Ar), 6.79 (1H, d, J 7.9 Hz, H4), 5.47 (1H, d, J 

10.8 Hz, H17), 5.21 (1H, d, J 15.7 Hz, H9’), 4.78-4.71 (1H, m, H15), 4.68 (1H, d, J 15.6 Hz, H9), 3.84 (3H, 

s, H24), 2.87 (1H, m, H14); Minor δH (400 MHz, CDCl3):†† 7.69 (1H, d, J 7.6 Hz, H3), 7.56 (2H, m, Ar), 

7.41-7.31 (6H, m, H1+11-13), 7.22 (1H, d, J 7.5 Hz, H2), 6.99 (2H, d, J 9.0 Hz, Ar), 6.83 (1H, d, 7.8 Hz, 

H4), 5.12 (1H, d, J 15.8 Hz, H9’), 5.06-4.96 (1H, m, H15), 4.82 (1H, d, J 15.6 Hz, H9), 4.43 (1H, d, J 

10.0 Hz, H17), 3.83 (3H, s, H24), 3.13 (1H, m, H14); Major δC (101 MHz, CDCl3): 173.6 (C8), 161.0 (C21), 

143.8 (Ar), 134.6 (C10), 132.5 (Ar), 130.3 (Ar), 129.1 (Ar), 128.2 (Ar), 127.7 (Ar), 125.1 (C3), 124.0 (C2), 

122.3 (Ar) 121.3 (Ar), 114.9 (Ar), 111.6 (C23’), 111.5 (C23), 110.5 (C4), 70.4 (C7), 60.2 (q, JC-F 32.2 Hz, 

C15), 55.5 (C24), 51.8 (C22), 51.4 (C17), 44.8 (C9);† Major δF (376 MHz, CDCl3): -73.4 (3F, d, J 5.9 Hz), 

Minor δF (376 MHz, CDCl3): -73.3 (3F, d, J 6.0 Hz); [α]D
20 -28.6 (c = 1.06, CHCl3); HRMS (ESI+): found 

503.1695; C28H21F3N4O2H, [M+H]+ requires 503.1690; νmax (neat): 3358.3, 1718.3, 1610.2, 1513.3, 

1256.1, 1177.8, 1140.6, 752.9, 697.0; HPLC: Chiral art Amylose-SA (with column guard), 15% IPA-

hexane 1.0 mL/min, λ = 254 nm, tR (major) = 19.3 min, tR = (minor) 13.7 min. 

 

* Due to significant overlapping in the aromatic region, integration of certain multiplets was inaccurate although 
where possible, assignment was made via 2D analysis. 
† C16 not observed due to low signal intensity. 
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1-Benzyl-4'-(4-nitrophenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3c) 

 

1a (51 mg, 0.160 mmol, 1 eq.), 2c (38 mg, 0.192 mmol, 1.2 eq.) and C1 (9 mg, 0.0159 mmol, 0.1 eq.) 

after 2 days afforded the spirocycle (63 mg, 76%, 97% ee, 48.8:1 d.r.) as a faint-orange foam solid. 

Crude was purified using 1% acetone in toluene.  

Major δH (400 MHz, CDCl3): 8.37 (2H, d, J 8.8 Hz, Ar), 7.82 (2H, d, J 8.8 Hz, Ar), 7.80 (1H, d, J 7.6 Hz, 

H3), 7.43-7.27 (6H, m, H1 + H11-13), 7.20 (1H, t, J 7.7 Hz, H2), 6.83 (1H, d, J 7.9 Hz, H4), 5.66 (1H, d, J 

10.7 Hz, H17), 5.21 (1H, d, J 15.6 Hz, H9’), 4.90-4.80 (1H, m, H15), 4.71 (1H, d, J 15.6 Hz, H9), 2.97 (1H, 

d, J 7.6 Hz, H14); Major δC (101 MHz, CDCl3)*: 173.3 (C8), 149.2 (C21), 143.8 (Ar), 136.6 (C18), 134.3 

(Ar), 132.8 (Ar), 130.3 (Ar), 129.2 (Ar), 128.3 (Ar), 127.7 (Ar), 125.1 (C3), 124.6 (Ar), 124.2 (C2), 121.5 

(Ar), 111.0 (C23’), 110.9 (C23), 110.8 (C4), 70.8 (C7), 60.2 (q, JC-F  32.8 Hz, C15), 51.1 (C17 & C22†), 44.8 

(C9);‡ Major δF (376 MHz, CDCl3): -73.5 (3F, d, J 6.1 Hz); [α]D
20 -42.5 (c = 1.00, CHCl3); HRMS (ESI+): 

found 503.1440; C27H18F3N5O3H, [M+H]+ requires 518.1435; νmax (neat): 3352.7, 1720.2, 1608.3, 

1522.6, 1345.5, 1284.4, 1140.6; HPLC: Chiral art Amylose-SB (with column guard), 20% IPA-hexane 1.0 

mL/min, λ = 254 nm, tR (major) = 15.0 min, tR (minor) = 12.8 min. 

 

* No peak visible corresponding to C22 likely due to co-incidence with another peak. 
† As indicated by HMBC and HSQC spectra. 
‡ C16 not observed due to low signal intensity. 
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1-Benzyl-4'-(naphthalen-2-yl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3d) 

 

1a (50 mg, 0.158 mmol, 1 eq.), 2d (38 mg, 0.187 mmol, 1.2 eq.) and C1 (9 mg, 0.0160 mmol, 0.1 eq.) 

after 1 day afforded the spirocycle (78 mg, 95%, 87% ee, 10.1:1 d.r.) as a white foam solid. Crude was 

purified using 1% acetone in toluene.  

Major δH (400 MHz, CDCl3): 8.13 (1H, s, H25), 7.99 (1H, d, J 8.7 Hz, Ar), 7.96-7.87 (2H, m, Ar), 7.83 (1H, 

d, J 7.6 Hz, H3), 7.72 (1H, d, J 8.5, Ar), 7.59-7.54 (2H, m, Ar), 7.44-7.29 (6H, m, H1+11-13), 7.20 (1H, t, 

J 7.8 Hz, H2), 6.81 (1H, d, J 7.9 Hz, H4), 5.72 (1H, d, J 10.7 Hz, H17), 5.25 (1H, d, J 15.7 Hz, H9), 5.00-

4.92 (1H, m, H15), 4.71 (1H, d, J 15.6 Hz, H9’), 2.98 (1H, d, J 7.5 Hz, H14); Major δC (101 MHz, CDCl3): 

173.6 (C8), 143.8 (Ar), 134.6 (Ar), 134.1 (Ar), 133.4 (Ar), 132.6 (Ar), 129.4 (Ar), 129.1 (Ar), 128.8 (Ar), 

128.5 (Ar), 128.2 (Ar), 127.9 (Ar), 127.7 (Ar), 127.4 (Ar), 127.0 (Arq), 126.9 (Ar), 125.4 (Ar), 125.1 (C3), 

124.0 (C2), 122.1 (Arq), 111.5 (C29’), 111.4 (C29), 110.6 (C4), 70.8 (C7), 60.2 (q, JC-F  31.7 Hz, C15), 52.0 

(C17), 51.6 (C28), 44.8 (C9);* Major δF (376 MHz, CDCl3): -73.4 (3F, d, J 5.8 Hz); [α]D
20 -19.8 (c = 0.95, 

CHCl3); HRMS (ESI+): found 523.1746; C31H21F3N4OH, [M+H]+ requires 523.1740; νmax (neat): 3360.2, 

1710.8, 1612.1, 1468.6, 1366.1, 1285.9, 1138.7; HPLC: Chiral art Amylose-SB (with column guard), 20% 

IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 11.8 min, tR (minor) = 9.4 min. 

  

 

* C16 not observed due to low signal intensity. 
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1-benzyl-2-oxo-4'-(o-tolyl)-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3e) 

 

1a (51.3 mg, 0.161 mmol, 1 eq.), 3e (33.0 mg, 0.196 mmol, 1.2 eq.) and Catalyst C1 (9 mg,0.0159 

mmol, 0.1 eq.) after 2 days afforded the spirocycle (72.0 mg, 92 %, 83% ee, 4.0:1 d.r.) as a white solid. 

Crude was purified using 1% acetone in toluene. 

Major δH (600 MHz, CDCl3):  7.83 (1H, d, J 7.6 Hz, H3), 7.74-7.71 (1H, m, Ar), 7.39-7.31 (9H, m, Ar + 

H1), 7.19 (1H, t, J 7.6 Hz, H2) 6.78 (1H, d, J 7.8 Hz, H4), 6.14 (1H, d, J 10.8 Hz, H17), 5.21 (1H, d, J 

15.8 Hz, H9’), 4.72 (1H, d, J 15.8 Hz, H9), 4.70-4.64 (1H, m, H15), 2.88 (1H, d, J 7.4 Hz, H14), 2.64 (3H, 

s, H20); Major δC (151 MHz, CDCl3): 173.7 (C8), 143.9 (Ar), 139.1 (Ar), 134.6 (Ar), 132.5 (Ar), 131.8 (Ar), 

129.8 (Ar), 129.1 (Ar), 128.2 (Ar), 127.9 (Ar), 127.6 (Ar), 127.4 (Ar), 126.8 (Ar), 125.2 (C3), 124.0 (C2), 

122.2 (Ar), 111.7 (C26 & C26’), 110.6 (C24), 71.0 (C22), 61.3 (q, JC-F 32.1 Hz, C15), 50.2 (C25), 46.1 (C7), 

44.8 (C9), 20.0 (C20);* Major δF (564 MHz, CDCl3): -73.7 (3F, d, J 6.2 Hz); [α]D
20 -6.4 (c = 1.07, CHCl3); 

HRMS (ESI+): found 487.1746; C28H21F3N4OH, [M+H]+ requires 487.1734; νmax (thin film): 3362.1, 

1722.0, 1610.2, 1490.9, 1367.9, 1282.2, 1144.3, HPLC: Chiral art Amylose-SA (with column guard), 20% 

IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 11.3 min, tR (minor) = 6.6 min. 

 

 

* C16 not observed due to low signal intensity. 
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1-Benzyl-4'-(2-bromophenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3f) 

 

1a (76 mg, 0.239 mmol, 1 eq.), 2f (67 mg, 0.300 mmol, 1.2 eq.) and C1 (14 mg, 0.0248 mmol, 0.1 eq.) 

after 3 days afforded the spirocycle (113 mg, 86%, 80% ee, 9.9:1 d.r.) as a white foam solid. Crude was 

purified using 1% acetone in toluene.  

Major δH (600 MHz, CDCl3): 7.82 (1H, d, J 8.0 Hz, H3), 7.78 (1H, dd, J 8.0, 1.2 Hz Ar), 7.76 (1H, dd, J 8.0, 

1.2 Hz, Ar), 7.48 (1H, td, J 7.5, 1.2 Hz, Ar), 7.41-7.32 (6H, m, H1+ Ar), 7.28 (1H, m, Ar), 7.19 (1H, td, J 

7.7, 0.7 Hz, H2), 6.78 (1H, d, J 7.9 Hz, H4), 6.56 (1H, d, J 10.8 Hz, H17), 5.22 (1H, d, J 15.7 Hz, H9’), 4.74 

(1H, d, J 15.7 Hz, H9), 4.68-4.62 (1H, m, H15), 2.89 (1H, d, J 7.5 Hz, H14); Major δC (151 MHz, CDCl3): 

173.3 (C8), 144.0 (Ar), 134.6 (Ar), 134.4 (Ar), 132.6 (Ar), 131.4 (Ar), 129.5 (Ar), 129.2 (Ar), 129.1 (Ar), 

128.2 (Ar), 128.1 (Ar), 127.7 (Ar), 127.2 (C10), 125.1 (C3), 123.9 (C2), 121.9 (Ar), 111.6 (C25’), 110.9 

(C25), 110.7 (C4), 71.1 (C7), 61.5 (q, JC-F 32.1 Hz, C15), 50.0 (C24), 48.7 (C17), 44.8 (C9);* Major δF (564 

MHz, CDCl3): -73.6 (d, J 6.1 Hz); [α]D
20 +15.6 (c = 1.01, CHCl3); HRMS (ESI+): found 589.0242; 

C27H18BrF3N4OK, [M+K]+ requires 589.0246; νmax (neat): 3350.9, 1718.3, 1612.1, 1470.4, 1282.2, 

1172.2, 1142.4; HPLC: Chiral art Amylose-SA (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 

254 nm, tR (major) = 13.7 min, tR (minor) = 9.9 min. 

  

 

* C16 not observed due to low signal intensity. 
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1-Benzyl-4'-(4-chlorophenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3g) 

 

1a (102 mg, 0.321 mmol, 1 eq.), 2g (73 mg, 0.384 mmol, 1.2 eq.) and C1 (19 mg, 0.0337 mmol, 0.1 eq.) 

after 1 day afforded the spirocycle (147 mg, 90%, 93% ee, 8.6:1 d.r.) as a white foam solid. Crude was 

purified using 1% acetone in toluene.  

Major δH (400 MHz, CDCl3): 7.79 (1H, d, J 7.8 Hz, H3), 7.58-7.54 (2H, m, Ar), 7.51-7.47 (2H, m, Ar), 7.41-

7.32 (6H, m, H1, H11-13), 7.19 (1H, td, J 7.9, 1.0 Hz, H2), 6.81 (1H, d, J 7.9 Hz, H4), 5.50 (1H, d, J 10.7 

Hz, H17), 5.21 (1H, d, J 15.5 Hz, H9’), 4.78-4.72 (1H, m, H15), 4.69 (1H, d, J 15.7 Hz, H9), 2.89 (1H, d, J 

7.6 Hz, H14); Major δC (101 MHz, CDCl3): 173.4 (C8), 143.8 (Ar), 136.5 (C21), 134.5 (C10), 132.6 (Ar), 

130.4 (Ar), 129.8 (Ar), 129.2 (Ar), 128.3 (Ar), 128.1 (C18), 127.7 (Ar), 125.1 (C3), 124.1 (C2), 121.9 (Ar), 

111.3 (C23’), 111.2 (C23), 110.7 (C4), 70.6 (C7), 60.1 (q, JC-F 32.6 Hz, C15), 51.4 (C22), 51.2 (C17), 44.8 

(C9);* Major δF (376 MHz, CDCl3): -73.4 (3F, d, J 6.1 Hz); [α]D
20 -37.2 (c = 0.98, CHCl3); HRMS (ESI+): 

found 545.0747; C27H18ClF3N4OK, [M+K]+ requires 545.0758; νmax (neat): 3363.9, 1710.8, 1612.1, 

1490.9, 1280.3, 1140.6, 1094.0; HPLC: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 

mL/min, λ = 254 nm, tR (major) = 18.7 min, tR (minor) = 16.7 min. 

 

* C16 not observed due to low signal intensity. 
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1-Benzyl-2-oxo-5'-(trifluoromethyl)-4'-(3,4,5-trimethoxyphenyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3h) 

 

1a (51 mg, 0.160 mmol, 1 eq.), 2h (47 mg, 0.192 mmol, 1.2 eq.) and C1 (9 mg, 0.0160 mmol, 0.1 eq.) 

after 3 days afforded the spirocycle (75 mg, 84%, 92% ee, 7.3:1 d.r.) as a white foam solid. Crude was 

purified using 1% acetone in toluene.  

Major δH (400 MHz, CDCl3): 7.79 (1H, d, J 7.9 Hz, H3), 7.41-7.31 (6H, m, H1+H11-13), 7.20 (1H, t, J 7.7, 

H2), 6.81 (3H, m, H4+H19), 5.43 (1H, d, J 10.8 Hz, H17), 5.23 (1H, d, J 15.7 Hz, H9’), 4.79-4.71 (1H, m, 

H15), 4.68 (1H, d, J 15.6 Hz, H9), 3.92 (6H, s, H22), 3.90 (3H, s, H23), 2.89 (1H, d, J 7.6 Hz, H14); Major 

δC (101 MHz, CDCl3): 173.6 (C8), 153.8 (Ar), 143.8 (Ar), 139.5 (Ar), 134.5 (Ar), 132.6 (Ar), 129.2 (Ar), 

128.3 (Ar), 127.7 (Ar), 125.1 (C3), 124.8 (Ar), 124.1 (C2), 122.1 (Ar), 111.7 (C25’), 111.6 (C25), 110.7 

(C4), 106.2 (C19), 70.7 (C7), 61.1 (C23), 60.3 (q, JC-F 31.9 Hz, C15), 56.5 (C22), 52.3 (C17), 51.6 (C24), 

44.8 (C9);* Major δF (376 MHz, CDCl3): -73.5 (3F, d, J 6.1 Hz); [α]D
20 -36.7 (c = 0.98, CHCl3); HRMS (ESI+): 

found 601.1465; C30H23F3N4O4K, [M+K]+ requires 601.1460; νmax (neat): 3326.6, 2931.6, 1710.8, 1593.4, 

1464.8, 1284.1, 1250.5, 1125.7; HPLC: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 

mL/min, λ = 254 nm, tR (major) = 20.7 min, tR (minor) = 9.9 min. 

 

* C16 not observed due to low signal intensity. 



   
 

S35 

1-Benzyl-4'-(furan-2-yl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile 

(3i) 

 

1a (50.6mg, 0.159 mmol, 1 eq.), 2i (27.6 mg, 0.192 mmol, 1.2 eq.) and C1 (9 mg, 0.0194 mmol, 0.1 eq.) 

after 1 day afforded the spirocycle (55 mg, 75 %, 91% ee, 16:1 d.r.) as a yellow solid. Crude was purified 

using 1% acetone in toluene. 

Major δH (600 MHz, CDCl3): 7.79 (1H, d, J 7.8 Hz, H3), 7.56 (1H, d, J 1.5 Hz, Ar), 7.40-7.27 (6H, m, H1 + 

H11-13), 7.18 (1H, t, J 7.7 Hz, H2), 6.79 (1H, d, J 7.7 Hz, H4), 6.68 (1H, d, J 3.4 Hz, H19), 6.48 (1H, dd, J 

3.3, 1.9 Hz, H20), 5.62 (1H, d, J 10.7 Hz, H17), 5.19 (1H, d, J 15.7 Hz, H9’), 4.87-4.80 (1H, m, H15), 4.69 

(1H, d, J 15.7 Hz, H9), 2.94 (1H, d, J 7.9 Hz, H14); Major δC (151 MHz, CDCl3): 173.4 (C8), 144.7 (Ar), 

143.9 (C10), 143.8 (C18), 134.5 (Ar), 132.6 (Ar), 129.1 (Ar), 128.2 (Ar), 127.7 (Ar), 125.1 (C3), 124.0 

(C2), 121.7 (Ar), 111.9 (Ar), 111.3 (C23’), 111.3 (C20), 111.2 (C23), 110.6 (C4), 70.6 (C7), 59.8 (q, JC-F 

32.3 Hz, C15), 49.6 (C22), 46.6 (C17), 44.7 (C9);* Major δF (564 MHz, CDCl3): -74.0 (3F, d, J 5.6 Hz); 

[α]D
20 -43.2 (c = 1.02, CHCl3); HRMS (ESI+): found 463.1382; C25H17F3N4O2H, [M+H]+ requires 463.1377; 

νmax (thin film): 3358.3, 2228.9, 1718.3, 1610.2, 1490.9, 1371.7, 1289.7, 1140.6; HPLC: Chiral art 

Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 19.2 min, tR 

(minor) 9.2 min. 

 

* C16 not observed due to low signal intensity. 
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(E)-1-benzyl-2-oxo-4'-styryl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile  (3j) 

 

1a (50.0 mg, 0.157 mmol, 1 eq.), 2j (34.0 mg, 0.189 mmol, 1.2 eq.) and C1 (9 mg, 0.0159 mmol, 0.1 eq.) 

after 3 days afforded the spirocycle (52 mg, 67 %, 94% ee, 11.5:1 d.r.) as a yellow solid. Crude was 

purified using 1% acetone in toluene. 

Major δH (600 MHz, CDCl3): 7.77 (1H, d, J 7.6 Hz, H3), 7.51-7.47 (2H, m, Ar), 7.41-7.30 (9H, m, Ar+H1), 

7.18 (1H, t, J 7.7 Hz, H2), 7.02 (1H, d, J 15.8 Hz, H19), 6.79 (1H, d, J 7.7 Hz, H4), 6.30 (1H, dd, J 15.8, 

9.3 Hz, H18), 5.20 (1H, d, J 15.8 Hz, H9’), 5.01 (1H, t, J 9.9 Hz, H17), 4.67 (1H, d, J 15.7 Hz, H9), 4.36-

4.26 (1H, m, H15), 2.18 (1H, d, J 7.8 Hz, H14); Major δC (151 MHz, CDCl3): 173.5 (C8), 143.8 (Ar), 140.2 

(C19), 135.4 (Ar), 134.6 (Ar), 132.5 (Ar), 129.2 (Ar), 129.1 (Ar), 128.9 (Ar), 128.2 (Ar), 127.7 (Ar), 127.3 

(Ar), 125.0 (C3), 124.0 (C2), 122.0 (Ar), 118.0 (C18), 114.4 (C25), 113.3 (C25), 110.6 (C4), 70.5 (C7), 

62.0 (q, JC-F 31.6 Hz, C15), 51.0 (C22), 50.2 (C17), 44.8 (C9);* Major δF (564 MHz, CDCl3): -74.0 (3F, d, J 

6.5); [α]D
20 -19.8 (c = 0.5, CHCl3); HRMS (ESI+): found 499.1746; C29H21F3N4OH, [M+H]+ requires 

499.1740; νmax (thin film): 3362.1, 2228.9, 1722.0, 1610.2, 1490.9, 1289.7, 1170.4, 1144.3; HPLC: Chiral 

art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 15.3 min, 

tR (minor) = 8.8 min. 

 

* C16 not observed due to low signal intensity. 



   
 

S37 

1-Methyl-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3k) 

 

1b (50 mg, 0.206 mmol, 1 eq.), 2a (38 mg, 0.248 mmol, 1.2 eq.) and C1 (12 mg, 0.0206 mmol, 0.1 eq.) 

after 3 days afforded the spirocycle (63 mg, 77%, 85% ee, 2.0:1 d.r.) as a cream coloured glassy solid 

residue. Crude was purified using 1% acetone in toluene.  

Major δH (400 MHz, CDCl3): 7.79 (1H, d, J 7.7 Hz, H3), 7.61-7.57 (2H, m, H15), 7.53-7.46 (4H, m, 

H1+16+17), 7.22 (1H, td, J 7.8, 1.1 Hz, H2), 6.93 (1H, d, J 7.8 Hz, H4), 5.44 (1H, d, J 10.7 Hz, H13), 4.84-

4.74 (1H, m, H11), 3.27 (3H, s, H9), 2.98 (1H, d, J 7.5 Hz, H10); Minor δH (400 MHz, CDCl3):* 7.69 (1H, 

d, J 7.6 Hz, H3), 7.61-7.57 (m, Ar), 7.53-7.46 (m, Ar), 7.28 (1H, dd, J 7.8 Hz, 1.0 Hz, H2), 6.97 (1H, d, J 

7.8 Hz, H4), 5.07-4.98 (1H, m, H11), 4.45 (1H, d, J 10.3 Hz, H13), 3.29 (3H, s, H9), 3.32-3.17 (1H, m, 

H10); Major δC (101 MHz, CDCl3):† 173.4 (C8), 144.5 (Ar). 132.6 (C1), 130.2 (Ar), 129.5 (Ar), 129.0 (Ar), 

125.0 (C3), 124.0 (C2), 122.0 (Ar), 111.3 (C19’), 111.2 (C19), 109.5 (C4), 70.9 (C7), 60.1 (q, JC-F 31.3 Hz, 

C11), 51.7 (C13) ,51.6 (C18), 26.8 (C9);‡ Minor δC (101 MHz, CDCl3):173.3 (C8), 143.3 (Ar), 132.6 (Ar), 

132.1 (Ar), 130.3 (Ar), 130.1 (Ar), 129.5 (Ar), 129.3 (Ar), 126.1 (Ar) 125.6 (Ar), 124.2 (Ar), 112.5 (C19’), 

110.4 (C19), 109.6 (C4), 72.3 (C7), 61.2 (q, JC-F 32.4 Hz, C11), 55.5 (C13), 51.5 (C18), 27.3 (C9); Major δF 

(376 MHz, CDCl3): -73.5 (3F, d, J 6.1 Hz); Minor δF (376 MHz, CDCl3): -74.3 (3F, d, J 5.9 Hz); Sole Major 

diastereomer [α]D
20 -71.4 (c = 1.01, CHCl3); Mix of diastereomers [α]D

20 -25.5 (c = 1.01, CHCl3); HRMS 

(ESI+): found 397.1276; C21H15F3N4OH, [M+H]+ requires 397.1271; νmax (thin film): 3365.8, 2926.0, 

1718.3, 1613.9, 1289.7, 1170.4, 1140.6; HPLC: Chiral art Amylose-SA (with column guard), 15% IPA-

hexane 1.0 mL/min, λ = 254 nm, tR (major) = 13.3 min, tR (minor) = 8.7 min. 

 

* Due to significant overlapping in the aromatic region, integration of certain multiplets was inaccurate and 
therefore excluded although where possible, assignment was made via 2D analysis. 
† A small amount of the major diastereomer was able to separated whilst the other fraction contained both 
diastereomers, therefore assignment was made by subtracting the peaks not present in the major diastereomer 
spectra 
‡ C14 and C16 not observed due to low signal intensity. 



   
 

S38 

Ethyl-1-benzyl-3'-cyano-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3'-

carboxylate (3l) 

 

1a (50 mg, 0.157 mmol, 1 eq.), 2l (38 mg, 0.189 mmol, 1.2 eq.) and C1 (9 mg, 0.0160 mmol, 0.1 eq.) 

after 3 days afforded the spirocycle (78 mg, 95%, 94% ee, 1.8:1:0.05 or 1:0.41:0.02)* as a yellow solid. 

Crude was purified using 0.5→1% acetone in toluene.  

Major δH (400 MHz, CDCl3):† 7.91 (1H, dd, J 7.6 Hz, 0.8 Hz, H3), 7.65 (m, Ar), 7.41-7.27 (m, Ar), 7.17 

(1H, td, J 7.6, 0.9 Hz, H2), 6.80 (1H, d, J 7.9 Hz, H4), 5.43 (1H, d, J 10.9 Hz, H17), 5.07 (1H, d, J 15.6 Hz, 

H9’), 4.76-4.66 (1H, m, H15), 4.61 (1H, d, J 15.4 Hz, H9), 3.79 (1H, dq, J 10.7, 7.1 Hz, H24’), 3.68 (1H, 

dq, J 10.7, 7.1 Hz, H24), 2.79 (1H, d, J 8.0 Hz, H14), 0.72 (3H, t, J 7.2 Hz, H25); Minor δH (400 MHz, 

CDCl3):‡ 7.78 (1H, d, J 7.5 Hz, H3), 7.41-7.27 (m, Ar), 7.09 (1H, td, J 7.8, 0.9 Hz, H2), 6.78 (1H, m, H4), 

5.17 (1H, d, J 15.6 Hz, H9’), 4.89-4.81 (1H, m, H15), 4.76-4.66 (2H, m, H9+H17), 3.66-3.55 (2H, m, H24), 

2.79 (1H, d, J 8.2 Hz, H14), 0.56 (3H, t, J 7.2 Hz, H25); δC(101 MHz, CDCl3):§ 174.5 (C8, Min), 174.3 (C8, 

Maj), 163.4 (C23, Min), 162.5 (C23, Maj), 143.8, 142.6, 135.5, 135.0, 132.2, 132.1, 131.4, 130.8, 130.0, 

129.9, 129.2, 129.1, 129.0, 128.8, 128.7, 128.2, 128.1, 128.0, 127.4, 125.8, 125.0, 124.6, 123.5, 123.4, 

115.2, 114.1, 109.7, 109.4, 72.3(C7, Min) , 70.0 (C7, Maj), 63.7 (C22, Min), 63.5 (C22, Maj), 63.3 (C24, 

Min), 63.2 (C24, Maj), 62.7 (q, JC-F  30.4 Hz, C15, Min), 61.8 (q, JC-F  31.3 Hz, C15, Maj), 51.2 (C17, Min), 

49.0 (C17, Maj), 44.9 (C9, Min), 44.5 (C9, Maj), 13.4 (C25, Maj), 13.2 (C25, Min);** Major δF (376 MHz, 

CDCl3): -73.4 (3F, d, J 6.4 Hz); Minor δF (376 MHz, CDCl3): -74.4 (3F, d, J 6.0 Hz); [α]D
20 -42.1 (c = 1.02, 

CHCl3); HRMS (ESI+): found 558.1405; C29H24F3N3O3K, [M+K]+ requires 558.1402; νmax (neat): 3330.4, 

 

* A further minor diastereomer can observed in the crude NMR. 
† Due to significant overlapping in the aromatic region, integration of certain multiplets was inaccurate and 
therefore excluded although where possible, assignment was made via 2D analysis. 
‡ H17 peak is absent in minor due to being buried in 4.76-4.66 multiplet, observed via 2D analysis 
§ Due to the small d.r. complete assignment of the individual diastereomer carbon peaks are not given, but 

assignment of certain peaks has been given where possible via 2D NMR. 
** C16 not observed due to low signal intensity. 
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1720.2, 1237.5, 1164.8, 1136.8, 752.9, 697.0; HPLC: Chiral art Amylose-SA (with column guard), 15% 

IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 18.9 min, tR (minor) = 9.8 min. 

The relative and absolute configuration of the major diastereomer (–)-3lmaj was determined by single 

crystal x-ray diffraction (see section 6.2 below). 

  



   
 

S40 

1-Benzyl-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3m) 

 

1c (50 mg, 0.142 mmol, 1 eq.), 2a (26.2 mg, 0.170 mmol, 1.2 eq.) and C1 (8.0 mg, 0.014 mmol, 0.1 eq.) 

after 1 day afforded the spirocycle (66.8 mg, 93%, 89% ee, 2.3:1 d.r.) as a pink foam solid. Crude was 

purified using 0.5% acetone in toluene.  

Major δH (600 MHz, CDCl3):* 7.72 (1H, d, J 8.2 Hz, H3), 7.63-7.58 (m, Ar), 7.51-7.47 (m, Ar), 7.40-7.34 

(5H, m, H11-13), 7.16 (1H, dd, J 8.1, 1.8 Hz, H2), 6.80 (1H, d, J 1.8 Hz, H4), 5.46 (1H, d, J 10.7 Hz, H17), 

5.19 (1H, d, J 15.7 Hz, H9’), 4.82-4.76 (1H, m, H15), 4.66 (1H, d, J 15.7 Hz, H9), 2.87 (1H, d, J 7.3 Hz, 

H14); Minor δH (600 MHz, CDCl3): 7.63-7.58 (m, H3 + Ar), 7.33-7.29 (5H, m, H11-13), 7.20 (1H, dd, J 

8.1, 1.9 Hz, H2), 6.83 (1H, d, J 1.7 Hz, H4), 5.11 (1H, d, J 15.7 Hz, H9’), 5.09-5.04 (1H, m, H15), 4.77 (1H, 

d, J 15.5 Hz, H9), 4.40 (1H, d, J 10.1 Hz, H17), 3.10 (1H, d, J 6.5 Hz, H14); Major δC (151 MHz, CDCl3):†,‡ 

173.7 (C8 Min), 173.4 (C8, Maj), 145.0 (C5/6, Maj), 143.8 (C5/6, Min), 138.8 (C1, Maj), 138.2 (C1, 

Min), 134.8, 134.0, 133.8, 130.9, 130.4, 130.3, 130.1, 129.8, 129.6, 129.5, 129.42, 129.37, 129.34, 

129.29, 129.0, 128.6, 128.5, 127.7, 127.5, 126.9, 126.2 (C3, Maj), 124.2 (C2, Min), 124.0 (C2, Maj), 

120.4 (C5/6, Maj), 111.28 (C4, Min), 111.24 (C23, Maj), 111.23 (C4, Maj), 110.4 (C23, Min), 72.0 (C7, 

Min), 70.4 (C7, Maj), 61.3 (q, JC-F  30.0 Hz, C15, Min),  60.0 (q, JC-F  32.1 Hz, C15, Maj), 55.7 (C22, Min), 

51.7 (C22, Maj), 45.0 (C9, Min), 44.9 (C9, Maj); Major δF (564 MHz, CDCl3): -73.5 (3F, d, J 6.0 Hz); Minor 

δF (564 MHz, CDCl3): -74.1 (3F, d, J 5.7 Hz); [α]D
20 -33.2 (c = 1.00, CHCl3); HRMS (ESI+): found 507.1199; 

C27H18ClF3N4OH, [M+H]+ requires 507.1193; νmax (film): 3339.7, 2922.2, 2253.2, 1720.2, 1608.3, 1490.9, 

1284.1, 1142.4; HPLC: Chiral ART Amylose-SB (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 

254 nm, tR (major) = 13.1 min, tR (minor) = 7.6 min.  

 

* Due to significant overlapping of major and minor diastereomers in the aromatic region, integration of certain 
multiplets was inaccurate and therefore omitted. Where possible, assignment was made via 2D analysis. 
† Due to the low d.r. complete assignment of the individual diastereomer carbon peaks are not given, but 
assignment of certain peaks has been given where possible via 2D NMR. 
‡ C16 not observed due to low signal intensity. 
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1-Benzyl-5-methoxy-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3n) 

 

1d (50 mg, 0.144 mmol, 1 eq.), 2a (26.6 mg, 0.172 mmol, 1.2 eq.) and C1 (8.1 mg, 0.014 mmol, 0.1 eq.) 

after 1 day afforded the spirocycle (70.8 mg, 98%, 93% ee, 8.2:1 d.r.) as a white foam solid. Crude was 

purified using 0.5% acetone in toluene.  

Major δH (600 MHz, CDCl3): 7.63-7.60 (2H, m, H20/21/22), 7.51-7.47 (3H, m, H20/21/22), 7.40 (1H, d, 

J 2.5 Hz, H3), 7.39-7.37 (2H, m, H11/12), 7.36-7.32 (2H, m, H11/12), 7.31-7.28 (1H, m, H13), 6.68 (1H, 

dd, J 8.7, 2.5 Hz, H1), 6.69 (1H, d, J 8.6 Hz, H4), 5.53 (1H, d, J 10.7 Hz, H18), 5.20 (1H, d, J 15.6 Hz, H9’), 

4.85-4.77 (1H, m, H16), 4.66 (1H, d, J 15.6 Hz, H9), 3.79 (3H, s, H14), 2.90 (1H, dd, J 7.3, 2.8 Hz, H15); 

Major δC (151 MHz, CDCl3):*  173.4 (C8), 156.8 (C2), 136.9 (C5/6), 134.7 (C10), 130.3 (C19), 129.6 

(C20/21/22), 129.5 (C20/21/22), 129.1 (Ar), 129.0 (C20/21/22), 128.2 (Ar), 127.7 (Ar), 123.2 (C5/6), 

117.3 (C1), 112.1 (C3), 111.5 (C24’), 111.4 (C24), 111.2 (C4), 71.0 (C7), 60.1 (q, JC-F  32.4 Hz, C16), 56.1 

(C14), 51.8 (C18), 51.7 (C23), 44.9 (C9); Major δF (564 MHz, CDCl3): -7.41 (3F, d, J 6.0 Hz); [α]D
20 -8.5 (c 

= 1.05, CHCl3); HRMS (ESI+): found 503.1695; C28H21F3N4O2H, [M+H]+ requires 503.1690; νmax (film): 

3363.9, 2924.1, 1994.1, 1716.4, 1455.5, 1284.1, 1144.3; HPLC: Chiral ART Amylose-SA (with column 

guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 32.2 min, tR (minor) = 10.1 min. 

  

 

* C16 not observed due to low signal intensity. 



   
 

S42 

1-benzyl-2-oxo-4'-phenethyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile 

(3o) 

 

1a (50.0 mg, 0.157 mmol, 1 eq.), 2o (34.5 mg, 0.190 mmol, 1.2 eq.) and C1 (9 mg, 0.0157 mmol, 

0.1 eq.) after 1 day afforded the spirocycle (71 mg, 90 %, 73% ee, >100:1 d.r.) as a yellow foam solid. 

Crude was purified using 0.5% acetone in toluene. 

Major δH (600 MHz, CDCl3): 7.74 (1H, d, J 7.6 Hz, H3), 7.38-7.31 (7H, m, H1 + Ar), 7.30-7.22 (4H, m, Ar), 

7.17 (1H, td, J 7.7, 0.8 Hz, H2), 6.77 (1H, d, J 7.9 Hz, H4), 5.15 (1H, d, J 15.7 Hz, H9’), 4.67 (1H, d, J 15.7 

Hz, H9), 4.35 (1H, td, J 10.2, 3.7 Hz, H17), 4.03-3.97 (1H, m, H15), 3.05 (1H, td, J 13.5, 5.3 Hz, H18’), 

2.95-2.89 (1H, m, H18), 2.74 (1H, d, J 7.6 Hz, H14), 2.44-2.37 (1H, m, H19’), 2.32- 2.25 (1H, m, H19); 

Major δC (151 MHz, CDCl3):* 173.4 (C8), 144.0 (C5/6), 140.1 (Ar), 134.6 (Ar), 132.5 (C1), 129.1 (Ar), 

128.9 (Ar), 128.4 (Ar), 128.2 (Ar), 127.7 (Ar), 126.7 (Ar), 125.0 (C3), 123.9 (C2), 122.1 (C5/6), 112.6 

(C25’), 111.2 (C25), 110.6 (C4), 71.2 (C7), 63.3 (q, JC-F  32.1 Hz, C15), 48.4 (C24), 46.8 (C17), 44.7 (C9), 

33.8 (C18), 32.2 (C19); Major δF (564 MHz, CDCl3): -72.9 (3F, d, J 6.7 Hz); [α]D
20 -17.1 (c = 1.06, CHCl3); 

HRMS (ESI+): found 501.1899; C29H23F3N4OH, [M+H]+ requires 501.1897; νmax (film): 3352.7, 2924.1, 

2251.3, 1712.7, 1612.1, 1470.4, 1284.1, 1133.1; HPLC: Chiral ART Amylose-SA (with column guard), 

20% IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 12.6 min, tR (minor) = 7.5 min.  
 

 

  

 

* C16 not observed due to low signal intensity. 
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1''-Benzyl-4'-phenyl-5'-(trifluoromethyl)dispiro[indene-2,3'-pyrrolidine-2',3''-indoline]-1,2''(3H)- dione 

(5a) 

 

1a (100 mg, 0.315 mmol, 1 eq.), 4a (90.6 mg, 0.387 mmol, 1.2 eq.) and C1 (18 mg, 0.0319 mmol, 

0.1 eq.) after 1 day afforded the spirocycle (133 mg, 77 %, 85% ee, 23.0:1 d.r.) as a sandy-coloured 

solid. Crude was purified using 1:1 DCM:hexane; → 100 % DCM. 

Major δH (600 MHz, CDCl3): 7.69-7.64 (1H, m, Indanone), 7.62-7.58 (1H, m Indanone), 7.56-7.51 (2H, 

m, Indanone), 7.34 (4H, m, Ar), 7.27 (3H, m, Ar), 7.18 (1H, d, J 7.8 Hz, H3), 7.18 (2H, d, J 7.3, Ar), 7.07-

7.04 (1H, m, Ar), 6.97 (1H, t, J 7.8 Hz, H1), 6.77 (1H, t, J 7.6 Hz, H2), 6.44 (1H, d, J 7.9 Hz, H4), 5.50 (1H, 

d, J 10.6 Hz, H17), 5.37-5.30 (1H, m, H15), 5.28 (1H, d, J 13.2 Hz, H9’), 4.42 (1H, d, J 15.5 Hz, H9), 3.19 

(1H, d, J 8.7 Hz, H14); Major δC (151 MHz, CDCl3): 198.7 (C8), 195.4 (C=O), 175.5 (C=O), 143.8 (Ar), 

142.6 (Ar), 141.9 (Ar), 136.1 (Ar), 136.0 (Ar), 135.8 (Ar), 132.8 (Ar), 130.6 (C1), 129.1 (Ar), 128.8 (Ar), 

128.6 (Ar), 128.1 (Ar), 127.9 (Ar), 127.8 (Ar), 124.9 (C3), 123.7 (Ar), 123.1 (Ar), 123.0 (Ar), 122.4 (C2), 

109.5 (C4), 71.2 (C7), 71.0 (C22), 61.3 (q, JC-F 31.0 Hz, C15), 49.7 (C17), 44.5 (C9);* Major δF (564 MHz, 

CDCl3): -78.4 (3F, d, J 7.0 Hz); [α]D
20 -146.9 (c = 1.06, CHCl3); HRMS (ESI+): found 553.1722; 

C33H23F3N2O3H, [M+H]+ requires 553.1734; νmax (thin film): 3365.8, 2929.7, 2255.0, 1740.7, 1699.7, 

1610.2, 1490.9, 1349.3, 1259.8, 1133.1; HPLC: Chiral ART Amylose-SA (with column guard), 35% CHCl3-

hexane 1.0 mL/min, λ = 254 nm, tR (major) = 10.7 min, tR (minor) = 5.4 min. 

  

 

* C16 not observed due to low signal intensity. 



   
 

S44 

1''-Benzyl-4'-phenyl-5'-(trifluoromethyl)dispiro[indene-2,3'-pyrrolidine-2',3''-indoline]-1,2'',3-trione  

(5b) 

 

1a (100 mg, 0.314 mmol, 1 eq.), 4b (83mg, 0.337 mmol, 1.2 eq.) and C1 (18 mg, 0.0314 mmol, 0.1 eq.) 

after 4 days afforded the spirocycle (90 mg, 53 %, 8.0:1 d.r.) as a pale yellow solid. Crude was purified 

using 1% acetone in toluene. 

Major δH (600 MHz, CDCl3): 7.45 (1H, d, J 7.6 Hz, H3),7.40-7.30 (6H, m, Ar), 7.29-7.26 (2H, m, 

indanone), 7.23-7.16 (3H, m, Ar), 7.14 (1H, t, J 7.3 Hz, Ar) 6.97 (2H, m, indanone), 6.90 (1H, t, J 7.7 Hz, 

H1), 6.80 (1H, t, J 7.3 Hz, H2), 6.31 (1H, d, J 7.8 Hz, H4), 5.44 (1H, d, J 10.9 Hz, H17), 5.22 (1H, d, 

J 15.3 Hz, H9’), 4.74 (1H, m, H15), 4.27 (1H, d, J 15.5 Hz, H9), 3.48 (1H, d, J 16.5 Hz, H30’), 3.10 (1H, d, 

J 16.4 Hz, H30), 2.75 (1H, s, H14); Major δC (151 MHz, CDCl3): 201.3 (C23), 177.5 (C8), 151.2 (Ar), 143.9 

(C10), 136.3 (Ar), 135.8 (Ar), 134.8 (Ar), 134.5 (C10), 130.0 (Ar), 129.5 (C1), 128.8 (Ar), 128.5 (Ar), 

127.9 (Ar), 127.7 (Ar), 127.2 (Ar), 126.3 (Ar), 125.6 (Ar), 125.1 (Ar), 124.4 (C3), 123.6 (Ar), 121.7 (C2), 

109.1 (C4), 73.5 (C7), 68.5 (C22), 60.6 (q, JC-F 30.7 Hz, C15), 47.7 (C17), 44.6 (C9), 31.4 (C30);* Major δF 

(564 MHz, CDCl3): -72.4 (3F, d, J 6.5 Hz); [α]D
20 -71.4 (c = 1.01, CHCl3). HRMS (ESI+): found 539.1933; 

C33H25F3N2O2H, [M+H] + requires 539.1941; νmax (thin film): 3339.7, 2922.2, 2251.3, 1718.3, 1606.5, 

1349.3, 1278.5, 1136.8. 

The enantiomeric composition of this material could not be determined since we were unable to 

produce a racemic standard of the required diastereoisomer. All attempts to do so (DBU, 

NEt3/Schreiner’s catalyst, and an achiral cinchona-thiourea surrogate catalyst derived from 4-(2-

aminoethyl)morpholine and 3,5-bis(trifluoromethyl)phenyl isothiocyanate) gave an insufficient 

quantity of (±)-5b to allow identification of enantiomers by HPLC.  

 

* C16 not observed due to low signal intensity. 
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Its relative configuration was determined by NOESY analysis (Figure S2), and assuming the relative 

configuration of the 3 non-indanone stereocentres are identical to 5a. 

 

 

Figure S2. NOESY analysis of indanone 5b (CDCl3, 600 MHz, tmix 0.3 s). Key stereochemically consequential nOe 

signals are indicated. 
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4 HPLC data 

1-Benzyl-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3a) 

 

Conditions: Chiral ART Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.8 min, tR (minor) = 10.5 min.  

50 mg scale asymmetric trace: 92% ee 
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Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 18.4 min, tR (minor) = 9.9 min.  

250 mg scale asymmetric trace: 90% ee 
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Racemic trace 
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1-Benzyl-4'-(4-methoxyphenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3b) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.3 min, tR (minor) = 13.7 min.  

Asymmetric trace: 93% ee 
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Racemic trace 
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1-Benzyl-4'-(4-nitrophenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3c) 

 

Conditions: Chiral art Amylose-SB (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 15.0 min, tR (minor) = 12.8 min. 

Asymmetric trace: 97% ee 
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Racemic trace 
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1-Benzyl-4'-(naphthalen-2-yl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3d) 

 

Conditions: Chiral art Amylose-SB (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 11.8 min, tR (minor) = 9.4 min. 

Asymmetric trace: 87% ee 
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Racemic trace 
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1-benzyl-2-oxo-4'-(o-tolyl)-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3e) 

 

Conditions: Chiral art Amylose-SA (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 11.3 min, tR (minor) = 6.6 min. 

Asymmetric trace:  83% ee 
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Racemic traces 
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1-Benzyl-4'-(2-bromophenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3f) 

 

Conditions: Chiral art Amylose-SA (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 13.7 min, tR (minor) = 9.9 min. 

Asymmetric trace: 80% ee 
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Racemic trace 
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1-Benzyl-4'-(4-chlorophenyl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3g) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 18.7 min, tR (minor) = 16.7 min. 

Asymmetric trace: 93% ee 
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Racemic trace 
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1-Benzyl-2-oxo-5'-(trifluoromethyl)-4'-(3,4,5-trimethoxyphenyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3h) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 20.7 min, tR (minor) = 9.9 min. 

Asymmetric trace: 92% ee 
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Racemic trace 
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1-benzyl-4'-(furan-2-yl)-2-oxo-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile 

(3i) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.2 min, tR (minor) = 9.2 min. 

Asymmetric trace: 91% ee 
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Racemic trace 

 

  



   
 

S67 

(E)-1-benzyl-2-oxo-4'-styryl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3j) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 15.3 min, tR (minor) = 8.8 min. 

Asymmetric trace: 94% ee 
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Racemic trace 
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1-Methyl-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3k) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 13.3 min, tR (minor) = 8.7 min. 

Asymmetric trace: 85% ee 
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Racemic trace 
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Ethyl-1-benzyl-3'-cyano-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3'-

carboxylate (3l) 

 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 18.9 min, tR (minor) = 9.8 min. 

Asymmetric trace: 94% ee 
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Racemic trace 
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1-Benzyl-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile (3m) 

 

Conditions: Chiral ART Amylose-SB (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 13.1 min, tR (minor) = 7.6 min.  

Asymmetric trace: 89% ee 
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Racemic trace 
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1-benzyl-5-methoxy-2-oxo-4'-phenyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-

dicarbonitrile (3n) 

 

Conditions: Chiral ART Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 32.2 min, tR (minor) = 10.1 min.  

Asymmetric trace: 93% ee 
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Racemic trace 
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1-Benzyl-2-oxo-4'-phenethyl-5'-(trifluoromethyl)spiro[indoline-3,2'-pyrrolidine]-3',3'-dicarbonitrile 

(3o) 

 

Conditions: Chiral ART Amylose-SA (with column guard), 20% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 12.6 min, tR (minor) = 7.5 min.  

Asymmetric trace: 73% ee 
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Racemic trace 
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1''-benzyl-4'-phenyl-5'-(trifluoromethyl)dispiro[indene-2,3'-pyrrolidine-2',3''-indoline]-1,2'',3-trione 

(5a) 

 

Conditions: Chiral art Amylose-SA (with column guard), 35% CHCl3-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 10.7 min, tR (minor) = 5.4 min. 

Asymmetric trace: 85% ee 
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Racemic trace 
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5 Kinetic Study  

5.1 Kinetic profiling and catalyst screening experiments 

Prior to the catalyst screening, a kinetic profiling experiment was carried out with C1 (Figure SX). 

10 mol% of catalyst and 50 mol% of EtOAc (NMR standard) were added, and the reaction mixture was 

subjected to a series of 1H NMR experiments over the course of 24 h. The cyclization proceeds 

smoothly to complete conversion in around 3.5 h. The reaction mixture was then concentrated in 

vacuo, and the product then purified via prep-TLC to the obtain the ee via HPLC: Chiral art Amylose-

SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, tR (major) = 19.8 min, tR (minor) 10.5 

min.  

 

 

Figure X: Formation of spirocycle 3a (blue) and consumption of ketimine 1a (red) as a function of time. 

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), C1 (0.01 mmol), CD2Cl2 (1 mL), ethyl acetate (0.05 mmol). 
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Catalysts C2-C5 the remaining 4 catalysts were screened by the same procedure and subjected to a 

series of 1H NMR experiments to compare the activity and ee from each catalyst (Scheme S1 and 

Figure S3). All catalysts screened led to a reduction in ee and d.r. relative to C1.  

 

Scheme S1. [a] Reaction conditions: 108 (0.1 mmol), 111 (0.15 mmol), catalyst (0.01 mmol), CD2Cl2 (1 mL), 

ethyl acetate1/triisopropylbenzene2 (0.05 mmol); *Plus NEt3 (0.01 mmol). 

Internal standards were used to quantitatively measure the conversion and yield. (Figure S3). These 

indicate that the most active catalyst is C4,* for which complete consumption of starting material was 

observed after ~30 min. However, this high reactivity was not mirrored in stereoselectivity: the major 

diastereomer was formed in 54% yield and -41% ee, and the d.r. was a mere 3:2. Squaramide catalysts 

C2 and C3 proved to be poor catalysts in terms of both conversion and stereoselectivity. The poor 

conversion may be attributed in part to their observed low solubilities in CD2Cl2. C2 formed product 

slowly, ultimately reaching 72% yield after 25 h, while C3 yielded no product at all. Lastly guanidine-

 

* Used alongside NEt3 as co-catalyst. No product formation was observed after 16 h when NEt3 was added in the 
absence of the thiourea. 
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based catalyst (C5) catalysed the spiro-annulation slowly, and gave minimal diastereocontrol (1.2:1 

d.r.). The major diastereomer was formed in 28% yield after 26 h, in 46% ee. 

 

Figure S3: Formation of spirocycle 125 with each catalyst. Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 

catalyst (0.01 mmol), CD2Cl2 (1 mL), internal standards: ethyl acetate or triisopropylbenzene (0.05 mmol). Solid 

lines indicate NMR concentration of the major diastereomer (3amaj), dashed lines indicate NMR concentration 

of the starting material (1a).  
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5.2 HPLCs Traces for Catalyst Screen 

Catalyst C1 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.4 min, tR (minor) = 10.4 min. 
Asymmetric trace: 92% ee 
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Catalyst C2 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.4 min, tR (minor) = 10.4 min.  
Asymmetric trace: 38% ee 
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Catalyst C4 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.3 min, tR (minor) = 10.3 min. 

Asymmetric trace: -41% ee 
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Catalyst C5 

Conditions: Chiral art Amylose-SA (with column guard), 15% IPA-hexane 1.0 mL/min, λ = 254 nm, 

tR (major) = 19.3 min, tR (minor) = 10.3 min. 

Asymmetric trace: 43% ee 
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6 X-ray Crystallography 

6.1 Single Crystal Data for (–)-3dmaj (CCDC 2103731) 

  

Crystal data 

Chemical formula C31H21F3N4O 

Mr 522.52 

Crystal system, space group Monoclinic, P21 

Temperature (K) 150 

a, b, c (Å) 11.6334 (6), 6.6182 (4), 16.7064 (9) 

β (°) 91.462 (5) 

V (Å3) 1285.84 (12) 

Z 2 

Radiation type Cu Kα 

µ (mm−1) 0.82 

Crystal size (mm) 0.24 × 0.16 × 0.16 

Data collection 

Diffractometer Oxford Diffraction SuperNova 

Absorption correction Multi-scan  

CrysAlis PRO (Rigaku Oxford Diffraction, 2017) 

Tmin, Tmax 0.59, 0.88 

No. of measured, independent and 

observed [I > 2.0σ(I)] reflections 

39351, 4910, 4258  

Rint 0.108 

(sin θ/λ)max (Å−1) 0.625 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.108, 0.354, 1.62 

No. of reflections 4910 

No. of parameters 408 

No. of restraints 127 

H-atom treatment H-atom parameters not refined 

Δρmax, Δρmin (e Å−3) 1.52, −0.66 

Absolute structure Parsons, Flack & Wagner (2013), 1925 Friedel Pairs 

Absolute structure parameter 0.11 (7) 
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6.2 Single Crystal Data for (–)-3lmaj (CCDC 2114148) 

 

 

 

Crystal data 

Chemical formula C29H24F3N3O3 

Mr 519.51 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 100 

a, b, c (Å) 11.84750 (1), 13.54710 (1), 15.256700 (14) 

V (Å3) 2448.69 (1) 

Z 4 

Radiation type Cu Kα 

µ (mm−1) 0.91 

Crystal size (mm) 0.36 × 0.28 × 0.24 

Data collection 

Diffractometer 

Absorption correction Multi-scan 

CrysAlis PRO (Rigaku Oxford Diffraction, 2017) 
 

Tmin, Tmax 0.55, 0.80 

No. of measured, independent and 
 

observed [I > 2.0σ(I)] reflections 22989, 4737, 4681 

Rint 0.000 

(sin θ/λ)max (Å−1) 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.026, 0.064, 0.94 

No. of reflections 4737 

No. of parameters 344 

H-atom treatment H-atom parameters not refined 

Δρmax, Δρmin (e Å−3) 0.28, −0.31 

Absolute structure Parsons, Flack & Wagner (2013), 2037 Friedel Pairs 

Absolute structure parameter 0.04 (3) 
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6.3 Single Crystal Data for (±)-5a (CCDC 2103730) 

 

 

Crystal data 

Chemical formula C33H23F3N2O3 

Mr 552.53 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 9.52763 (10), 22.8402 (2), 12.17728 (14) 

β (°) 95.6178 (10) 

V (Å3) 2637.20 (5) 

Z 4 

Radiation type Cu Kα 

µ (mm−1) 0.87 

Crystal size (mm) 0.26 × 0.14 × 0.12 

Data collection 

Diffractometer Oxford Diffraction SuperNova 

Absorption correction Multi-scan  

CrysAlis PRO (Rigaku Oxford Diffraction, 2017) 

Tmin, Tmax 0.89, 0.90 

No. of measured, independent 

and 

observed [I > 2.0σ(I)] 

reflections 

15149, 5075, 4646  

Rint 0.069 

(sin θ/λ)max (Å−1) 0.615 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.046, 0.123, 1.00 

No. of reflections 5074 

No. of parameters 374 

No. of restraints 4 

H-atom treatment H atoms treated by a mixture of independent and constrained 

refinement 

Δρmax, Δρmin (e Å−3) 0.28, −0.33 
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7 NMR spectra  
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13C NMR 

151 MHz 

CDCl3 



   
 

S174 

 

  

3e 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S175 

  

3f 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 



   
 

S176 

  

3f 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S177 

  

3f 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S178 

  

3g 

Major diastereomer 

1H NMR 

400 MHz 

CDCl3 



   
 

S179 

  

3g 

Major diastereomer 

13C NMR 

101 MHz 

CDCl3 

 



   
 

S180 

  

3g 

Major diastereomer 

19F NMR 

376 MHz 

CDCl3 



   
 

S181 

  

3h 

Major diastereomer 

1H NMR 

400 MHz 

CDCl3 



   
 

S182 

  

3h 

Major diastereomer 

13C NMR 

101 MHz 

CDCl3 

 



   
 

S183 

    

3h 

Major diastereomer 

19F NMR 

376 MHz 

CDCl3 



   
 

S184 

  

3i 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 



   
 

S185 

  

3i 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S186 

  

3i 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S187 

  

3j 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 



   
 

S188 

  

3j 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S189 

  

3j 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S190 

  

3k 

Major diastereomer 

1H NMR 

400 MHz 

CDCl3 



   
 

S191 

  

3k 

Minor diastereomer 

(Purified to ~1:1 
mixture with major; 
peaks corresponding to 
minor diastereomer 
integrated) 

1H NMR 

400 MHz 

CDCl3 



   
 

S192 

  

3k 

Major diastereomer 

13C NMR 

101 MHz 

CDCl3 

 



   
 

S193 

  

3k 

Minor diastereomer 

(Purified to ~1:1 mixture 
with major; peaks 
corresponding to minor 
diastereomer indicated) 

13C NMR 

101 MHz 

CDCl3 

 



   
 

S194 

  

3k 

Major diastereomer 

19F NMR 

376 MHz 

CDCl3 



   
 

S195 

  

3k 

Both diastereomers 

(Purified to ~1:1 
mixture with major; 
peak corresponding to 
minor diastereomer 
indicated) 

19F NMR 

376 MHz 

CDCl3 



   
 

S196 

  

3l 

Major diastereomer 

1H NMR 

400 MHz 

CDCl3 



   
 

S197 

  

3l 

Minor diastereomer 

1H NMR 

400 MHz 

CDCl3 



   
 

S198 

  

3l 

Both diastereomers 

13C NMR 

101 MHz 

CDCl3 

 



   
 

S199 

  

3l 

Both diastereomers 

19F NMR 

376 MHz 

CDCl3 

 



   
 

S200 

  

3m 

Peaks picked for major 

diastereomer 

1H NMR 

600 MHz 

CDCl3 

 



   
 

S201 

  

3m 

Peaks picked for minor 

diastereomer 

1H NMR 

600 MHz 

CDCl3 

 



   
 

S202 

  

3m 

Both diastereomers 

13C NMR 

151 MHz 

CDCl3 



   
 

S203 

  

3m 

Both diastereomers 

19F NMR 

564 MHz 

CDCl3 



   
 

S204 

  

3n 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 

 



   
 

S205 

3n 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S206 

  

3n 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S207 

3o 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 

 



   
 

S208 

3o 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S209 

  

3o 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S210 

  

5a 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 



   
 

S211 

  

5a 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S212 

  

5a 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S213 

  

5b 

Major diastereomer 

1H NMR 

600 MHz 

CDCl3 



   
 

S214 

  

5b 

Major diastereomer 

13C NMR 

151 MHz 

CDCl3 



   
 

S215 

  

5b 

Major diastereomer 

19F NMR 

564 MHz 

CDCl3 



   
 

S216 
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