Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Isothiourea-mediated asymmetric Michael-lactonisation of trifluoromethylenones: a synthetic and

mechanistic study

Louis C. Morrill," James Douglas,” Tomas Lebl," Alexandra M. Z. Slawin,” David J. Fox,”" and Andrew D.

Smith “*

a. EaStCHEM, School of Chemistry, University of St Andrews, North Haugh, St Andrews, KY16 9ST, UK.

b. Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry, CV7 44L, UK.

e-mail: ads10@st-andrews.ac.uk, lem56@st-andrews.ac.uk

SUPPORTING INFORMATION

Contents

1.1 General information

1.2 General experimental procedures

1.3 Reaction optimisation

1.4 Improved synthesis of HBTM-2.1

1.5 Synthesis of starting materials - DHPB and trifluoromethylenones
1.6 Examples — acid and enone variation

1.7 Product derivatisations

1.8 NMR analysis

1.9 Mechanistic and Kinetic studies

1.10 References and notes

Appendix I: '"H and *C NMR Spectra for Novel Compounds and HPLC data

S1

S2
S3
S4
Sé6
S9
S16
S39
S53
S56
S68



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

1.1 General information

Reactions involving moisture sensitive reagents were carried out under an argon atmosphere using standard
vacuum line techniques in addition to freshly distilled solvents. All glassware used was flame dried and cooled
under vacuum.

Solvents (THF, CH,Cl,, toluene, hexane and Et,0) were obtained anhydrous and purified by an alumina column
(Mbraun SPS-800). Petrol is defined as petroleum ether 40-60 °C. All other solvents and commercial reagents
were used as supplied without further purification unless stated otherwise.

Room temperature (rt) refers to 20-25 °C. Temperatures of 0 °C and -78 °C were obtained using ice/water and
COy(s)/acetone baths respectively. Temperatures of 0 °C to -50 °C for overnight reactions were obtained using
an immersion cooler (HAAKE EK 90). Reflux conditions were obtained using an oil bath equipped with a
contact thermometer. /n vacuo refers to the use of a Biichi Rotavapor R-2000 rotary evaporator with a
Vacubrand CVC, vacuum controller or a Heidolph Laborota 4001 rotary evaporator with a vacuum controller.
Analytical thin layer chromatography was performed on pre-coated aluminium plates (Kieselgel 60 F,s4 silica).
TLC visualisation was carried out with ultraviolet light (254 nm), followed by staining with a 1% aqueous
KMnOy solution. Flash column chromatography was performed on Kieselgel 60 silica in the solvent system
stated.

'H and "*C nuclear magnetic resonance (NMR) spectra were acquired on either a Bruker Avance 300 (300 MHz,
'H, 75 MHz "C), Bruker Avance II 400 (400 MHz, 'H, 100 MHz “*C) or a Bruker Avance II 400 (500 MHz,
'H, 125 MHz "C) spectrometer at ambient temperature in the deuterated solvent stated. All chemical shifts are
quoted in parts per million (ppm) relative to the residual solvent as the internal standard. All coupling constants,
J, are quoted in Hz. Multiplicities are indicated by: s (singlet), d (doublet), t (triplet), q (quartet), ABq (AB
quartet), sept (septet), oct (octet), m (multiplet), dd (doublet of doublets), ddd (doublet of doublet of doublets, dt
(doublet of triplets) and td (triplet of doublets). The abbreviation Ar is used to denote aromatic, br to denote
broad and app. to denote apparent.

Infrared spectra (vma,x) were recorded on a Perkin-Elmer Spectrum GX FT-IR spectrometer using either thin
films on NacCl plates or KBr discs. Only the characteristic peaks are quoted. Melting points were recorded on an
Electrothermal apparatus and are uncorrected.

HPLC analyses were obtained on two separate machines; a Gilson HPLC consisting of a Gilson 305 pump,
Gilson 306 pump, Gilson 811C dynamic mixer, Gilson 805 manometric module, Gilson 401C dilutor, Gilson
213XL sample injector and sample detection was performed with a Gilson 118 UV/vis detector while the
temperature was assumed to be 20 °C; a Shimadzu HPLC consisting of a DGU-20AS5 degasser, LC-20AT liquid
chromatograph, SIL-20AHT autosampler, CMB-20A communications bus module, SPD-M20A diode array
detector and a CTO-20A column oven which allowed the temperature to be set from 25-40 °C. Separation was
achieved using Chiralcel OD-H and OJ-H columns or Chiralpak AD-H, AS-H, IA, IB, IC and ID columns.

Mass spectrometry (m/z) data were acquired by electrospray ionisation (ES), electron impact (EI) or nanospray
ionisation (NSI) either at the University of St Andrews or the EPSRC National Mass Spectrometry Service

Centre, Swansea. At the University of St Andrews, low and high resolution ESI MS were carried out on a
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Micromass LCT spectrometer. At the EPSRC National Mass Spectrometry Service Centre, low resolution NSI
MS was carried out on a Micromass Quattro II spectrometer and high resolution NSI MS on a Thermofisher
LTQ Orbitrap XL spectrometer.

Optical rotations were measured on a Perkin Elmer Precisely/Model-341 polarimeter operating at the sodium D

line with a 100 mm path cell.

1.2 General Experimental procedures

General procedure A: Formation of trifluoromethyl enones.

Following the procedure outlined by Zhang et al.,* to a solution of diisopropylamine (2 equiv.) in THF was
added nBuLi (2.5M in hexanes, 2 equiv.) at -78 °C and the solution was allowed to stir for 20 minutes. Diethyl
methylphosphonate (1 equiv.) was added at -78 °C followed by a further 30 minutes of stirring. (2)-2,2,2-
trifluoro-N-phenylacetimidoyl chloride (1 equiv) was then added slowly followed by stirring at -78 °C for 1 h.
A solution of the requisite aldehyde (1 equiv) in THF was then added dropwise at -78 °C. The reaction mixture
was then warmed to rt over 2 h and stirred for 16 h. 2 M HCI (4 equiv.) was added and the reaction mixture was
stirred for a further 4 h before being extracted with diethyl ether (x 3). The combined organic extracts were
washed with sat. aq. NaHCOs, brine, dried (MgSO,), filtered and concentrated in vacuo to give the crude

reaction mixture.

General procedure B: Michael addition-lactonization with DHPB (Racemic Protocol).

To a solution of acid (1 equiv.) in DCM (~1 mL per 0.2 mmol of acid) were added DIPEA (1.5 equiv.) and
pivaloyl chloride (1.5 equiv.) at 0 °C. The reaction mixture was allowed to stir at 0 °C for 20 minutes. The
requisite Michael acceptor (1 equiv.), Lewis base (1-20 mol%) and DIPEA (2.5 equiv.) were then added in that
order at the required temperature. The reaction mixture was stirred at the required temperature until complete by
TLC and was subsequently quenched by addition of 1M HCIL. Once warmed to rt, the reaction mixture was
poured into water and extracted twice with CH,Cl,. The combined organics were dried (MgSO,), filtered and

concentrated in vacuo to give the crude reaction mixture.

General procedure C: Michael addition-lactonization with chiral isothioureas (Asymmetric Protocol).

To a solution of acid (1 equiv.) in DCM (~1 mL per 0.2 mmol of acid) were added DIPEA (1.5 equiv.) and
pivaloyl chloride (1.5 equiv.) at 0 °C. The reaction mixture was allowed to stir at 0 °C for 20 minutes. The
requisite Lewis base (1-20 mol%), Michael acceptor (1 equiv.) and DIPEA (2.5 equiv.) were then added in that
order at the required temperature. The reaction mixture was stirred at the required temperature until complete by
TLC and was subsequently quenched by addition of 1M HCI. Once warmed to rt, the reaction mixture was
poured into water and extracted twice with CH,Cl,. The combined organics were dried (MgSO,), filtered and

concentrated in vacuo to give the crude reaction mixture.
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General procedure D: LiAIH, Mediated Rearrangements.

To a solution of lactone (1 equiv.) in THF at rt was added 2M LiAlH, in THF (4 equiv.) and the reaction
mixture was allowed to stir for 10 minutes at rt. The reaction mixture was quenched by addition of sat. aq.
NaHCO; and extracted with diethyl ether (x 3). The combined organic extracts were dried (MgSO,), filtered

and concentrated in vacuo to give crude the crude reaction mixture.

1.3 Reaction Optimisation
Optimisation studies on compound 3

3,4-diphenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, phenyl acetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 30 minutes at rt gave crude lactone (£)-3 (86:14 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (+)-3 (96:4 dr) as a white solid (41.9
mg, 66%); mp 90-92 °C; vimax (KBr) 3084, 3032, 2962 (C-H), 1774 (C=0), 1702, 1606, 5y (300 MHz, CDCl;)
3.89 (1H, d, J 8.8, C(3)H), 3.92-3.98 (1H, m, C(4)H), 6.06 (1H, d, J 3.5, C(5)H), 6.94-6.96 (2H, m, ArH), 6.99-
7.03 (2H, m, ArH), 7.17-7.24 (6H, m, ArH); 3¢ (100 MHz, CDCls) 44.8 (C(4)), 52.8 (C(3)), 110.7 (q, J 3.5,
C(5)), 118.5 (q, J 270, CF3), 127.4 (4rC), 128.1 (4rC), 128.2 (4rC), 128.3 (ArC), 128.9 (4rC), 129.2 (4rC),
135.1 (4ry ArC), 138.8 (4ry ArC), 140.9 (q, J 38, C(6)), 165.8 (C(2)); d¢ (282 MHz, CDCL;) -72.6 (CF3); m/z
(NSI") 336 ([IM+NH,4]", 100%); HRMS (NSI") C3H,7F;NO," ([M+NH,]") requires 336.1206; found 336.1205 (-
0.3 ppm).

Asymmetric Catalyst Screen:

All reactions for 15 minutes at rt.

(-)-Tetramisole hydrochloride 4 (4.82 mg, 0.02 mmol, 10 mol%) gave crude lactone (3S5,4S)-3 (87:13 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (35,45)-3 (97:3 dr) as a white solid
(38.6 mg, 61%); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min”, 211 nm) tz(3R,4R): 10.6
min, tr(35,4S): 12.0 min, 89% ee.

Benzotetramisole (2R)-5 (5.04 mg, 0.02 mmol, 10 mol%) gave crude lactone (35,45)-3 (82:18 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (35,45)-3 (95:5 dr) as a white solid
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(48.5 mg, 76%); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 10.5
min, tr(35,4S): 11.7 min, 77% ee.

Ph/i-Pr isothiourea catalyst (2S,3R)-6 (6.17 mg, 0.02 mmol, 10 mol%) gave crude lactone (3R,4R)-3 (85:15 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (3R,4R)-3 (97:3 dr) as a white solid
(46.3 mg, 73%); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min™', 211 nm) tz(3R,4R): 10.6
min, tr(35,4S): 11.8 min, 95% ee.

Temperature Screen:

All reactions with Ph/i-Pr isothiourea catalyst (25,3R)-6 (6.17 mg, 0.02 mmol, 10 mol%)

Reaction for 3 h at -30 °C gave crude lactone (3R,4R)-3 (86:14 dr). Chromatographic purification (eluent
Et,O:petrol 3.5:96.5) gave lactone (3R,4R)-3 (97:3 dr) as a white solid (50.1 mg, 79%); Chiral HPLC Chiralpak
AD-H (5% IPA:hexane, flow rate I mL min™, 211 nm) tg(3R,4R): 11.0 min, tg(3S,45): 12.4 min, 96% ee.

Reaction for 4 h at -78 °C gave crude lactone (3R,4R)-3 (90:10 dr). Chromatographic purification (eluent
Et,O:petrol 3.5:96.5) gave lactone (3R,4R)-3 (98:2 dr) as a white solid (52.5 mg, 83%); Chiral HPLC Chiralpak
AD-H (5% IPA:hexane, flow rate 1 mL min, 211 nm) tg(3R,4R): 10.8 min, tz(3S,45): 12.1 min, 99% ee.

Catalyst Loading Screen:
All reactions at -78 °C for 16 h.

Ph/i-Pr isothiourea catalyst (2S5,3R)-6 (3.09 mg, 0.01 mmol, 5 mol%) gave crude lactone (3R,4R)-3 (90:10 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (3R,4R)-3 (98:2 dr) as a white solid
(50.8 mg, 80%); [a]p™ -227.2 (¢ 0.25, CH,CL); Major diastereoisomer: Chiral HPLC Chiralpak AD-H (5%
IPA:hexane, flow rate 1 mL min”, 211 nm) tg(3R,4R): 11.0 min, tx(3S,4S): 12.3 min, 99% ee. Minor
diastereoisomer: Chiral HPLC Chiralpak IB (5% IPA:hexane, flow rate 1 mL min™, 211 nm, 30 °C) tx(3S,4R):
6.4 min, tr(3R,4S5): 9.0 min, 99% ee.

Ph/i-Pr isothiourea catalyst (2S,3R)-6 (1.23 mg, 0.004 mmol, 2 mol%) gave crude lactone (3R,4R)-3 (90:10 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (3R,4R)-3 (98:2 dr) as a white solid
(50.5 mg, 79%); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min”, 211 nm) t(3R,4R): 11.5
min, tr(35,4S): 12.9 min, 99% ee.

Ph/i-Pr isothiourea catalyst (2S,3R)-6 (0.62 mg, 0.002 mmol, 1 mol%) gave crude lactone (3R,4R)-3 (90:10 dr).
Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (3R,4R)-3 (98:2 dr) as a white solid
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(50.2 mg, 79%); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min”, 211 nm) tx(3R,4R): 11.3
min, tr(35,4S): 12.6 min, 99% ee.

1.4 Improved synthesis of HBTM-2.1

tert-butyl (phenyl(phenylsulfonyl)methyl)carbamate
NHBoc

SO,Ph

(+)-68

Following the method described by List ez al.,” to a stirred solution of fert-butyl carbamate (60.0 g, 0.51 mol) in
THF (225 mL) in a 2 L three neck round bottom flask equipped with an overhead stirrer was added water (450
mL), sodium benzenesulfinate (92.3 g, 0.52 mol), benzaldehyde (53.2 mL. 0.52 mmol) and formic acid (110
mL, 2.92 mol). The reaction mixture was stirred for 24 h at rt. The resulting precipitate was filtered and washed
with water (200 mL) followed by hexane/CH,Cl, (91/9) (2 x 200 mL). Stirring the combined liquors from
filtration and the water wash for a further 24 h provided a second, smaller quantity of solid. The combined
solids were dried in an oven at 90 °C until a constant weight was obtained, giving sulfone (+)-68 as a white
solid (138 g, 78%); mp 164-165 °C (hexane/CH,Cl,); {lit.” mp 153-154 °C (hexane/CH,Cl,)}; 8y (300 MHz, dg-
DMSO) 1.18 (9H, s, C(CH5)3), 6.02 (1H, d, J 10.7, CH), 7.39-7.43 (3H, m, ArH), 7.61-7.66 (4H, m, ArH), 7.73
(1H,t,J 7.4, ArH), 7.85-7.87 (2H, m, ArH) 8.73 (1H, d, J 10.7, NH).

tert-butyl benzylidenecarbamate
NBoc

7

To a stirred solution of potassium carbonate (397 g, 2.88 mol) in water (2.06 L) in a 5 L three neck round
bottom flask equipped with an overhead stirrer was added a slurry of sulfone (+)-68a in CH,Cl, (1.20 L). The
biphasic reaction mixture was stirred at rt for 2.5 h then separated. The aqueous phase was extracted with
CH,CI;, (2% 200 mL), the organic portions combined, dried with MgSQ,, filtered and concentrated in vacuo.
Further drying at 2 mbar for 2 h provided imine 7 as a colorless oil (58.0 g, 98%); dx (300 MHz, (CD;),CO)
1.54 (9H, s, C(CHs)3), 7.54-7.57 (2H, m, ArH), 7.62-7.64 (1H, m, ArH), 7.94-7.97 (2H, m, ArH), 8.80 (1H, s,
CH).

tert-butyl ((18,25)-2-formyl-3-methyl-1-phenylbutyl)carbamate
BocHN O

(15,2S)-9
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Following the method described by List ef al.,’ to a stirred solution of imine 7 (58.0 g, 0.28 mol) in CH;CN
(2.50 L) in a flame dried 5 L three neck round bottom flask equipped with an overhead stirrer under argon was
added isovaleraldehyde (59.3 mL, 0.57 mol). The resulting solution was cooled to 0 °C in an ice/brine bath. (S)-
proline (6.51 g, 565 mmol) was added and the reaction mixture was stirred for 14 h at 0 °C before warming to
rt. Water (800 mL), Et,O (500 mL) and brine (100 mL) was added and the organic layer was separated. The
aqueous layer was extracted with Et;0 (2 x 200 mL). The organic extracts were combined, dried (MgSQ,),
filtered and concentrated in vacuo. Trituration of the resulting solid with hexane (2 x 300 mL) gave aldehyde
(15,25)-9 (>99:1 dr) as a white solid (77.9 g, 94%); mp 142-146 °C (hexane); {1it.9 mp 141-142 °C (hexane)};
[a]*p —66.7 (¢ 1.0 in CHCly); {lit.’ [a]*’p —70.9 (c 0.81 in CHCl5)}; 8y (300 MHz, CDCl;) 1.03 (3H, d, J 6.9,
CHs), 1.14 (3H, d, J 6.9, CH;), 1.41 (9H, s, C(CH3)3), 2.08-2.13 (1H, m, C(3)H), 2.47-2.51 (1H, m, C(2)H),
4.91-5.11 (2H, m, C(1)H and NH), 7.23-7.35 (5H, m, ArH), 9.50 (1H, d, J 4.3, C(O)H); Chiral HPLC Chiralcel
OD-H (2% IPA:hexane, flow rate 1 mL min™, 220 nm, 30 °C) tr(3R,4R): 8.19 min, tr(3S5,4S): 9.43 min, >99%

ee

tert-butyl ((15,25)-2-(hydroxymethyl)-3-methyl-1-phenylbutyl)carbamate
NHBoc

OH

(1S,25)-69
Following a slightly modified method of that described by Smith ef al.,' to a slurry of aldehyde (1S,25)-9
(77.0g, 0.26 mmol) in methanol (1.50 L) at 2 °C in a 3 L three neck round bottom flask equipped with an
overhead stirrer was added NaBH, (15.0 g 0.40 mol) portion wise over 30 mins and the reaction mixture was
left to stir for 1 h at rt. Saturated aqueous NaHCO; was added (100 mL) drop wise over 10 mins forming a
white precipitate. The methanol was removed in vacuo and water (1.00 L) and CH,Cl, (750 mL) was added.
The layers were separated and the aqueous layer was extracted with CH,Cl, (2 x 250 mL). The organic extracts
were combined, dried (MgSO,), filtered and concentrated in vacuo and dried for 2 h at 2 mbar to give alcohol
(15,25)-69 as a white solid (67.3 g, 87%); mp 92-94 °C; {lit."” mp 106-108 °C}; [a]*’p 26.4 (¢ 1.0 in CHCLy);
{1it." [a]*’p —26.7 (¢ 0.7 in CHCl3)}; &y (400 MHz, CDCls) 0.85 (3H, d, J 6.9, CHs), 1.00 (3H, d, J 6.4, CHs),
1.42 (9H, s, C(CHs)3), 1.71-1.87 (3H, m, C(2)H, C(3)H), 3.51 (1H, dd, J 11.5, 8.7 CHH), 3.67-3.69 (1H, m,
CHH), 5.00 (1H, br s, C(1)H), 5.51-5.53 (1H, d, J 8.7, NH), 7.24-7.37 (5H, m, ArH).

(S)-2-((S)-amino(phenyl)methyl)-3-methylbutan-1-ol hydrochloride
NH, HCI

OH

(1S8,25)-10
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To a slurry of alcohol (15,25)-69 (67.0 g, 0.23 mol) in dioxane (200 mL) was added 4M HCI in dioxane (285
mL, 1.14 mol) drop wise over 30 mins and the reaction mixture was left to stir for 12 h at rt. 150 mL of dioxane
was removed in vacuo and the solution cooled to 15 °C to precipitate a white solid. Et,O (100 mL) was added
and the precipitate was filtered, washed with Et,O (2 x 200 mL) and the resulting white solid dried (15 mbar, 45
°C) for 2 h to give amino alcohol (15,25)-10 as a white solid (41.5 g, 79%); mp 142-144 °C; {lit."” mp 168-170
°C}; [a]™p —25.0 (¢ 1.0 in CH;0H); {lit." [a]*’p —22.9 (¢ 0.98 in CH;0H)}; &y (300 MHz, CD;0D) 0.83 (3H,
d,J 6.8, CHs), 1.14 3H, d, J 6.7, CH;), 1.54 (1H, dq, J 13.7, 6.8, C(3)H), 2.00-2.09 (1H, m, C(2)H), 3.48 (1H,
app. td, J 10.5, 9.8, CHH), 3.75 (1H, dd, J 10.7, 4.6, CHH), 4.58 (1H, d, J 4.2 CHN), 7.40-7.55 (5H, m, ArH).

(5)-2-((S)-(benzo[d] thiazol-2-ylamino)(phenyl)methyl)-3-methylbutan-1-ol

Ph™" N7 TS
H
(18,25)-12

To a slurry of (15,25)-10 (41.0 g, 0.178 mol) in chlorobenzene (250 mL) was added iPr,NEt (121 mL, 0.696
mol), 2-chlorobenzothiazole (24.6 mL, 0.189 mol) and the mixture heated to reflux for 70 h. The reaction
mixture was cooled to rt, washed with water (2 x 200 mL), dried (MgSO,), filtered and concentrated in vacuo.
The resulting solid was stirred in hexane (250 mL) for 15 mins, filtered and dried at 2 mbar for 2 h to provide
alcohol (1S,25)-12 as a white solid (51.8 g, 89%); mp 136-139 °C; {lit.'"" mp 137-139 °C}; [a]*’p =52.3 (¢ 1.0 in
CHCLy); {lit." [a]*p —54.8 (¢ 0.5 in CHCl3)}; &y (300 MHz, CDCls) 0.84 (3H, d, J 6.8, CHs), 1.16 (3H, d, J
6.8, CH3), 1.65-1.72 (1H, m, C(3)H), 2.17-2.23 (1H, m, C(2)H), 3.70 (1H, app. t, J 10.5, CHH), 3.96 (1H, dd, J
10.8, 3.9, CHH), 4.96 (1H, d, J 3.76 CHN), 7.03-7.09 (1H, m, ArH), 7.25-7.39 (4H, m, ArH), 7.45 (1H, app d,
J 8.0, ArH), 7.53-7.55 (3H, m, ArH).

(28,3R)-3-isopropyl-2-phenyl-3,4-dihydro-2 H-benzo[4,5]thiazolo[3,2-a]pyrimidine

(2S,3R)-6
To a solution of alcohol (15,25)-12 (50.0 g, 0.15 mol) and Et;N (64.0 mL, 0.46 mol) in anhydrous CH,Cl, (1.00
L) at 5 °C under argon was added methanesulfonylchloride (17.8 mL, 0.23 mol) over 10 mins and the solution
allowed to warm to rt. The solution was stirred for 1.5 h at which time NMR spectroscopic analysis indicated
the consumption of alcohol (1S5,25)-53. Methanol (50 mL) was added followed by Et;N (64.0 mL, 0.46 mol)
and the solution heated to reflux for 1.5 h at which time NMR spectroscopic analysis indicated the formation of
isothiourea (2S5,3R)-6. The solution was cooled to rt, washed with water (2 x 400 mL) dried (MgSO,), filtered
and concentrated in vacuo. The crude light brown solid was suspended in EtOAc (250 mL) and heated to reflux

for 5 mins causing partial dissolution of the crude solid. Upon cooling to rt and stirring for 1 h, the slurry was
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cooled to 0 °C in a ice/water bath for a further 15 mins then filtered to provide a white solid. The solid was
dried at 2 mbar for 5 h to give isothiourea (25,3R)-6 as a colorless crystalline solid (40.2 g, 85%); C1oH2oN2S
requires C, 74.07; H, 6.68; N, 9.03%; found C, 74.13; H, 6.61; N, 9.02%; mp 189-190 °C; {1it.10 mp 136-138
°C}; [a]*p +355.0 (¢ 1.0 in CHCLy); {lit." [a]*’p +288.4 (c 0.5 in CHCl3)}; 8y (300 MHz, CDCl5) 0.89 (3H, d,
J 6.6, CHs), 1.18 (3H, d, J 6.4, CH3), 1.30-1.42 (1H, m, CH(CH3),), 1.95-2.05 (1H, m, C(2)H), 3.40 (1H, app. t,
J11.5,CHH), 3.93 (1H, ddd, J 11.6, 5.2, 1.7, CHH), 4.97 (1H, dd, J 4.4, 1.5, C(3)H), 6.86 (1H, d, J 7.9, ArH),
7.08 (1H, td, J 7.6, 1.0, ArH), 7.24-7.40 (7H, m, ArH); Chiral HPLC Chiralpak AD-H (20% IPA:hexane, flow
rate 1 mL min™', 254 nm) tz(25,3R): 17.6 min >99% ee.

1.5 Synthesis of starting materials — DHPB and trifluoromethylenones

3-(benzo[d]thiazol-2-ylamino)propan-1-ol

70

Following the procedure described by Birman ef al,' to a sealed pressure tube was charged 2-
chlorobenzothiazole (1.02 mL, 8.00 mmol), iPr,NEt (2.11 mL, 12.0 mmol) and 3-amino-1-propanol (0.61 mL,
8.00 mmol). The tubes were purged with argon and then sealed and heated at 110 °C for 24 h. The reaction
mixture was allowed to cool to rt. Chromatographic purification (eluent /PrOH:CH,Cl, 10:90) gave alcohol 70
as a white solid (1.24 g, 80%); mp 120-122 °C; {lit." mp 123-124 °C}; 8y (400 MHz, CD;0D) 1.89 (2H,
quintet, J 6.6, CH>), 3.54 (2H, t, J 6.9, CH>), 3.69 (2H, t, J 6.2 CH,), 7.06 (1H, td, J 7.6, 1.0, ArH), 7.22-7.28
(1H, m, ArH), 7.42 (1H, dd, J 8.1, 0.6, ArH), 7.57 (1H, dd, J 7.9, 0.6, ArH).

3,4-dihydro-2H-benzo[4,5]thiazolo[3,2-a]pyrimidine (DHPB)
Crdd
N/)\S
7

Following the procedure described by Birman et al.,' to a solution of 70 (4.97 g, 25.6 mmol) in dry CH,Cl, (250
mL) at 0 °C under argon was added triethylamine (10.7 mL, 76.8 mmol) and MsCl (2.99 mL, 38.4 mmol). The
reaction mixture was allowed to stir at 0 °C for 1 h. The solution was then warmed to rt and methanol (6 mL)
was added to quench any remaining MsCl. A further portion of triethylamine (42.0 mL, 302 mmol) was added
to the solution and it was stirred at reflux overnight. The cooled reaction mixture was washed with water, dried
(MgSO0y), filtered and concentrated in vacuo. Chromatographic purification (eluent Et;N:/PrOH:CH,Cl, 1:9:89)
gave DHPB 71 as a white solid (4.41 g, 91%); mp 120-121 °C; {lit.' mp 122-123 °C}; 8y (400 MHz, CDCls)
1.95 (2H, quintet, J 5.7, CH,), 3.50 (2H, t, J 5.6, CH>), 3.70 (2H, t, J 6.1 CH,), 6.66 (1H, dd, J 8.0, 0.7, ArH),
691 (1H,td, J 7.6, 1.1, ArH), 7.11 (1H, td, J 7.6, 1.1, ArH), 7.19-7.22 (1H, m, ArH).
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(Z2)-2,2,2-trifluoro-N-phenylacetimidoyl chloride

A

\
FsC~ Cl

72

Following the procedure outlined by Tamura ef al.,” a solution of triphenylphosphine (34.6 g, 132 mmol),
triethylamine (7.39 mL, 53.0 mmol), trifluoroacetic acid (3.37 mL, 44.0 mmol) and CCly (21 mL) was stirred
for 10 minutes before aniline (4.83 mL, 53.0 mmol) was added and the reaction mixture was stirred at reflux for
3 h. The reaction mixture was then concentrated in vacuo and the residue taken up in hexane. The precipitate
was filtered and washed several times with hexane. The filtered was concentrated in vacuo and the residual oil
was purified by distillation to give imine 72 as a yellow oil (3.08 g, 34%); bp 50-52 °C (5 mmHg); {lit.> bp 55-
56 °C (11 mmHg)}; 85 (300 MHz, CDCls) 6.98-7.02 (2H, m, ArH), 7.18-7.24 (1H, m, ArH), 7.31-7.38 (2H, m,
ArH); O (282 MHz, CDCl;) -72.1 (CF3).

(E)-1,1,1-trifluoro-4-phenylbut-3-en-2-one

©/\)J\CF3

2
Following general procedure A, diisopropylamine (5.44 mL, 40 mmol) and nBuLi (2.5M in hexanes, 16 mL, 40
mmol) in THF (80 mL), diethyl methylphosphonate (2.96 mL, 20 mmol), imine 72 (4.16 g, 20 mmol) and
benzaldehyde (2.04 mL, 20 mmol) in THF (20 mL) followed by 2 M HCIl (40 mL, 80 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 5:95) gave enone 2 as a light yellow oil
(3.63 g, 91%); du (500 MHz, CDCl;) 6.96 (1H, d, J 16.0, C(3)H), 7.37-7.45 (3H, m, ArH), 7.57-7.59 (2H, m,
ArH), 791 (1H, d, J 16.0, C(4)H); 0 (470 MHz, CDCl;) -77.6 (CF5).

(E)-4-(4-bromophenyl)-1,1,1-trifluorobut-3-en-2-one
0}

/@/\)%Fg
Br

73

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 4-
bromobenzaldehyde (463 mg, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cly:petrol 3:97) gave enone 73 as a light yellow
solid (521 mg, 75%); mp 40-42 °C; {lit.> mp 56-57 °C}; &y (300 MHz, CDCls) 6.94 (1H, dd, J 16.0, 0.8
C(3)H), 7.41-7.45 (2H, m, ArH), 7.51-7.55 (2H, m, ArH), 7.83 (1H, d, J 16.0, C(4)H); d¢ (470 MHz, CDCl;) -
78.1 (CF5).
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(E)-4-(3-bromophenyl)-1,1,1-trifluorobut-3-en-2-one
O

B

74
Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 3-
bromobenzaldehyde (463 mg, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 3:97) gave enone 74 as a light yellow oil
(433 mg, 62%); Vmax (film) 3067, 2921 (C-H), 1722 (C=0), 1611, 1561; &y (400 MHz, CDCl;) 6.93 (1H, dd, J
16.0, 0.8, C(3)H), 7.26 (1H, t, J 7.9, ArH), 7.48 (1H, d, J 7.8, ArH), 7.55 (1H, ddd, J 8.0, 1.9, 1.0, ArH), 7.71
(1H, t,J 1.8, ArH), 7.80 (1H, d, J 16.0, C(4)H); 6c (100 MHz, CDCl5) 116.3 (q, J 289, CF5), 117.9 (C(3)), 123.4
(4ry ArC), 127.9 (4rC), 130.7 (4rC), 131.7 (4rC), 135.0 (ArC), 135.3 (4ry ArC), 148.2 (C(4)), 179.8 (q, J 35,
C(2)); & (376 MHz, CDCLy) -78.2 (CF3); m/z (NSI") 279 ([M+H]", 100%); HRMS (NSI") C;oH;’BrF;0"
([M+H]") requires 278.9627; found 278.9626 (-0.3 ppm).

(E)-4-(2-bromophenyl)-1,1,1-trifluorobut-3-en-2-one
Br (0]

ij/\)J\CF?,

75

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 2-
bromobenzaldehyde (0.29 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 5:95) gave enone 75 as a light yellow oil
(453 mg, 65%); Vmax (film) 3070, 2923 (C-H), 1724 (C=0), 1603, 1564; 6y (300 MHz, CDCl;) 6.89 (1H, dd, J
16.0, 0.7, C(3)H), 7.18-7.34 (2H, m, ArH), 7.62 (2H, ddd, J 15.9, 7.7, 1.7, ArH), 8.29 (1H, d, J 16.0, C(4)H); d¢
(125 MHz, CDCls) 116.3 (q, J 289, CF3), 119.1 (C(3)), 127.0 (4ry ArC), 128.0 (4rC), 128.2 (4rC), 133.0 (4rC),
133.3 (4ry 4rC), 133.9 (ArC), 148.3 (C(4)), 179.8 (q, J 36, C(2)); 8 (282 MHz, CDCl;) -78.0 (CF53); m/z (NST")
279 (IM+H]", 100%); HRMS (NSI") C,oH;"BrF;0" ([M+H]") requires 278.9627; found 278.9626 (-0.3 ppm).

(E)-1,1,1-trifluoro-4-(4-methoxyphenyl)but-3-en-2-one
O

@/\)J\cﬁ
MeO

76
Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 4-
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methoxybenzaldehyde (0.31 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5§ mL, 10 mmol) gave
crude reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 30:70) gave enone 76 as a yellow
solid (455 mg, 79%); mp 30-32 °C; {lit.° mp 35-37 °C}; &y (400 MHz, CDCl;) 3.81 (3H, s, OCHs), 6.82 (1H,
dd, J 15.8, 0.8, C(3)H), 6.87-6.90 (2H, m, ArH), 7.52-7.56 (2H, m, ArH), 7.87 (1H, d, J 15.8, C(4)H); &r (376
MHz, CDCl;) -78.0 (CF5).

(E)-1,1,1-trifluoro-4-(4-nitrophenyl)but-3-en-2-one
(@)

O,N

77

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 4-
nitrobenzaldehyde (378 mg, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 30:70) gave enone 77 as a yellow solid
(428 mg, 70%); mp 80-82 °C; {lit.* mp 98-99 °C}; &y (400 MHz, CDCls) 7.05 (1H, dd, J 16.1, 0.7, C(3)H),
7.72-7.76 (2H, m, ArH), 7.91 (1H, d, J 16.1, C(4)H), 8.23-8.26 (2H, m, ArH); dr (376 MHz, CDCl;) -78.2
(CF5).

(E)-1,1,1-trifluoro-4-(p-tolyl)but-3-en-2-one
O

WCFs
H,C

78

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 4-
methylbenzaldehyde (0.30 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cly:petrol 5:95) gave enone 78 as a light yellow
solid (476 mg, 89%); mp 30-32 °C; {lit.” mp 35 °C}; 8y (400 MHz, CDCls) 2.44 (3H, s, CH3), 7.00 (1H, dd, J
15.9, 0.7, C(3)H), 7.28-7.30 (2H, m, ArH), 7.57 (2H, d, J 8.2, ArH), 7.98 (1H, d, J 15.9, C(4)H); &r (376 MHz,
CDCl;) -78.0 (CF5).

(E)-4-(4-chlorophenyl)-1,1,1-trifluorobut-3-en-2-one
(0]

/@/\)&:Fs
Cl

79
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Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 4-
chlorobenzaldehyde (351 mg, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cly:petrol 5:95) gave enone 79 as a white solid (444
mg, 76%); mp 42-44 °C; {lit.* mp 59-61 °C}; &y (300 MHz, CDCL) 6.92 (1H, dd, J 16.0, 0.8 C(3)H), 7.34-
7.39 (2H, m, ArH), 7.49-7.54 (2H, m, ArH), 7.85 (1H, d, J 16.0, C(4)H); 8r (282 MHz, CDCl;) -78.1 (CF5).

(E)-1,1,1-trifluoro-4-(4-fluorophenyl)but-3-en-2-one
O

wCFs
F

80

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 4-
fluorobenzaldehyde (0.27 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5§ mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 5:95) gave enone 80 as a white solid (412
mg, 76%); mp 26-28 °C; {lit.* mp 48-50 °C}; &y (400 MHz, CDCl;) 6.97 (1H, d, J 16.0, C(3)H), 7.16-7.20
(2H, m, ArH), 7.67-7.70 (2H, m, ArH), 7.96 (1H, d, J 16.0, C(4)H); 8¢ (376 MHz, CDCl;) -78.1 (CF3), -106.0
(ArF).

(E)-1,1,1-trifluoro-4-(naphthalen-2-yl)but-3-en-2-one

SO

81

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 2-
naphthaldehyde (391 mg, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 5:95) gave enone 81 as a light yellow
solid (476 mg, 76%); mp 65-67 °C; {lit.* mp 62-64 °C}; &y (400 MHz, CDCly) 7.06 (1H, dd, J 15.9, 0.7,
C(3)H), 7.47-7.54 (2H, m, ArH), 7.68 (1H, dd, J 8.6, 1.7, ArH), 7.79-7.85 (3H, m, ArH), 8.01 (1H, s, ArH),
8.07 (1H, d, J 15.9, C(4)H); &r (376 MHz, CDCls) -78.0 (CF3).
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(E)-1,1,1-trifluoro-4-(naphthalen-1-yl)but-3-en-2-one

82

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and 1-
naphthaldehyde (0.34 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cly:petrol 5:95) gave enone 82 as a yellow oil (555
mg, 82%); &y (400 MHz, CDCl;) 7.08 (1H, d, J 15.7, C(3)H), 7.45-7.60 (3H, m, ArH), 7.84-7.88 (2H, m, ArH),
7.94 (1H, d, J 8.2, ArH), 8.15 (1H, d, J 8.5, ArH), 8.80 (1H, d, J 15.7, C(4)H); 8¢ (376 MHz, CDCl;) -78.0
(CF3).

(E)-1,1,1-trifluoro-4-(furan-2-yl)but-3-en-2-one

83
Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and
furfuraldehyde (0.21 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5§ mL, 10 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 10:90) gave enone 83 as a yellow oil (273
mg, 57%); 8y (300 MHz, CDCl;) 6.51 (1H, dd, J 3.5, 1.8, ArH), 6.80-6.85 (2H, m, C(3)H and ArH), 7.54-7.55
(1H, m, ArH), 7.62 (1H, d, J 15.6, C(4)H); dr (282 MHz, CDCls) -78.1 (CF3).

(E)-1,1,1-trifluoro-4-(thiophen-2-yl)but-3-en-2-one

84

Following general procedure A, diisopropylamine (0.68 mL, 5 mmol) and nBuLi (2.5M in hexanes, 2 mL, 5
mmol) in THF (10 mL), diethyl methylphosphonate (0.37 mL, 2.5 mmol), imine 72 (0.52 g, 2.5 mmol) and
thiophene-2-carbaldehyde (0.23 mL, 2.5 mmol) in THF (2.5 mL) followed by 2 M HCI (5 mL, 10 mmol) gave
crude reaction mixture. Chromatographic purification (eluent CH,Cly:petrol 10:90) gave enone 84 as a light
yellow oil (460 mg, 89%); 6u (500 MHz, CDCls) 6.71 (1H, d, J 15.6, C(3)H), 7.08 (1H, dd, J 5.0, 3.8, ArH),
7.41 (1H, d, J 3.6, ArH), 7.51 (1H, d, J 5.0, ArH), 8.00 (1H, d, J 15.6, C(4)H); 8¢ (282 MHz, CDCl;) -78.0
(CF3).
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(E)-1,1,1-trifluoronon-3-en-2-one
o}
PN .

87

3

Following general procedure A, diisopropylamine (1.36 mL, 10.0 mmol) and nBuLi (2.5M in hexanes, 4 mL,
10.0 mmol) in THF (20 mL), diethyl methylphosphonate (0.74 mL, 5.00 mmol), imine 72 (1.04 g, 5.00 mmol)
and hexanal (0.61 mL, 5.00 mmol) in THF (10 mL) followed by 2 M HCI (10 mL, 20 mmol) gave crude
reaction mixture. Chromatographic purification (eluent CH,Cl,:petrol 10:90) gave enone 87 as a light yellow oil
(740 mg, 76%); &y (500 MHz, CDCl;) 0.93 (3H, t, J 7.1, CH3), 1.33-1.37 (4H, m, 2CH,), 1.53-1.58 (2H, m,
CH,),2.36 (2H, qd, J 7.4, 1.2, CH,C=), 6.44 (1H, dd, J 15.8, 0.9, C(3)H), 7.36 (1H, dt, J 15.3, 7.4, C(4)H).

1,1,1-trifluoro-4-phenylbut-3-yn-2-one

= CFs

85

To a solution of phenylacetylene (1.00 mL, 9.12 mmol) in THF (25 mL) at -78 °C was added n-BuLi (3.65 mL,
9.12 mmol) and the reaction mixture was stirred at -78 °C for 20 minutes. A solution of ethyl trifluoroacetate
(1.09 mL, 9.12 mmol) in THF (15 mL) was added followed by boron trifluoride diethyl etherate (1.37 mL, 10.9
mmol) and the reaction mixture was stirred at -78 °C for 2 h. The reaction mixture was quenched by dropwise
addition of sat. aq. NaCl and extracted with Et;0 (x 3). The combined organic extracts were dried (MgSQOy),
filtered and concentrated in vacuo to give the crude reaction mixture. Chromatographic purification (eluent
Et,O:petrol 20:80) gave alkyne 85 as a yellow oil (1.80 g, quant.); dy (300 MHz, CDCl;) 7.36-7.41 (2H, m,
Ar(3)H), 7.48-7.54 (1H, m, Ar(4)H), 7.60-7.64 (2H, m, Ar(2)H); O (282 MHz, CDCl;) -78.3 (CF3).

(2)-1,1,1-trifluoro-4-phenylbut-3-en-2-one

Pt
O~ CF

86

3

To a solution of alkyne 85 (1.80 g, 9.10 mmol) in THF (50 mL) at rt was added 5% Palladium on calcium
carbonate (968 mg, 0.46 mmol) and hydrogen gas was bubbled through the solution using an appended balloon
for 4 h at rt. The reaction mixture was filtered through celite and the filtrate was concentrated in vacuo to give
the crude reaction mixture. Chromatographic purification (eluent 100% petrol) gave enone 86 as a light yellow
0il (730 mg, 40%); Vimax (film) 3067, 2965 (C-H), 1719 (C=0), 1593, 1568; 8y (300 MHz, CDCl;) 6.52 (1H, dd,
J12.9, 0.7, C(3)H), 7.29 (1H, d, J 12.9, C(4)H), 7.42-7.50 (3H, m, ArH), 7.87-7.91 (2H, m, Ar(2)H); 8¢ (100
MHz, CDCly) 116.3 (q, J 290, CF;), 116.7 (C(3)), 128.4 (4rC), 131.2 (4rC), 131.6 (ArC(4)), 133.7 (4ry
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ArC(1)), 151.9 (C(4)), 179.1 (q, J 34.3, C(2)); & (282 MHz, CDCl3) -79.0 (CF3); m/z (APCI") 201 ([M+H]’,
100%); HRMS (APCI") C,(HgF50" ([M+H]") requires 201.0522; found 201.0520 (-0.9 ppm).

1.6 Examples — acid and enone variation

3-(4-fluorophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

F
QJ
Ph = CF

(£)-13

3

Following general procedure B, 4-fluorophenylacetic acid (30.8 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0
mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-13 (83:17 dr).
Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (#+)-13 (>99:1 dr) as a white solid (53.6
mg, 80%); mp 79-81 °C; vmax (KBr) 3088, 2928 (C-H), 1772 (C=0), 1702, 1611, 1518; &4 (300 MHz, CDCl;)
3.83-3.94 (2H, m, C(3)H and C(4)H), 6.07 (1H, d, J 2.9, C(5)H), 6.87-6.97 (6H, m, ArH), 7.17-7.24 (3H, m,
ArH); 3¢ (100 MHz, CDCls) 44.9 (C(4)), 52.1 (C(3)), 111.0 (q, J 3.5, C(5)), 115.9 (d, J 21.5, ArC), 118.4 (q, J
270, CF;), 127.4 (4rC), 128.2 (4rC), 129.2 (4rC), 130.2 (d, J 8.2, ArC), 130.7 (d, J 3.4, 4ry ArC), 138.5 (4ry
ArC), 140.9 (q, J 38.0, C(6)), 162.3 (d, J 246, 4ry ArC), 165.7 (C(2)); 6r (282 MHz, CDCl;) -72.6 (CF5), -
114.2 (ArF); m/z (NSI') 354 ([M+NH4]", 100%); HRMS (NSI") CjsH;cFsNO," ([M+NH,]") requires 354.1112;
found 354.1115 (+0.9 ppm).

(3R,4R)-3-(4-fluorophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

F
.3
Ph? > cF

(3R,4R)-13

3

Following general procedure C, 4-fluorophenylacetic acid (30.8 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg,
0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave
crude lactone (3R,4R)-13 (90:10 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone
(BR,4R)-13 (>99:1 dr) as a white solid (54.3 mg, 81%); [a]p™ -256.0 (c 0.1, CH,Cl,); Chiral HPLC Chiralcel
OD-H (10% IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 19.2 min, tr(3S,45): 39.4 min, 99% ee.

3-(4-chlorophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one
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Following general procedure B, 4-chlorophenylacetic acid (34.1 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0
mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-14 (84:16 dr).
Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (+)-14 (>99:1 dr) as a white solid (56.0
mg, 79%); mp 91-93 °C; vmax (KBr) 3086, 3031 (C-H), 1771 (C=0), 1701, 1602; 6y (400 MHz, CDCl;) 3.84
(1H, d, J 10.2, C(3)H), 3.89-3.93 (1H, m, C(4)H), 6.06 (1H, d, J 2.8, C(5)H), 6.89-6.93 (4H, m, ArH), 7.17-7.23
(5H, m, ArH); 8¢ (100 MHz, CDCls) 44.7 (C(4)), 52.3 (C(3)), 111.1 (q, J 3.4, C(5)), 118.4 (q, J 270, CF3), 127.4
(ArQ), 128.2 (4rC), 129.1 (4rC), 129.2 (4rC), 129.9 (ArC), 133.3 (4ry ArC), 134.1 (4ry ArC), 138.4 (4ry ArC),
140.9 (q, J 38.0, C(6)), 165.5 (C(2)); 8 (376 MHz, CDCl3) -72.6 (CF3); m/z (NSI') 353 ([M+H]", 100%);
HRMS (NSI') CisH 5> CIF;0," ([IM+H]") requires 353.0551; found 353.0551 (+0.1 ppm).

(3R,4R)-3-(4-chlorophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

cl
O
Ph” > CF

(3R4R)-14

3

Following general procedure C, 4-chlorophenylacetic acid (34.1 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg,
0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave
crude lactone (3R,4R)-14 (91:9 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone
(3R,4R)-14 (>99:1 dr) as a white solid (58.2 mg, 83%); [o]p>’ -226.0 (¢ 0.25, CH,Cl,); Chiral HPLC Chiralcel
OD-H (5% IPA:hexane, flow rate I mL min™, 211 nm) tg(3R,4R): 25.4 min, tz(3S,45): 40.3 min, 96% ee.

3-(4-bromophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, 4-bromophenylacetic acid (43.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0
mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 30 minutes at rt gave crude lactone (+)-15 (84:16 dr).
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Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone (+)-15 (>99:1 dr) as a white solid (56.2
mg, 71%); mp 66-68 °C; v (KBr) 3089, 3030, 2961 (C-H), 1784 (C=0), 1700; &y (300 MHz, CDCl;) 3.83
(1H, d, J 10.2, C(3)H), 3.88-3.95 (1H, m, C(4)H), 6.06 (1H, d, J 2.6, C(5)H), 6.83-6.87 (2H, m, ArH), 6.90-6.94
(2H, m, ArH), 7.17-7.24 (3H, m, ArH), 7.32-7.36 (2H, m, ArH); 8¢ (100 MHz, CDCls) 44.7 (C(4)), 52.3 (C(3)),
111.0 (q, J 3.3, C(5)), 118.4 (q, J 270, CF3), 122.3 (4ry ArC), 127.4 (4rC), 128.2 (4rC), 129.3 (4rC), 130.2
(ArC), 132.0 (4rC), 133.9 (4ry ArC), 138.4 (4ry ArC), 140.7 (q, J 37.9, C(6)), 165.4 (C(2)); dr (282 MHz,
CDCl3) -72.6 (CF3); m/z (NSI") 414 (IM+NH,4]", 61%); HRMS (NSI") CisH,s*BrF;NO," (IM+NH,4]") requires
414.0311; found 414.0310 (-0.2 ppm).

(3R,4R)-3-(4-bromophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Br
.S
Ph” > cF

(3R,4R)-15

3

Following general procedure C, 4-bromophenylacetic acid (43.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg,
0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave
crude lactone (3R,4R)-15 (90:10 dr). Chromatographic purification (eluent Et,O:petrol 3.5:96.5) gave lactone
(3R,4R)-15 (>99:1 dr) as a white solid (56.9 mg, 72%); [a]p"’ -198.5 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralpak
AD-H (2% IPA:hexane, flow rate I mL min™, 211 nm) tx(35,4S): 23.5 min, tx(3R,4R): 25.5 min, 95% ee.

3-(3,4-dimethoxyphenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

OMe

MeO
© o)

PR 7 cF

(£)-16

3

Following general procedure B, 3,4-dimethoxyphenylacetic acid (39.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30
mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2
(40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-16 (80:20 dr).
Chromatographic purification (eluent Et,O:petrol 30:70) gave lactone (£)-16 (84:16 dr) as a colourless oil (60.0
mg, 79%); Vmax (thin film) 3088, 3006, 2934 (C-H), 1790 (C=0), 1698, 1594, 1516; 6, (300 MHz, CDCl;) 3.71
(3H, s, OCHs3), 3.78 (3H, s, OCH3), 3.84 (1H, d, J 8.8, C(3)H), 3.89-3.94 (1H, m, C(4)H), 6.07 (1H, d, J 3.5,
C(5)H), 6.48 (1H, d, J 2.1, ArH), 6.57 (1H, dd, J 8.3, 2.1, ArH), 6.70 (1H, d, J 8.3, ArH), 6.94-6.98 (2H, m,
ArH), 7.17-7.25 (3H, m, ArH); 8¢ (75 MHz, CDCl;) 45.0 (C(4)), 52.4 (C(3)), 55.9 (OCHs;), 55.9 (OCH3), 110.7
(q, J 3.5, C(5)), 112.8 (4rC), 111.3 (4rC), 118.5 (q, J 270, CF3), 120.6 (ArC), 127.4 (4rC) 127.4 (4ry ArC),
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128.1 (4rC), 129.2 (4rC), 138.9 (4ry ArC), 140.9 (q, J 38.0, C(6)), 148.8 (4ry ArC), 149.1 (4ry ArC), 165.9
(C(2)); 8¢ (282 MHz, CDCl3) -72.6 (CFs); m/z (NSI") 379 ([IM+H]", 100%); HRMS (NSI') CaH;sF30,"
([M+H]") requires 379.1152; found 379.1149 (-0.7 ppm).

(3R,4R)-3-(3,4-dimethoxyphenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

OMe
MeO

Following general procedure C, 3,4-dimethoxyphenylacetic acid (39.4 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30
mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09
mg, 0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave
crude lactone (3R,4R)-16 (90:10 dr). Chromatographic purification (eluent Et,O:petrol 30:70) gave lactone
(3R,4R)-16 (92:8 dr) as a white solid (66.1 mg, 87%); [a]p™ -268.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak
AD-H (5% IPA:hexane, flow rate 1 mL min”', 211 nm) tg(35,4S): 19.6 min, tz(3R,4R): 21.1 min, 98% ee.

3-(4-methoxyphenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

MeO
R
Ph” > CF

()17

3

Following general procedure B, p-methoxyphenylacetic acid (33.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30
mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2
(40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-17 (82:18 dr).
Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone (£)-17 (>99:1 dr) as a white solid (52.0
mg, 75%); mp 90-92 °C; v (KBr) 3033, 2961 (C-H), 2840, 1784 (C=0), 1700, 1614, 1586, 1516; &y (400
MHz, CDCl) 3.69 (3H, s, CH3), 3.84 (1H, d, J 9.0, C(3)H), 3.89-3.93 (1H, m, C(4)H), 6.05 (1H, d, J 3.5,
C(5)H), 6.73-6.76 (2H, m, ArH), 6.91-6.96 (4H, m, ArH), 7.17-7.23 (3H, m, ArH); dc (100 MHz, CDCls) 44.8
(C4)), 52.0 (C(3)), 55.3 (CH3), 110.8 (q, J 3.5, C(5)), 114.3 (4rC), 118.5 (q, J 270, CF5), 127.0 (4ry ArC),
127.4 (4rC), 128.0 (4rC), 129.2 (4rC), 129.4 (4rC), 138.9 (4ry ArC), 140.8 (q, J 37.9, C(6)), 159.3 (4ry ArC),
166.1 (C(2)); & (376 MHz, CDCly) -72.6 (CFs); m/z (NSI') 366 ([M+NH,]", 100%); HRMS (NSI")
C19H oF3NO;" ([M+NH,]") requires 366.1312; found 366.1318 (+1.8 ppm).

(3R,4R)-3-(4-methoxyphenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one
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MeO
RN
Ph” > cF

(3RAR)-17

3

Following general procedure C, p-methoxyphenylacetic acid (33.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30
mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09
mg, 0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave
crude lactone (3R,4R)-17 (92:8 dr). Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone
(3R,4R)-17 (98:2 dr) as a white solid (58.9 mg, 85%); [a]p™ -199.5 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralpak
AD-H (2% IPA:hexane, flow rate 1 mL min”', 211 nm) tx(3R,4R): 28.7 min, tx(35,4S): 31.2 min, 98% ee.

3-(4-(dimethylamino)phenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Me2N\© o
Ph” > cF

(£)-18

3

Following general procedure B, 2-(4-(dimethylamino)phenyl)acetic acid (35.8 mg, 0.20 mmol), DIPEA (51.9
uL, 0.30 mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol),
enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-18 (80:20 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave lactone (+)-18 (85:15 dr) as a yellow oil (64.6
mg, 89%); Vmax (thin film) 3088, 3031, 2922 (C-H), 1790 (C=0), 1698, 1615, 1525; 3, (300 MHz, CDCls) 2.85
(6H, s, 2 NCH;), 3.83 (1H, d, J 7.6, C(3)H), 3.88-3.93 (1H, m, C(4)H), 6.04 (1H, d, J 4.1, C(5)H), 6.53-6.58
(2H, m, ArH), 6.87-6.91 (2H, m, ArH), 6.98-7.01 (2H, m, ArH), 7.15-7.25 (3H, m, ArH); 8¢ (100 MHz, CDCls)
40.4 (2 NCHs;), 44.8 (C(4)), 51.8 (C(3)), 110.4 (q, J 3.4, C(5)), 112.6 (4rC), 118.6 (q, J 270, CF;), 122.4 (4ry
ArC), 127.4 (4rC), 127.9 (4rC), 128.7 (ArC), 129.2 (4rC), 139.3 (4ry ArC), 140.8 (q, J 37.8, C(6)), 150.2 (4ry
ArC), 166.3 (C(2)); 8¢ (282 MHz, CDCls) -72.6 (CF3); m/z (NSI') 362 ([M+H]", 100%); HRMS (NSI")
CyH oF3NO, " ([M+H]") requires 362.1362; found 362.1362 (-0.1 ppm).

(3R,4R)-3-(4-(dimethylamino)phenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Me2N\© o
Ph” 7 cF

(3R.4R)-18

3

Following general procedure C, 2-(4-(dimethylamino)phenyl)acetic acid (35.8 mg, 0.20 mmol), DIPEA (51.9
uL, 0.30 mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst
(2S,3R)-6 (3.09 mg, 0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16
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h at -78 °C gave crude lactone (3R,4R)-18 (95:5 dr). Chromatographic purification (eluent Et,O:petrol 15:85)
gave lactone (3R,4R)-18 (95:5 dr) as a colourless oil (57.5 mg, 80%); [a]p™ -286.5 (¢ 0.2, CH,Cl,); Chiral
HPLC Chiralpak AD-H (2% IPA:hexane, flow rate 2 mL min”, 211 nm) tr(3R,4R): 14.9 min, tg(3S5,4S5): 16.8

min, 99% ee.

3-([1,1'-biphenyl]-4-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(£)-19
Following general procedure B, biphenylacetic acid (42.4 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-19 (85:15 dr). Chromatographic
purification (eluent Et,O:petrol 5:95) gave lactone (£)-19 (98:2 dr) as a white solid (57.5 mg, 73%); Vimax (KBr)
3085, 3031 (C-H), 1771 (C=0), 1705, 1600; &y (300 MHz, CDCl;) 3.92-4.01 (2H, s, C(3)H and C(4)H), 6.08
(1H, d, J 3.4, C(5)H), 6.96-6.99 (2H, m, ArH), 7.06-7.09 (2H, m, ArH), 7.15-7.37 (6H, m, ArH), 7.42-7.49 (4H,
m, ArH); 8¢ (100 MHz, CDCl;) 44.8 (C(4)), 52.5 (C(3)), 110.8 (q, J 3.4, C(5)), 118.5 (q, J 270, CF3), 127.1
(4rC), 127.4 (ArC), 127.6 (4rC), 127.6 (ArC), 128.1 (4rC), 128.7 (ArC), 128.8 (4rC), 129.2 (ArC), 134.0 (4ry
ArC), 138.8 (4ry ArC), 140.3 (4ry ArC), 140.9 (q, J 38.0, C(6)), 141.0 (4ry ArC), 165.8 (C(2)); Or (282 MHz,
CDCls) -72.6 (CF3); m/z (NSI") 395 ([M+H]", 100%); HRMS (NSI") Co,H sF30," ([M+H]") requires 395.1253;
found 395.1246 (-1.9 ppm).

(3R,4R)-3-([1,1'-biphenyl]-4-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R,4R)-19
Following general procedure C, biphenylacetic acid (42.4 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-19 (90:10 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R,4R)-19
(98:2 dr) as a white solid (70.4 mg, 89%); [a]p™ -297.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min'l, 211 nm) tg(3S,4S): 14.0 min, tg(3R,4R): 16.8 min, 98% ee.
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4-phenyl-3-(m-tolyl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, m-tolylacetic acid (30.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-20 (84:16 dr). Chromatographic
purification (eluent Et,O:petrol 3:97) gave lactone (#)-20 (97:3 dr) as a white solid (49.9 mg, 75%); mp 52-54
°C; Vmax (KBr) 3079, 3031 (C-H), 2921, 1779 (C=0), 1698, 1611; &4 (300 MHz, CDCl;) 2.23 (3H, s, CH3), 3.87
(1H, d, J 8.1, C(3)H), 3.92-3.96 (1H, m, C(4)H), 6.05 (1H, d, J 3.8, C(5)H), 6.81-6.84 (2H, m, ArH), 6.97-7.02
(3H, m, ArH), 7.11 (1H, t, J 7.6, ArH), 7.16-7.24 (3H, m, ArH); 6c (100 MHz, CDCls) 21.4 (CH3), 44.8 (C(4)),
52.7 (C(3)), 110.5 (q, J 3.5, C(5)), 118.5 (q, J 270, CF3), 125.1 (4rC), 127.4 (ArC), 128.1 (4rC), 128.8 (4rC),
128.9 (4rC), 129.2 (4rC), 135.1 (4ry ArC), 138.7 (4ry ArC), 138.9 (4ry ArC), 140.8 (q, J 38.0, C(6)), 165.8
(C(2)); & (376 MHz, CDCls) -72.7 (CF3); m/z (NSI") 350 ([M+NH,4]", 100%); HRMS (NSI") CoH;sF5NO,"
([M+NH,]") requires 350.1362; found 350.1367 (+1.3 ppm).

(3R,4R)-4-phenyl-3-(m-tolyl)-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

g
Ph? 7 cF

(3R,4R)-20

3

Following general procedure C, m-tolylacetic acid (30.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-20 (94:6 dr). Chromatographic purification (eluent Et,O:petrol 3:97) gave lactone (3R,4R)-20
(99:1 dr) as a white solid (60.1 mg, 91%); [a]p™ -219.5 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralcel OD-H (2%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 18.4 min, tg(3S,4S): 27.7 min, >99% ee.

Scale-up:

Following general procedure C, m-tolylacetic acid (1.13 g, 7.50 mmol), DIPEA (1.96 mL, 11.3 mmol) and
pivaloyl chloride (1.39 mL, 11.3 mmol) in DCM (75 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (23.1 mg,
0.075 mmol, 1 mol%), enone 2 (1.50 g, 7.5 mmol) and DIPEA (3.27 mL, 18.8 mmol) for 40 h at -78 °C gave
crude lactone (3R,4R)-20 (94:6 dr). Chromatographic purification (eluent Et,O:petrol 2:98) gave lactone
(BR,4R)-20 (96:4 dr) as a white solid (2.12 g, 85%); 98% ee.
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4-phenyl-3-(p-tolyl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, p-tolylacetic acid (30.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-21 (84:16 dr). Chromatographic
purification (eluent Et,O:petrol 3:97) gave lactone (+)-21 (94:6 dr) as a white solid (55.6 mg, 84%); mp 88-90
°C; Vmax (KBr) 3083, 3030 (C-H), 1773 (C=0), 1700, 1519; 8y (300 MHz, CDCls) 2.23 (3H, s, CHs), 3.87 (1H,
d, J 8.6, C(3)H), 3.92-3.95 (1H, m, C(4)H), 6.04 (1H, d, J 3.7, C(5)H), 6.90-6.92 (2H, m, ArH), 6.95-6.98 (2H,
m, ArH), 7.02-7.04 (2H, m, ArH), 7.15-7.23 (3H, m, ArH); 8¢ (100 MHz, CDCIl;) 21.1 (CH3), 44.7 (C(4)), 52.4
(C(3)), 110.7 (q, J 3.5, C(5)), 118.5 (q, J 270, CF3), 127.4 (ArC), 128.0 (4rC), 128.0 (4rC), 129.2 (4rC), 129.7
(ArC), 132.0 (4ry ArC), 138.0 (4ry ArC), 138.9 (4ry ArC), 140.8 (q, J 38.0, C(6)), 166.0 (C(2)); Or (282 MHz,
CDCly) -72.6 (CF3); m/z (NSI') 350 ([IM+NH,]", 100%); HRMS (NSI") CoHoF;NO," ([M+NH,4]") requires
350.1362; found 350.1366 (+1.0 ppm).

(3R,4R)-4-phenyl-3-(p-tolyl)-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

Me
QA
Ph” 7 cF

(3R,4R)-21

3

Following general procedure C, p-tolylacetic acid (30.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-21 (93:7 dr). Chromatographic purification (eluent Et,O:petrol 3:97) gave lactone (3R,4R)-21
(98:2 dr) as a white solid (49.8 mg, 75%); [a]p™ -219.0 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate I mL min™, 211 nm) tg(35,4S): 14.0 min, tx(3R,4R): 16.4 min, 98% ee.

3-(naphthalen-2-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

Q.1
Z > cF

Ph
(£)-22

3

Following general procedure B, 2-naphthylacetic acid (37.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
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0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-22 (86:14 dr). Chromatographic
purification (eluent Et,O:petrol 5:95) gave lactone (£)-22 (95:5 dr) as a colourless oil (55.9 mg, 76%); Viax (thin
film) 3088, 2962 (C-H), 1791 (C=0), 1701, 1602, 1509; &, (400 MHz, CDCl;) 4.05 (2H, s, C(3)H and C(4)H),
6.07 (1H, s, C(5)H), 6.96-6.98 (2H, m, ArH), 7.13-7.19 (4H, m, ArH), 7.36-7.40 (3H, m, ArH), 7.61-7.64 (1H,
m, ArH), 7.71-7.74 2H, m, ArH); 8¢ (75 MHz, CDCls) 44.7 (C(4)), 52.9 (C(3)), 110.8 (q, J 3.5, C(5)), 118.5 (q,
J 270, CF;), 125.5 (4rC), 126.5 (4rC), 126.5 (4rC), 127.4 (4rC), 127.7 (4rC), 127.9 (4rC), 128.1 (4rC), 128.9
(4rC), 129.2 (4rC), 132.3 (4ry ArC), 132.8 (4ry ArC), 133.2 (4ry ArC), 138.7 (4ry ArC), 140.9 (q, J 38.0,
C(6)), 165.8 (C(2)); & (282 MHz, CDCls) -72.6 (CF5); m/z (NSI') 386 ([M+NH,]", 56%); HRMS (NSI')
CyH oF3NO," ([M+NH,]") requires 386.1362; found 386.1364 (+0.4 ppm).

(3R,4R)-3-(naphthalen-2-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R,4R)-22
Following general procedure C, 2-naphthylacetic acid (37.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-22 (94:6 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R ,4R)-22
(98:2 dr) as a colourless oil (64.5 mg, 88%); [a]p™ -289.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralcel OD-H (20%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 18.0 min, tr(3S,45): 27.6 min, 97% ee.

4-phenyl-3-(thiophen-2-yl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, 2-(thiophen-2-yl)acetic acid (28.4 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30
mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2
(40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at -78 °C gave crude lactone (+)-23 (82:18 dr).
Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (£)-23 (95:5 dr) as a white solid (45.7 mg,
71%); mp 51-53 °C; Ve (KBr) 3084, 2921 (C-H), 1775 (C=0), 1702; 84 (400 MHz, CDCl;) 3.98-4.01 (1H, m,
C(4)H), 4.24 (1H, d, J 6.8, C(3)H), 6.09 (1H, d, J 4.5, C(5)H), 6.78 (1H, dt, J 3.5, 0.9, ArH), 6.85 (1H, dd, J
5.1, 3.6, ArH), 7.03-7.06 (2H, m, ArH), 7.18-7.29 (4H, m, ArH); 3¢ (100 MHz, CDCls3) 45.3 (C(4)), 48.1 (C(3)),
109.9 (q, J 3.5, C(5)), 118.4 (q, J 270, CF;), 125.9 (4rC), 127.0 (4rC), 127.1 (ArC), 127.2 (4rC), 128.4 (ArC),
129.4 (4rC), 136.5 (4ry ArC), 138.2 (4ry ArC), 141.1 (q, J 38.2, C(6)), 164.4 (C(2)); Or (282 MHz, CDCl;) -
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72.7 (CF3); m/z (NSI") 342 ([IM+NH,4]", 100%); HRMS (NSI") C;¢H,5F;NO,S" ([M+NH,]") requires 342.0770;
found 342.0775 (+1.4 ppm).

(3S,4R)-4-phenyl-3-(thiophen-2-yl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3S,4R)-23

Following general procedure C, 2-(thiophen-2-yl)acetic acid (28.4 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30
mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09
mg, 0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave
crude lactone (3R,4R)-23 (87:13 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone
(3R,4R)-23 (96:4 dr) as a white solid (48.4 mg, 75%); [a]p”™" -248.0 (¢ 0.25, CH,Cl,); Chiral HPLC Chiralpak
AD-H (2% IPA:hexane, flow rate 2 mL min™', 211 nm) tg(3S,4R): 5.8 min, tr(3R,4S): 8.4 min, 89% ee.

4-phenyl-6-(trifluoromethyl)-3-(4-(trifluoromethyl)phenyl)-3,4-dihydro-2 H-pyran-2-one

(+)-24

Following general procedure B, 2-(4-(trifluoromethyl)phenyl)acetic acid (40.8 mg, 0.20 mmol), DIPEA (51.9
uL, 0.30 mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol),
enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at rt gave crude lactone (+)-24 (81:19
dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (+)-24 (>99:1 dr) as a white solid (35.0
mg, 45%); mp 80-82 °C; vmax (KBr) 3030, 2926 (C-H), 1780 (C=0), 1621; 61 (400 MHz, CDCl;) 3.94-3.96 (2H,
m, C(3)H and C(4)H), 6.09 (1H, d, J 2.3, C(5)H), 6.91-6.93 (2H, m, ArH), 7.10 (2H, d, J 8.1, ArH), 7.19-7.22
(3H, m, ArH), 7.48 (2H, d, J 8.1, ArH); ¢ (100 MHz, CDCls) 44.7 (C(4)), 52.6 (C(3)), 111.1 (q, J 3.3, C(5)),
118.4 (q,J 270, CF3), 123.8 (q, J 271, CF3), 125.8 (q, J 3.6, ArC), 127.4 (4rC), 128.3 (4rC), 129.0 (4rC), 129.3
(ArC), 130.4 (q, J 32.4, 4ry ArC), 138.1 (4ry ArC), 138.8 (4ry ArC), 141.0 (q, J 38.2, C(6)), 165.2 (C(2)); O
(376 MHz, CDCly) -63.2 (C¢H4CF3), -72.6 (CF3); m/z (NSI') 404 ([M+NH,]", 82%); HRMS (NSI')
C1oH 6FeNO," (IM+NH4]) requires 404.1080; found 404.1080 (+0.1 ppm).

(3R,4R)-4-phenyl-6-(trifluoromethyl)-3-(4-(trifluoromethyl)phenyl)-3,4-dihydro-2 H-pyran-2-one
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FaC
RO
Ph” > cF

(3R,4R)-24

3

Following general procedure C, 2-(4-(trifluoromethyl)phenyl)acetic acid (40.8 mg, 0.20 mmol), DIPEA (51.9
uL, 0.30 mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst
(25,3R)-6 (3.09 mg, 0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 72
h at -30 °C gave crude lactone (3R,4R)-24 (86:14 dr). Chromatographic purification (eluent Et,O:petrol 5:95)
gave lactone (3R,4R)-24 (99:1 dr) as a white solid (46.2 mg, 60%); [a]p™ -153.6 (¢ 0.125, CH,Cl,); Chiral
HPLC Chiralpak AD-H (2% IPA:hexane, flow rate 1 mL min”', 211 nm) tg(35,4S): 16.2 min, tx(3R,4R): 18.8

min, 64% ee.

3-(naphthalen-1-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

Following general procedure B, 1-naphthylacetic acid (37.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (£)-25 (90:10 dr). Chromatographic
purification (eluent Et,O:petrol 4:96) gave lactone (+)-25 (91:9 dr) as a colourless 0il (66.2 mg, 90%); Vi (thin
film) 3087, 2962 (C-H), 1780 (C=0), 1702, 1600, 1512; 6y (300 MHz, CDCl;s) 4.09-4.13 (1H, m, C(4)H), 4.64
(1H, d, J 6.7, C(3)H), 6.03 (1H, d, J 4.5, C(5)H), 6.98-7.01 (2H, m, ArH), 7.12 (1H, d, J 6.8, ArH), 7.16-7.23
(3H, m, ArH), 7.29 (1H, t, J 7.7, AtH), 7.40-7.49 (2H, m, ArH), 7.72-7.82 (3H, m, ArH); &¢c (75 MHz, CDCls)
44.3 (C(4)), 49.6 (C(3)), 110.4 (q, J 3.5, C(5)), 118.6 (q, J 270, CF5), 122.8 (4rC), 125.3 (4rC), 125.8 (4rC),
126.0 (ArC), 126.9 (4rC), 127.2 (4rC), 128.2 (4rC), 129.2 (4rC), 129.4 (4rC), 129.6 (4rC), 130.5 (4ry ArC),
131.5 (4ry ArC), 134.3 (4ry ArC), 139.2 (4ry ArC), 140.8 (q, J 38.0, C(6)), 165.6 (C(2)); O (282 MHz, CDCls)
-72.6 (CF3); m/z (NST") 369 (IM+H]", 100%); HRMS (NSI") Cy,H sF;0," (IM+H]") requires 369.1097; found
369.1087 (-2.7 ppm).

(3R,4R)-3-(naphthalen-1-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one
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(3R,4R)-25
Following general procedure C, 1-naphthylacetic acid (37.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-25 (67:33 dr). Chromatographic purification (eluent Et,O:petrol 4:96) gave lactone (3R,4R)-25
(71:29 dr) as a colourless oil (65.0 mg, 88%); [a]p™ -303.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralcel OD-H (5%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3S,45): 18.5 min, tg(3R,4R): 26.0 min, 97% ee.

3-(1-methyl-1H-indol-3-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(£)-27

Following general procedure B, 2-(1-methyl-1H-indol-3-yl)acetic acid (37.8 mg, 0.20 mmol), DIPEA (51.9 uL,
0.30 mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol),
enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (£)-26 and (£)-27
(68:32 dr).

Major (anti) Diasteroisomer: Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone (+)-26 (96:4
dr) as a white solid (50.1 mg, 68%); mp 126-128 °C; v (KBr) 3033, 2939 (C-H), 1780 (C=0), 1699, 1616,
1544; 6y (400 MHz, CDCls) 3.66 (3H, s, CH3), 4.06-4.08 (1H, m, C(4)H), 4.26 (1H, d, J 4.8, C(3)H), 6.05 (1H,
d, J 5.1, C(5)H), 6.78 (1H, s, ArH), 7.07-7.12 (3H, m, ArH), 7.18-7.28 (5H, m, ArH), 7.52 (1H, d, J 7.9, AtH);
3¢ (100 MHz, CDCls) 32.9 (CH3), 44.0 (C(4)), 44.7 (C(3)), 108.4 (4ry ArC), 109.6 (q, J 3.4, C(5)), 109.8 (4rC),
118.6 (4rC), 118.6 (q, J 270, CF5), 119.9 (4rC), 122.4 (4rC), 126.1 (4ry ArC), 126.6 (4ArC), 127.1 (ArC), 128.1
(ArC), 129.4 (4rC), 137.0 (4ry ArC), 139.1 (4ry ArC), 141.1 (q, J 37.7, C(6)), 165.2 (C(2)); & (376 MHz,
CDCl3) -72.6 (CF3); m/z (NSI') 389 ([M+NH,]", 100%); HRMS (NSI') C,;H,F3N,0," ([M+NH,]") requires
389.1471; found 389.1474 (+0.7 ppm).

Minor (syn) Diasteroisomer: Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone (+)-27

(>99:1 dr) as a yellow oil (15.0 mg, 20%); Vmax (KBr) 3032, 2934 (C-H), 1791 (C=0), 1700, 1616, 1550; &y
(400 MHz, CDCls) 3.55 (3H, s, CHs), 4.00 (1H, td, J 6.4, 1.4, C(4)H), 4.64 (1H, d, J 6.7, C(3)H), 6.23 (1H, d, J
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6.0, C(5)H), 6.40 (1H, s, ArH), 6.86-6.71 (2H, m, ArH), 7.00 (1H, ddd, J 7.9, 6.9, 1.1, AtH), 7.05-7.09 (2H, m,
ArH), 7.12-7.16 (2H, m, ArH), 7.19-7.23 (2H, m, ArH); 8¢ (100 MHz, CDCly) 32.8 (CHs), 42.7 (C(4)), 42.9
(C(3)), 104.8 (4ry ArC), 109.5 (4rC), 111.5 (q, J 3.4, C(5)), 117.7 (4rC), 118.7 (q, J 270, CFs), 119.4 (4rC),
121.8 (4rC), 127.2 (4ry ArC), 128.2 (4rC), 128.2 (4rC), 128.6 (4rC), 128.8 (4rC), 135.6 (4ry ArC), 136.2 (4ry
ArC), 141.8 (q, J 37.7, C(6)), 166.0 (C(2)); 8 (376 MHz, CDCL3) -72.4 (CFs); m/z (NSI") 372 ([M+H]", 18%);
HRMS (NSI") CyH,FsNO," (IM+H]") requires 372.1206; found 372.1211 (+1.4 ppm).

(3R,4R)-3-(1-methyl-1H-indol-3-yl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R4R)-26

Following general procedure C, 2-(1-methyl-1H-indol-3-yl)acetic acid (37.8 mg, 0.20 mmol), DIPEA (51.9 uL,
0.30 mmol) and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (2S,3R)-5
(3.09 mg, 0.01 mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -30 °C
gave crude lactone (3R,4R)-26 and 27 (74:26 dr).

Major (anti) Diasteroisomer: Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone (3R,4R)-26
(98:2 dr) as a yellow solid (50.2 mg, 68%); [a]p™ -164.0 (¢ 0.225, CH,Cl,); Chiral HPLC Chiralpak AD-H (5%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 21.1 min, tr(3S,45): 34.9 min, 96% ee.

Minor (syn) Diasteroisomer: Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone 27 (>99:1
dr) as a yellow oil (19.1 mg, 26%); [a]p™ +47.5 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%

IPA:hexane, flow rate 1 mL min'l, 211 nm) tg: 16.0 min, tg: 20.0 min, 28% ee.

4-(4-bromophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 73 (55.8 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-28 (86:14 dr). Chromatographic
purification (eluent Et,O:petrol 4.5:95.5) gave lactone (+)-28 (>99:1 dr) as a white solid (46.4 mg, 58%); mp
58-60 °C; vmax (KBr) 3088, 3033, 2926 (C-H), 1780 (C=0), 1703; oy (400 MHz, CDCl5) 3.82 (1H, d, J 9.6,
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C(3)H), 3.91-3.96 (1H, m, C(4)H), 6.02 (1H, dd, J 3.4, 0.5, C(5)H), 6.80-6.83 (2H, m, ArH), 6.97-7.00 (2H, m,
ArH), 7.21-7.26 (3H, m, ArH), 7.30-7.34 (2H, m, ArH); 3 (100 MHz, CDCl3) 44.3 (C(4)), 52.6 (C(3)), 110.2
(q, J 3.4, C(5)), 118.4 (q, J 270, CF5), 122.1 (4ry ArC), 128.3 (4rC), 128.3 (4rC), 129.0 (4rC), 129.1 (4rC),
132.3 (4rC), 134.6 (4ry ArC), 137.8 (4ry ArC), 141.2 (q, J 38.1, C(6)), 165.4 (C(2)); & (376 MHz, CDCl;) -
72.7 (CFs); mlz (NSI') 414 (IM+NH]', 62%); HRMS (NSI") CisH;s BrFsNO," ([M+NH4]") requires
414.0311; found 414.0311 (+0.0 ppm).

(3R,4R)-4-(4-bromophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R4R)-28

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 73 (55.8 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-28 (88:12 dr). Chromatographic purification (eluent Et,O:petrol 4.5:95.5) gave lactone (3R,4R)-
28 (99:1 dr) as a white solid (54.0 mg, 68%); [a]p”" -252.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralcel OD-H (5%
IPA:hexane, flow rate I mL min™, 211 nm) tg(3R,4R): 26.9 min, tz(3S,45): 30.8 min, 98% ee.

4-(3-bromophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(£)-29

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 74 (55.8 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-29 (88:12 dr). Chromatographic
purification (eluent Et,O:petrol 4.5:95.5) gave lactone (£)-29 (>99:1 dr) as a white solid (57.6 mg, 73%); mp
70-72 °C; vmax (KBr) 3083, 2960 (C-H), 1774 (C=0), 1702, 1592, 1570; oy (300 MHz, CDCl;) 3.85 (1H, d, J
9.3, C(3)H), 3.89-3.96 (1H, m, C(4)H), 6.02 (1H, dd, J 3.2, C(5)H), 6.84 (1H, dd, J 6.6, 1.2, ArH), 6.98-7.12
(4H, m, ArH), 7.21-7.33 (4H, m, ArH); 5c (100 MHz, CDCl3) 44.4 (C(4)), 52.6 (C(3)), 109.9 (q, J 3.5, C(5)),
118.4 (q, J 270, CF3), 123.1 (4ry ArC), 126.1 (4rC), 128.3 (4rC), 128.4 (4rC), 129.1 (4rC), 130.5 (4rC), 130.7
(4ArC), 131.3 (4rC), 134.5 (4ry ArC), 141.0 (4ry ArC), 141.3 (q, J 38.2, C(6)), 165.3 (C(2)); dr (282 MHz,
CDCls) -72.7 (CF3); m/z (NSI') 414 ([M+NH,]", 68%); HRMS (NSI") CjoH s’ BrF:NO," ([M+NH,4]") requires
414.0311; found 414.0313 (+0.5 ppm).
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(3R,4R)-4-(3-bromophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R,4R)-29

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 74 (55.8 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-29 (80:20 dr). Chromatographic purification (eluent Et,O:petrol 4.5:95.5) gave lactone (3R,4R)-
29 (99:1 dr) as a white solid (51.0 mg, 64%); [a]p™ -227.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralcel OD-H (5%
IPA:hexane, flow rate | mL min™', 211 nm) tg(3R,4R): 24.3 min, tz(35,4S): 47.5 min, 97% ee.

4-(2-bromophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(+)-30

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 75 (55.8 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (£)-30 (85:15 dr). Chromatographic
purification (eluent Et,O:petrol 4:96) gave lactone (£)-30 (96:4 dr) as a white solid (64.0 mg, 81%); mp 78-80
°C; Vmax (KBr) 3083, 3037, 2926 (C-H), 1778 (C=0), 1709, 1567; &4 (400 MHz, CDCls) 4.12 (1H, d, J 5.6,
C(3)H), 4.49-4.52 (1H, m, C(4)H), 5.99 (1H, d, J 5.1, C(5)H), 7.07-7.11 (2H, m, ArH), 7.20-7.29 (6H, m, ArH),
7.51 (1H, dd, J 8.1, 1.1, ArH); 8¢ (125 MHz, CDCl3) 43.6 (C(4)), 50.9 (C(3)), 109.0 (q, J 3.4, C(5)), 118.4 (q, J
270, CF3), 124.1 (4ry ArC), 127.7 (ArC), 128.3 (ArC), 128.4 (4rC), 128.5 (4rC), 129.1 (4rC), 129.9 (4rC),
133.9 (4rC), 134.8 (4ry ArC), 136.9 (4ry ArC), 141.8 (q, J 38.0, C(6)), 165.2 (C(2)); 8r (376 MHz, CDCl;) -
72.6 (CFs); m/z (NSI') 414 ([M+NH,]", 85%); HRMS (NSI") CjH;s"’BrF;NO," ([M+NH,4]") requires
414.0311; found 414.0314 (+0.7 ppm).

(3R.,4R)-4-(2-bromophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one
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(3R,4R)-30

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 75 (55.8 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-30 (87:13 dr). Chromatographic purification (eluent Et,O:petrol 3:97) gave lactone (3R,4R)-30
(95:5 dr) as a white solid (68.0 mg, 86%); [a]p™ -214.0 (¢ 0.25, CH,Cl,); Chiral HPLC Chiralcel OD-H (5%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 8.8 min, tz(35,4S): 18.5 min, 97% ee.

4-(4-fluorophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

(+)-31

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 76 (43.6 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (£)-31 (85:15 dr). Chromatographic
purification (eluent Et,O:petrol 5:95) gave lactone (£)-31 (99:1 dr) as a white solid (52.0 mg, 73%); mp 80-82
°C; Vmax (KBr) 3086, 3037, 2926 (C-H), 1774 (C=0), 1703, 1605, 1512; 4 (400 MHz, CDCl;) 3.82 (1H, d, J
9.5, C(3)H), 3.93-3.97 (1H, m, C(4)H), 6.04 (1H, dd, J 3.5, 0.5, C(5)H), 6.86-6.93 (4H, m, ArH), 6.97-7.00 (2H,
m, ArH), 7.20-7.25 (3H, m, ArH); 8¢ (125 MHz, CDCl;) 44.1 (C(4)), 53.0 (C(3)), 110.6 (q, J 3.3, C(5)), 116.1
(d,J21.4, ArC), 118.4 (q, J 270, CF3), 128.2 (4rC), 128.3 (4rC), 129.0 (4rC), 129.1 (d, J 8.3, 4rC), 134.5 (d, J
3.0, 4ry ArC), 134.7 (4ry ArC), 141.1 (q, J 38.0, C(6)), 162.3 (d, J 246, 4ry ArC), 165.6 (C(2)); dr (470 MHz,
CDCl;) -72.2 (CFs), -113.7 (ArF); m/z (NSI") 354 ([M+NH,]", 100%); HRMS (NSI') CsH;cFsNO,"
([IM+NH,]") requires 354.1112; found 354.1115 (+0.9 ppm).

(3R,4R)-4-(4-fluorophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one
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Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 76 (43.6 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-31 (86:14 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R,4R)-31
(>99:1 dr) as a white solid (57.2 mg, 85%); [a]p™" -302.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min™, 211 nm) tg(3R,4R): 10.9 min, tr(3S,45): 22.3 min, 98% ee.

4-(4-chlorophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(£)-32

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 77 (46.9 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (£)-32 (87:12 dr). Chromatographic
purification (eluent Et,O:petrol 5:95) gave lactone (+)-32 (>99:1 dr) as a white solid (51.2 mg, 73%); mp 64-66
°C; vmax (KBr) 3086, 3034 (C-H), 1774 (C=0), 1702, 1597; éu (400 MHz, CDCl;) 3.82 (1H, d, J 9.6, C(3)H),
3.93-3.96 (1H, m, C(4)H), 6.02 (1H, d, J 3.3, C(5)H), 6.86-6.88 (2H, m, ArH), 6.97-7.00 (2H, m, ArH), 7.15-
7.26 (SH, m, ArH); 6c (100 MHz, CDCls) 44.2 (C(4)), 52.7 (C(3)), 110.3 (q, J 3.3, C(5)), 118.4 (q, J 270, CF5),
128.3 (4rC), 128.3 (4rC), 128.8 (4rC), 129.0 (4rC), 129.3 (4rC), 134.0 (4ry ArC), 134.6 (4ry ArC), 137.2 (4ry
ArC), 141.2 (q, J 38.2, C(6)), 165.5 (C(2)); 8¢ (376 MHz, CDCl3) -72.7 (CF3); m/z (NSI') 370 ((M+NH,],
95%); HRMS (NSI") CisH ;6 CIF5NO," (IM+NH4]") requires 370.0816; found 370.0818 (+0.5 ppm).

(3R,4R)-4-(4-chlorophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R.4R)-32

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 77 (46.9 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-32 (88:12 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R,4R)-32
(>99:1 dr) as a white solid (52.4 mg, 74%); [o]p"" -353.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min™, 211 nm) tg(3R,4R): 10.2 min, tg(35,45): 30.3 min, >99% ee.
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3-phenyl-4-(p-tolyl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(+)-33

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 78 (42.8 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-33 (85:15 dr). Chromatographic
purification (eluent Et,O:petrol 4:96) gave lactone (+)-33 (93:7 dr) as a white solid (43.0 mg, 65%); mp 60-62
°C; vmax (KBr) 3098, 3033, 2940 (C-H), 1778 (C=0), 1701, 1635, 1516; 64 (400 MHz, CDCl;) 2.22 (3H, s,
CH3), 3.86-3.93 (2H, m, C(3)H and C(4)H), 6.03 (1H, d, J 3.3, C(5)H), 6.84 (2H, d, J 8.1, ArH), 6.99-7.04 (4H,
m, ArH), 7.18-7.25 (3H, m, ArH); 6¢ (125 MHz, CDCly) 21.1 (CHj3), 44.4 (C(4)), 52.8 (C(3)), 110.9 (q, J 3.3,
C(5)), 118.5 (q,J 270, CF3), 127.2 (ArC), 128.2 (4rC), 128.2 (4rC), 128.9 (ArC), 129.8 (4rC), 135.2 (4ry ArC),
135.7 (4ry ArC), 137.9 (4ry ArC), 140.7 (q, J 38.0, C(6)), 165.9 (C(2)); 8¢ (376 MHz, CDCls) -72.6 (CF3); m/z
(NST") 350 ([M+NH,]", 95%); HRMS (NSI") CoHoF;NO," ([M+NH,4]") requires 350.1362; found 350.1368
(+1.6 ppm).

(3R,4R)-3-phenyl-4-(p-tolyl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R,4R)-33

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 78 (42.8 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-33 (95:5 dr). Chromatographic purification (eluent Et,O:petrol 3:97) gave lactone (3R,4R)-33
(98:2 dr) as a white solid (61.8 mg, 93%); [a]p™ -256.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min'l, 211 nm) tg(3R,4R): 7.2 min, tr(3S,45): 11.5 min, 97% ee.

4-(4-methoxyphenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

MeO

S33



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 79 (46.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-34 (85:15 dr). Chromatographic
purification (eluent Et,O:petrol 10:90) gave lactone (+)-34 (87:13 dr) as a colourless oil (57.8 mg, 83%); Vinax
(KBr) 3090, 3033, 2938 (C-H), 1780 (C=0), 1700, 1612, 1585, 1514; 3y (400 MHz, CDCls) 3.68 (3H, s,
OCHs), 3.85 (1H, d, J 8.8, C(3)H), 3.88-3.91 (1H, m, C(4)H), 6.03 (1H, d, J 3.4, C(5)H), 6.71-6.73 (2H, m,
ArH), 6.85-6.87 (2H, m, ArH), 7.00-7.02 (2H, m, ArH), 7.18-7.24 (3H, m, ArH); 6¢ (100 MHz, CDCl;) 44.0
(C(4)), 53.0 (C(3)), 55.3 (OCHs), 111.1 (q, J 3.4, C(5)), 114.5 (4rC), 118.5 (q, J 270, CF3), 128.1 (4ry ArC),
128.3 (4rC), 128.5 (4rC), 128.9 (4rC), 130.7 (4ry ArC), 135.2 (4ry ArC), 140.7 (q, J 38.0, C(6)), 159.2 (4ry
ArC), 165.9 (C(2)); 8 (376 MHz, CDCls) -72.6 (CF3); m/z (NSI') 366 ([IM+NH,4]", 100%); HRMS (NSI")
C19H oF3NO;3" ([M+NH,4]") requires 366.1312; found 366.1316 (+1.2 ppm).

(3R,4R)-4-(4-methoxyphenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

MeO

(3R,4R)-34

Following general procedure C phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 79 (46.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-34 (94:6 dr). Chromatographic purification (eluent Et,O:petrol 7.5:92.5) gave lactone (3R,4R)-
34 (96:4 dr) as a white solid (65.0 mg, 93%); [a]p"’ -345.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (5%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 19.4 min, tr(3S,45): 24.4 min, 98% ee.

4-(4-nitrophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

O,N

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 80 (49.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 10 min at -78 °C gave crude lactone (+)-35 (84:16 dr).
Chromatographic purification (eluent Et,O:petrol 10:90) gave lactone (£)-35 (>99:1 dr) as a white solid (41.0
mg, 56%); mp 102-104 °C; vy (KBr) 3089, 2925, 2854 (C-H), 1778 (C=0), 1707, 1608, 1518; &y (400 MHz,
CDCl) 3.84 (1H, d, J 10.4, C(3)H), 4.09-4.14 (1H, m, C(4)H), 6.05 (1H, d, J 3.0, C(5)H), 6.96-6.98 (2H, m,
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ArH), 7.10-7.13 (2H, m, ArH), 7.21-7.25 (3H, m, ArH), 8.03-8.07 (2H, m, ArH); ¢ (100 MHz, CDCl;) 44.6
(C(4)), 52.4 (C(3)), 109.4 (q, J 3.4, C(5)), 118.3 (q, J 270, CF3), 124.3 (4rC), 128.4 (4rC), 128.6 (4rC), 128.6
(4rC), 129.2 (4rC), 133.9 (4ry ArC), 141.9 (q, J 38.3, C(6)), 145.9 (4ry ArC), 147.6 (4ry ArC), 164.9 (C(2)); &
(376 MHz, CDCl;) -72.7 (CF5); m/z (NSI") 381 ([M+NH,]", 74%); HRMS (NSI") CsH;¢F3N,04" ([M+NH,]")
requires 381.1057; found 381.1059 (+0.6 ppm).

(3R,4R)-4-(4-nitrophenyl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

O,N

(3R,4R)-35

Following general procedure C phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 80 (49.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-35 (73:27 dr). Chromatographic purification (eluent Et,O:petrol 25:75) gave lactone (3R,4R)-35
(>99:1 dr) as a white solid (47.4 mg, 65%); [a]p™" -216.2 (¢ 0.5, CH,Cl,); Chiral HPLC Chiralpak AD-H (20%
IPA:hexane, flow rate I mL min™, 211 nm) tg(3R,4R): 15.0 min, tz(35,45): 29.9 min, 86% ee.

4-(naphthalen-1-yl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 81 (50.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone ()-36 (89:11 dr). Chromatographic
purification (eluent Et,O:petrol 4:96) gave lactone (+)-36 (97:3 dr) as a white solid (63.3 mg, 88%); mp 118-
120 °C; vimax (KBr) 3094, 3038, 2875 (C-H), 1774 (C=0), 1708, 1596, 1513; &4 (400 MHz, CDCls) 4.20 (1H, d,
J5.3,C(3)H), 4.75-4.77 (1H, m, C(4)H), 6.15 (1H, d, J 5.0, C(5)H), 7.16-7.28 (6H, m, ArH), 7.35 (1H, t, J 7.7,
ArH), 7.42-7.48 (2H, m, ArH), 7.73 (1H, d, J 8.2, ArH), 7.77-7.83 (2H, m, ArH); d¢ (100 MHz, CDCls) 40.0
(C4)), 51.5 (C(3)), 109.8 (q, J 3.3, C(5)), 118.5 (q, J 270, CF5), 122.1 (4rC), 124.7 (ArC), 125.6 (4rC), 126.1
(ArQC), 127.0 (4rC), 127.6 (4rC), 128.4 (4ArC), 129.0 (4rC), 129.3 (4rC), 129.6 (4rC), 130.4 (4ry ArC), 133.7
(4ry ArC), 134.4 (4ry ArC), 135.6 (4ry ArC), 141.5 (q, J 37.9, C(6)), 165.4 (C(2)); 6r (376 MHz, CDCl;) -72.5
(CF3); m/z (NST") 386 ([IM+NH,]", 57%); HRMS (NSI") C5,H oF3NO," ([M+NH,4]") requires 386.1362; found
386.1366 (+0.9 ppm).
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(3R,4R)-4-(naphthalen-1-yl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R,4R)-36

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 81 (50.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-36 (94:6 dr). Chromatographic purification (eluent Et,O:petrol 4:96) gave lactone (3R,4R)-36
(99:1 dr) as a white solid (66.7 mg, 91%); [a]p™ -284.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min'l, 211 nm) tg(3R,4R): 8.5 min, tr(3S,45): 10.3 min, 98% ee.

4-(naphthalen-2-yl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 82 (50.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-37 (88:12 dr). Chromatographic
purification (eluent Et,O:petrol 4:96) gave lactone ()-37 (97:3 dr) as a white solid (61.0 mg, 83%); mp 60-62
°C; vmax (KBr) 3062, 2927 (C-H), 1771 (C=0), 1700, 1634, 1601, 1509; &, (300 MHz, CDCl;) 4.00 (1H, d, J
8.9, C(3)H), 4.08-4.14 (1H, m, C(4)H), 6.12 (1H, d, J 3.3, C(5)H), 7.01-7.07 (3H, m, ArH), 7.17-7.22 (3H, m,
ArH), 7.37-7.43 (3H, m, ArH), 7.64-7.73 (3H, m, ArH); &c (125 MHz, CDCl;) 44.9 (C(4)), 52.6 (C(3)), 110.7
(q, J 3.4, C(5)), 118.5 (q, J 270, CF5), 124.9 (4rC), 126.5 (4rC), 126.5 (4rC), 126.7 (4rC), 127.7 (4rC), 127.8
(4rC), 128.2 (ArC), 128.3 (4rC), 129.0 (4rC), 129.2 (4rC), 132.8 (4ry ArC), 133.3 (4ry ArC), 135.0 (4ry ArC),
136.0 (4ry ArC), 140.8 (q, J 37.9, C(6)), 165.8 (C(2)); 8¢ (282 MHz, CDCls) -72.5 (CF3); m/z (NSI') 386
([M+NH,]", 75%); HRMS (NSI") C5,H oF3sNO," ([IM+NH,]") requires 386.1362; found 386.1365 (+0.7 ppm).

(3R,4R)-4-(naphthalen-2-yl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(3R,4R)-37
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Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 82 (50.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-37 (90:10 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R,4R)-37
(98:2 dr) as a white solid (59.8 mg, 81%); [a]p™ -294.4 (¢ 0.25, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min™, 211 nm) tg(3R,4R): 11.1 min, tg(3S,45): 26.8 min, >99% ee.

4-(furan-2-yl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(+)-38

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 83 (38.0 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-38 (88:12 dr). Chromatographic
purification (eluent Et,O:petrol 5:95) gave lactone (£)-38 (>99:1 dr) as a white solid (54.0 mg, 88%); mp 61-63
°C; vmax (KBr) 3033, 2940, 2879 (C-H), 1780 (C=0), 1703, 1635, 1510; 64 (300 MHz, CDCl;) 4.04-4.09 (1H,
m, C(4)H), 4.16 (1H, d, J 7.1, C(3)H), 5.94 (1H, d, J 3.3, C(5)H), 6.03 (1H, d, J 4.4, ArH), 6.18 (1H, dd, J 3.3,
1.9, ArH), 7.09-7.12 (2H, m, ArH), 7.24-7.31 (4H, m, ArH); ¢ (100 MHz, CDCls) 38.3 (C(4)), 49.5 (C(3)),
107.6 (4rC), 107.8 (q, J 3.5, C(5)), 110.5 (4rC), 118.4 (q, J 270, CF3), 127.8 (4rC), 128.4 (4rC), 129.1 (4rC),
134.7 (4ry ArC), 141.2 (q, J 38.1, C(6)), 143.0 (4rC), 150.4 (4ry ArC), 165.4 (C(2)); O (282 MHz, CDCl;) -
72.9 (CF3); m/z (NSI') 326 ([M+NH,4]", 100%); HRMS (NSI") C¢H;sFsNOs" ([M+NH,4]") requires 326.0999;
found 326.1003 (+1.4 ppm).

(3R,4R)-4-(furan-2-yl)-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

\ O
(3R,4R)-38

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 83 (38.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-38 (89:11 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R,4R)-38
(>99:1 dr) as a white solid (47.3 mg, 77%); [a]p™ -267.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min™, 211 nm) tg(3S,45): 6.3 min, t(3R,4R): 7.4 min, 98% ee.
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3-phenyl-4-(thiophen-2-yl)-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(£)-39

Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 84 (41.2 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-39 (84:16 dr). Chromatographic
purification (eluent Et,O:petrol 5:95) gave lactone ()-39 (99:1 dr) as a white solid (50.1 mg, 77%); mp 58-60
°C; vmax (KBr) 3088, 3034, 2923, 2865 (C-H), 1774 (C=0), 1703; &y (400 MHz, CDCls) 4.00 (1H, d, J 8.1,
C(3)H), 4.24-4.27 (1H, m, C(4)H), 6.11 (1H, d, J 4.1, C(5)H), 6.65-6.66 (1H, m, ArH), 6.81 (1H, dd, J 5.1, 3.5,
ArH), 7.06-7.09 (2H, m, ArH), 7.13 (1H, dd, J 5.1, 1.1, ArH), 7.23-7.29 (3H, m, ArH); ¢ (100 MHz, CDCls)
39.8 (C(4)), 53.3 (C(3)), 110.2 (q, J 3.5, C(5)), 118.4 (q, J 270, CF3), 125.4 (4rC), 125.7 (4rC), 127.3 (4rC),
128.1 (4rC), 128.4 (4rC), 129.1 (4rC), 134.7 (4ry ArC), 140.8 (q, J 38.2, C(6)), 141.1 (4ry ArC), 165.3
(C(2)); 8 (376 MHz, CDCls) -72.8 (CFs); m/z (NSI') 342 ([IM+NH,]', 97%); HRMS (NSI') C,¢H,sFsNO,S"
([M+NH,]") requires 342.0770; found 342.0775 (+1.4 ppm).

(3R,4R)-3-phenyl-4-(thiophen-2-yl)-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

(3R.4R)-39

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 84 (41.2 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-39 (88:12 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R ,4R)-39
(98:2 dr) as a white solid (55.6 mg, 86%); [a]p™ -258.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (2%
IPA:hexane, flow rate 2 mL min™', 211 nm) tr(35,4S): 6.8 min, tg(3R,4R): 9.1 min, 95% ee.

4-pentyl-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

(0]

Ph.,
0

ZNCF,

(£)-40
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Following general procedure B, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 87 (38.8 mg,
0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt gave crude lactone (+)-40 (77:23 dr). Chromatographic
purification (eluent Et,O:petrol 2:98) gave lactone (£)-40 (90:10 dr) as a colourless oil (36.0 mg, 58%); Vinax
(Diamond Cell) 2957, 2932 (C-H), 1786 (C=0), 1713; Data for major diastereoisomer: oy (500 MHz, CDCl;)
0.89 (3H,J 7.0, CH;), 1.21-1.50 (8H, m, 4CH>), 2.85-2.87 (1H, m, C(4)H), 3.72 (1H, d, J 8.6, C(3)H), 6.03 (1H,
d, J 3.8, C(5)H), 7.21-7.22 (2H, m, ArH), 7.35-7.43 (3H, m, ArH); Selected data for minor diastereoisomer dy
(500 MHz, CDCl;) 4.08 (1H, d, J 6.5, C(3)H), 6.12 (1H, d, J 5.0, C(5)H); Data for major diastereoisomer: d¢
(100 MHz, CDCls) 13.9 (CHs), 22.4 (CH;), 25.6 (CH,), 31.4 (CH,), 32.6 (CH,), 37.6 (C(4)), 50.1 (C(3)), 111.2
(q,J 3.3, C(5)), 118.5 (q, J 270, CF3), 128.1 (4rC), 128.2 (C(3)-ArC(4)), 129.1 (4rC), 135.4 (4ry C(3)-4ArC(1)),
140.1 (q, J 37.9, C(6)), 166.9 (C(2)); Selected data for minor diastereoisomer: d¢ (100 MHz, CDCl;) 26.4 (CH,),
29.5 (CHy), 31.6 (CH,), 36.9 (C(4)), 48.9 (C(3)), 112.4 (q, J 3.3, C(5)), 128.7 (4rC), 129.4 (4rC), 166.4 (C(2));
m/z (APCT") 313 ([M+H]", 100%); HRMS (APCI") C,7;HyF;0," ([M+H]") requires 313.1410; found 313.1408
(-0.6 ppm).

(3R,4R)-4-pentyl-3-phenyl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-2-one

0
Ph,
"0
ZNCF,
(3R4R)-40

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 87 (38.8 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-40 (78:22 dr). Chromatographic purification (eluent Et,O:petrol 2:98) gave lactone (3R,4R)-40
(86:14 dr) as a colourless oil (45.7 mg, 73%); [o]p"" -73.0 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralpak IB (2%
IPA:hexane, flow rate I mL min™, 211 nm) tg(3R,4R): 7.0 min, tg(3S,4S): 7.7 min, 98% ee.

1.7 Product Derivatisations

Methanolysis
methyl 6,6,6-trifluoro-5-0xo0-3-phenyl-2-(m-tolyl)hexanoate
O Ph O
FsC OMe
Me
(2)-41

Following general procedure B, m-tolylacetic acid (30.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), DHPB 71 (7.60 mg, 0.04 mmol), enone 2 (40.0 mg,
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0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at rt followed by addition of MeOH (2 mL) and stirring at rt
overnight gave crude ester (+)-41 (80:20 dr). Chromatographic purification (eluent Et,O:petrol 10:90) gave
ester (+)-41 (82:18 dr) as a white solid (62.0 mg, 85%); mp 58-60 °C; v (KBr) 3031, 2958, 1761 (C=0), 1732
(C=0), 1605; 64 (300 MHz, CDCl;) 2.15 (3H, s, CHs), 3.08 (1H, dd, J 18.3, 3.8, C(4)H), 3.29 (1H, dd, J 18.4,
9.4, C(4)H), 3.60 (3H, s, CO,CH3), 3.76 (1H, d, J 10.3, C(2)H), 3.82-3.90 (1H, m, C(3)H), 6.80-6.84 (3H, m,
ArH), 6.93-7.09 (6H, m, ArH); ¢ (100 MHz, CDCls) 21.3 (CH3), 40.6 (C(4)), 43.4 (C(3)), 52.3 (CO,CH3), 56.9
(C(2), 115.3 (q, J 290,CF5), 125.5 (4rC), 127.1 (4rC), 128.0 (4rC), 128.0 (4rC), 128.3 (4rC), 128.4 (4rC),
129.1 (4rC), 136.0 (4ry ArC), 138.1 (4ry ArC), 139.6 (4ry ArC), 173.2 (C(1)), 189.2 (q, J 35.2, C(5)); Or (282
MHz, CDCl;) -80.0 (CF3); m/z (NSI') 382 ([M+NH,]", 50%); HRMS (NSI') C,0H,;FsNO;™ ([M+NH,]")
requires 382.1625; found 382.1627 (+0.6 ppm).

(2R,3R)-methyl 6,6,6-trifluoro-5-oxo-3-phenyl-2-(m-tolyl)hexanoate
(0] Ph O

FsC OMe

Me
(2R,3R)-41

Following general procedure C, m-tolylacetic acid (30.0 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C, followed by
addition of MeOH (2 mL) and stirring at rt overnight gave crude ester (2R,3R)-41 (92:8 dr). Chromatographic
purification (eluent Et,O:petrol 10:90) gave ester (2R,3R)-41 (92:8 dr) as a white solid (52.6 mg, 72%); [o]p™" -
130.4 (¢ 0.25, CH,Cl,); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min™, 211 nm)
tr(2S5,35): 4.4 min, tr(2R,3R): 5.1 min, 97% ee.

Hydrogenation
4-phenyl-3-(m-tolyl)-6-(trifluoromethyl)tetrahydro-2 H-pyran-2-one

.8 23
Ph "'CF4 Ph CFs
(£)-42 (+)-43

To a solution of lactone (£)-20 (100 mg, 0.30 mmol) (90:10 dr) in EtOAc (5 mL) was added 10% Pd/C (31.9
mg, 0.03 mmol). Hydrogen gas (1 balloon) was bubbled through the solution and the reaction mixture was
stirred at rt for 16 h. The reaction mixture was filtered through Celite and washed several times with CH,Cl,.
Concentration in vacuo gave crude lactones (+)-42 and (+)-43 (47:53 dr). Chromatographic purification (eluent

Et,O:petrol 20:80) gave:
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Lactone (+)-42 (87:13 dr) as a colourless oil (47.1 mg, 47%); Vmax (thin film) 3031, 2923 (C-H), 1756 (C=0),
1606; oy (300 MHz, CDCls) 2.16-2.26 (4H, s, CH5 and C(5)H), 2.37-2.46 (1H, m, C(5)H), 3.46 (1H, q, J 6.6,
C(4)H), 3.93 (1H, d, J 8.0, C(3)H), 4.70-4.76 (1H, m, C(6)H), 6.77-6.80 (2H, m, ArH), 6.91-7.25 (7TH, m, ArH);
d¢ (125 MHz, CDCL) 21.4 (CHj3), 27.3 (C(5), 42.5 (C(4)), 52.5 (C(3)), 74.1 (q, J 33.0, C(6)), 123.3 (q, J 279,
CF3), 125.5 (4rC), 126.9 (ArC), 127.6 (ArC), 128.4 (4rC), 128.6 (ArC), 129.1 (4rC), 129.2 (4rC), 137.0 (4ry
ArC), 138.4 (4ry ArC), 140.6 (4ry ArC), 169.6 (C(2)); d¢ (282 MHz, CDCly) -77.7 (CFs); m/z (ES") 357
([M+Na]’, 100%); HRMS (ES") C;oH7F3NaO," ([M+Na]") requires 357.1078; found 357.1076 (-0.6 ppm).

Lactone (£)-43 (>99:1 dr) as a white solid (53.4 mg, 53%); mp 96-98 °C; Vi, (KBr) 3071, 3031, 2921 (C-H),
1743 (C=0), 1612; 64 (300 MHz, CDCls) 2.16 (3H, s, CH3), 2.23-2.37 (2H, m, C(5)H,), 3.26 (1H, td, J 11.8,
3.9, C(4)H), 3.72 (1H, d, J 11.5, C(3)H), 4.83-4.94 (1H, m, C(6)H), 6.65-6.70 (2H, m, ArH), 6.91-6.94 (3H, m,
ArH), 7.01 (1H, t, J 7.5, ArH), 7.10-7.20 (3H, m, ArH); 6¢ (125 MHz, CDCl;) 21.4 (CH3), 29.4 (C(5), 45.1
(C(4)), 55.5 (C(3)), 76.0 (q, J 33.8, C(6)), 122.6 (q, J 278, CF3), 125.7 (ArC), 127.1 (4rC), 127.6 (4rC), 128.5
(ArC), 128.5 (4rC), 128.9 (ArC), 129.3 (4rC), 136.7 (4ry ArC), 138.4 (4ry ArC), 140.0 (4ry ArC), 169.4 (C(2));
dr (282 MHz, CDCl3) -79.8 (CF5); m/z (ES") 357 ([M+Na]’, 100%); HRMS (ES") CoH,;F3sNaO," ([M+Na]")
requires 357.1078; found 357.1087 (+2.5 ppm).

(3R,4R,65)-4-phenyl-3-(m-tolyl)-6-(trifluoromethyl)tetrahydro-2 H-pyran-2-one and (3R,4R,6R)-4-phenyl-
3-(m-tolyl)-6-(trifluoromethyl)tetrahydro-2 H-pyran-2-one

(3R,4R,68) -42 3R 4R 6R) 43
To a solution of lactone (3R,4R)-20 (96:4 dr) (100 mg, 0.30 mmol) in EtOAc (5 mL) was added 10% Pd/C (31.9
mg, 0.03 mmol). Hydrogen gas (1 balloon) was bubbled through the solution and the reaction mixture was
stirred at rt for 16 h. The reaction mixture was filtered through Celite and washed several times with CH,Cl,.

Concentration in vacuo gave crude lactones (3R,4R,65)-42 and (3R,4R,6R)-43 (47:53 dr). Chromatographic
purification (eluent Et,O:petrol 20:80) gave:

Lactone (3R,4R,65)-42 (>99:1 dr) as a colourless oil (45.6 mg, 45%); [a]p™ -100.0 (¢ 0.1, CH,Cl,); Chiral

HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min", 211 nm) tr(3R,4R,6S5): 17.8 min, tr(35,4S,6R):
36.4 min, 97% ee.
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Lactone (3R,4R,6R)-43 (>99:1 dr) as a white solid (51.6 mg, 51%); [a]p™ -252.7 (¢ 0.15, CH,Cl,); Chiral HPLC
Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min”, 211 nm) tg(3R,4R,6R): 14.6 min, tx(35,4S5.,6S): 41.8

min, 98% ee.

(3R,4R,6R)-4-phenyl-3-(m-tolyl)-6-(trifluoromethyl)tetrahydro-2 H-pyran-2-one

. ]
Ph CF

(3R.4R,6R)-43

3

To a solution of lactone (3R,4R)-20 (96:4 dr) (100 mg, 0.30 mmol) in EtOAc (3 mL) was added 5%
Rh(PPh;);Cl (14.0 mg, 0.015 mmol). The reaction mixture was heated at 80 °C under a 50 bar pressure of
Hydrogen gas for 16 h. The reaction mixture was filtered through Celite and washed several times with CH,Cl,.
Concentration in vacuo gave crude lactone (3R,4R,6R)-43 (96:4 dr). Chromatographic purification (eluent
Et,O:petrol 20:80) gave lactone (3R,4R,6R)-43 (>99:1 dr) as a white solid (96.3 mg, 96%); Chiral HPLC
Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min™, 211 nm) tr(3R,4R,6R): 14.6 min, tz(35,45,65): 41.8

min, 98% ee.

Reductive Ring Opening
6,6,6-trifluoro-3-phenyl-2-(m-tolyl)hexane-1,5-diol

/L::j OH
Me :j:i/?H
Ph "'CF,4

To a solution of lactone (£)-42 (50.0 mg, 0.15 mmol) (87:13 dr) in THF (1 mL) at 0 °C was added 2M LiAlH,4
in THF (0.23 mL, 0.45 mmol) and the reaction mixture was allowed to stir for 10 minutes at rt. The reaction
mixture was quenched by addition of sat. ag. NaHCO; and extracted with diethyl ether (x 3). The combined
organic extracted were dried (MgSQy), filtered and concentrated in vacuo to give crude diol (+)-44 (87:13 dr).
Chromatographic purification (eluent Et,O:petrol 60:40) gave diol (+)-44 (>99:1 dr) as a white solid (43.6 mg,
86%); mp 102-104 °C; vimax (KBr) 3412 (O-H), 2924 (C-H), 2854; &y (400 MHz, CDCls) 1.92-2.00 (1H, m,
C(4)H), 2.13-2.20 (4H, m, C(4)H and CH3), 3.11 (1H, q, J 6.9, C(3)H), 3.29 (1H, q,J 7.1, C(2)H), 3.78 (1H, dd,
J10.7, 6.7, C(1)H), 3.84-3.94 (2H, m, C(1)H and C(5)H), 6.57-6.59 (2H, m, ArH), 6.86-6.90 (3H, m, ArH),
6.97-7.00 (1H, m, ArH), 7.05-7.13 (3H, m, ArH); 3¢ (125 MHz, CDCls) 21.4 (CHs), 33.8 (C(4)), 43.5 (C(3)),
51.7 (C(2), 64.9 (C(1), 69.1 (q, J 30.5, C(5)), 125.3 (q, J 281,CF3), 126.1 (4rC), 126.8 (4rC), 127.7 (4rC),
128.0 (4rC), 128.1 (4rC), 129.0 (4rC), 129.9 (ArC), 137.7 (4ry ArC), 138.8 (4ry ArC), 140.7 (4ry ArC); O
(376 MHz, CDCls) -80.0 (CF5); m/z (ES") 361 ([M+Na]’, 100%); HRMS (ES") C,oH,FsNaO," ([M+Na]")
requires 361.1391; found 361.1380 (-3.2 ppm).
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(2R,3R,55)-6,6,6-trifluoro-3-phenyl-2-(m-tolyl)hexane-1,5-diol

/© OH
Ph "'CF,

(2R,3R,5S5)-44
To a solution of lactone (3R,4R,65)-42 (50.0 mg, 0.15 mmol) (>99:1 dr) in THF (1 mL) at 0 °C was added 2M
LiAlH4 in THF (0.23 mL, 0.45 mmol) and the reaction mixture was allowed to stir for 10 minutes at rt. The
reaction mixture was quenched by addition of sat. aq. NaHCOs; and extracted with diethyl ether (x 3). The
combined organic extracted were dried (MgSQO,), filtered and concentrated in vacuo to give crude diol
(2R,3R,55)-44 (>99:1 dr). Chromatographic purification (eluent Et,O:petrol 60:40) gave diol (2R,3R,5R)-44
(>99:1 dr) as a white solid (42.3 mg, 83%); [a]p” -19.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak IB (5%
IPA:hexane, flow rate 1 mL min'l, 211 nm) tr(25,35,5R): 8.2 min, tr(2R,3R,5S): 9.3 min, 96% ee.

6,6,6-trifluoro-3-phenyl-2-(m-tolyl)hexane-1,5-diol

/@ OH
Ph CFs

()-45

To a solution of lactone (£)-43 (50.0 mg, 0.15 mmol) (>99:1 dr) in THF (1 mL) at 0 °C was added 2M LiAlH,4
in THF (0.23 mL, 0.45 mmol) and the reaction mixture was allowed to stir for 10 minutes at rt. The reaction
mixture was quenched by addition of sat. aq. NaHCO; and extracted with diethyl ether (x 3). The combined
organic extracted were dried (MgSQ,), filtered and concentrated in vacuo to give crude diol (£)-45 (>99:1 dr).
Chromatographic purification (eluent Et,0) gave diol ()-45 (>99:1 dr) as a colourless oil (44.4 mg, 88%); Vinax
(thin film) 3334 (O-H), 3030, 2925 (C-H), 1606, 1589; &y (300 MHz, CDCls) 1.67 (1H, br s, OH), 1.84-1.93
(1H, m, C(4)H), 2.06 (1H, ddd, J 14.2, 10.9, 3.5, C(4)H), 2.15 (3H, s, CH3), 2.83 (1H, br s, OH), 2.93-3.00 (1H,
m, C(2)H), 3.32-3.43 (2H, m, C(3)H and C(5)H), 3.83 (2H, d, J 6.3, C(1)H,), 6.64-6.67 (2H, m, ArH), 6.83-
6.87 (3H, m, ArH), 6.98 (1H, t, J 7.7, ArH), 7.01-7.12 (3H, m, ArH); d¢ (125 MHz, CDCl;) 21.4 (CHs), 33.1
(C(4)), 42.2 (C(3)), 53.4 (C(2), 64.6 (C(1), 68.3 (q, J 31.0, C(5)), 125.3 (q, J 280,CF3), 126.1 (4rC), 126.7
(ArC), 127.6 (4rC), 128.0 (4rC), 128.2 (ArC), 128.9 (ArC), 129.8 (ArC), 137.7 (4ry ArC), 139.5 (4ry ArC),
140.1 (4ry ArC); & (282 MHz, CDCly) -80.5 (CF;); m/z (ES") 361 ([M+Na]’, 100%); HRMS (ES")
C19H, F3NaO," ([M+Na]") requires 361.1391; found 361.1398 (+1.9 ppm).

(2R,3R,5R)-6,6,6-trifluoro-3-phenyl-2-(m-tolyl)hexane-1,5-diol

/© OH
Ph CF,

(2R,3R,5R)-45
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To a solution of lactone (3R,4R,6R)-43 (50.0 mg, 0.15 mmol) (>99:1 dr) in THF (1 mL) at 0 °C was added 2M
LiAlH4 in THF (0.23 mL, 0.45 mmol) and the reaction mixture was allowed to stir for 10 minutes at rt. The
reaction mixture was quenched by addition of sat. aq. NaHCO; and extracted with diethyl ether (x 3). The
combined organic extracted were dried (MgSQO,), filtered and concentrated in vacuo to give crude diol
(2R,3R,5R)-45 (>99:1 dr). Chromatographic purification (eluent Et,0) gave diol (2R,3R,5R)-45 (>99:1 dr) as a
colourless oil (41.5 mg, 82%); [a]p™ -17.0 (¢ 0.1, CH,CL,); Chiral HPLC Chiralcel OD-H (10% IPA:hexane,
flow rate 1 mL min'l, 211 nm) tg(2R,3R,5R): 6.1 min, tg(25,35,55): 7.5 min, 98% ee.

Methanol Ring Opening
methyl 6,6,6-trifluoro-5-hydroxy-3-phenyl-2-(m-tolyl)hexanoate

~, CO,M
Me/© " 2ne

Ph

HO™ "'CF,4
(+)-46

To a solution of lactone (£)-43 (50.0 mg, 0.15 mmol) (>99:1 dr) in methanol (5 mL) was added DMAP (3.66
mg, 0.03 mmol). The reaction mixture was stirred at 40 °C for 5 h before being concentrated in vacuo to give
crude alcohol (£)-46 (>99:1 dr). Chromatographic purification (eluent Et,O:petrol 20:80) gave alcohol (£)-46
(>99:1 dr) as a white solid (47.9 mg, 87%); mp 78-80 °C; vma (KBr) 3431 (O-H), 3030, 2958 (C-H), 1728
(C=0), 1700, 1608; 65 (400 MHz, CDCl3) 1.91-2.03 (2H, m, C(4)H), 2.12 (3H, s, CH;), 2.53 (1H, d, J 7.0, OH),
3.43-3.48 (1H, m, C(5)H), 3.56-3.63 (4H, m, C(3)H and CHs), 3.70 (1H, d, J 7.9 C(2)H), 6.80-6.84 (3H, m,
ArH), 6.89-6.94 (3H, m, ArH), 6.98-7.02 (1H, m, ArH), 7.05-7.09 (2H, m, ArH); éc (100 MHz, CDCl;) 21.3
(CH3), 34.4 (C(4)), 44.6 (C(3)), 52.4 (CHs), 57.8 (C(2)), 68.3 (q, J 31.0, C(5)), 125.1 (q, J 280,CF5), 125.5
(4rC), 126.9 (4rC), 128.0 (4rC), 128.1 (4rC), 128.4 (4rC), 128.5 (4rC), 129.1 (4rC), 136.6 (4ry ArC), 137.9
(4ry ArC), 139.5 (4ry ArC), 174.0 (C(1); 8¢ (376 MHz, CDCl;) -80.5 (CF3); m/z (ET") 366 ([M]", 12%); HRMS
(EI") CoH2 F30;5" (IM]") requires 366.1443; found 366.1451 (+2.2 ppm).

(2R,3R,5R)-methyl 6,6,6-trifluoro-5-hydroxy-3-phenyl-2-(m-tolyl)hexanoate

~, CO,M
Me/© " 2he

Ph

HO™ “CF,
(2R,3R,5R)-46

To a solution of lactone (3R,4R,6R)-43 (50.0 mg, 0.15 mmol) (>99:1 dr) in methanol (5 mL) was added DMAP
(3.66 mg, 0.03 mmol). The reaction mixture was stirred at 40 °C for 5 h before being concentrated in vacuo to
give crude alcohol (2R,3R,5R)-46 (>99:1 dr). Chromatographic purification (eluent Et,O:petrol 20:80) gave
alcohol (2R,3R,5R)-46 (>99:1 dr) as a white solid (49.3 mg, 90%); [a]p™ -169.0 (¢ 0.1, CH,Cl,); Chiral HPLC
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Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL min", 211 nm) tg(25,3S5,55): 7.4 min, tr(2R,3R,5R): 12.8 min,
98% ee.

LiAlH,4 Reduction / Cyclisations
4-phenyl-5-(m-tolyl)-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

e
«OH
Ph CFj

(x)-47
Following general procedure D, lactone (£)-20 (100 mg, 0.30 mmol) (90:10 dr) and 2M LiAlH4 in THF (0.60
mL, 1.2 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (+)-47 (90:10 dr). Chromatographic
purification (eluent Et;O:petrol 10:90) gave pyran (£)-47 (>99:1 dr) as a colourless oil (77.3 mg, 81%); Vimax
(thin film) 3418 (O-H), 3030, 2941 (C-H), 1705, 1608. 1591; 64 (500 MHz, CDCls) 1.94 (1H, t, J 13.1, C(3)H),
2.12-2.15 (4H, m, C(3)H and CH;), 2.74 (1H, br s, OH), 3.08 (1H, td, J 11.7, 4.6, C(5)H), 3.43 (1H, td, 12.2,
3.8, C(4)H), 3.86 (1H, dd, J 11.4, 4.7, C(6)H), 4.00 (1H, t, J 11.5, C(6)H), 6.81-6.83 (3H, m, ArH), 6.96-7.03
(4H, m, ArH), 7.07-7.10 (2H, m, ArH); d¢ (125 MHz, CDCls) 21.4 (CH3), 35.3 (C(3)), 40.7 (C(4)), 47.2 (C(5),
67.2 (C(6), 94.5 (q, J 32.0, C(2)), 122.7 (q, J 284,CF5), 125.2 (ArC), 126.6 (4rC), 127.6 (ArC), 127.8 (4rC),
128.3 (ArC), 128.5 (ArC), 128.9 (ArC), 138.0 (4ry ArC), 138.5 (4ry ArC), 142.0 (4ry ArC); & (470 MHz,
CDCl;) -87.1 (CF3); m/z (ESY) 359 ([IM+Na]’, 100%); HRMS (ES’) CoHsF;0," ([M-H]") requires 335.1259;
found 335.1258 (-0.4 ppm).

(2R, 4R,5R)-4-phenyl-5-(m-tolyl)-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

Me/© "0
+OH

Ph CFj

(2R,AR,5R)-47
Following general procedure D, lactone (3R,4R)-20 (100 mg, 0.30 mmol) (96:4 dr) and 2M LiAlH, in THF
(0.60 mL, 1.2 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4R,5R)-47 (96:4 dr).
Chromatographic purification (eluent Et,O:petrol 10:90) gave pyran (2R,4R,5R)-47 (>99:1 dr) as a colourless
oil (77.1 mg, 80%); [a]p™ -38.3 (¢ 1.0, CH,Cl,); Chiral HPLC Chiralpak IB (5% IPA:hexane, flow rate 1 mL
min™, 211 nm) tg(2R,4R,5R): 5.8 min, tr(25,4S,5S): 7.3 min, 97% ee.

5-(naphthalen-2-yl)-4-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

"’/ (0)
OH
Ph CF3

(+)-48
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Following general procedure D, lactone (+)-22 (42.8 mg, 0.12 mmol) (95:5 dr) and 2M LiAlH, in THF (0.23
mL, 0.47 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (+)-48 (95:5 dr). Chromatographic
purification (eluent Et,O:petrol 15:85) gave pyran (+)-48 (>99:1 dr) as a white solid (38.3 mg, 89%); mp 111-
113 °C; vimax (KBr) 3490 (O-H), 3031, 2941 (C-H); 81 (400 MHz, CDCls) 2.00 (1H, td, J 13.0, 2.6, C(3)H), 2.20
(1H, dd, J 13.6, 4.0, C(3)H), 2.75 (1H, d, J 2.7, OH), 3.30 (1H, td, J 11.7, 4.7, C(5)H), 3.58 (1H, td, 12.1, 4.0,
C(4)H), 3.94 (1H, dd, J 11.4, 4.7, C(6)H), 4.12 (1H, t, J 11.5, C(6)H), 6.94-6.98 (1H, m, ArH), 7.03-7.08 (4H,
m, ArH), 7.17-7.19 (1H, m, ArH), 7.29-7.35 (2H, m, ArH), 7.49 (1H, s, ArH), 7.58-7.65 (3H, m, ArH); ¢ (100
MHz, CDCl;) 35.4 (C(3)), 40.8 (C(4)), 47.4 (C(5), 67.1 (C(6), 94.5 (q, J 32.0, C(2)), 122.7 (q, J 284,CF3), 125.7
(ArC), 126.0 (4rC), 126.2 (ArC), 126.7 (4ArC), 127.2 (ArC), 127.5 (4ArC), 127.6 (4rC), 127.6 (4ArC), 128.2
(4rC), 128.6 (ArC), 132.5 (4ry ArC), 133.4 (4ry ArC), 136.1 (4ry ArC), 141.8 (4ry ArC); dr (376 MHz, CDCls)
-87.6 (CF53); m/z (ES") 371 ([M-H]", 100%); HRMS (ES") Cx»HsF30," ([M-H]") requires 371.1259; found
371.1272 (+3.6 ppm).

(2R, 4R,5R)-5-(naphthalen-2-yl)-4-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

OH

Ph CFs
(2R,4R,5R)-48

Following general procedure D, lactone (3R,4R)-22 (39.8 mg, 0.11 mmol) (98:2 dr) and 2M LiAlH, in THF
(0.22 mL, 0.44 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4R,5R)-48 (98:2 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave pyran (2R,4R,5R)-48 (>99:1 dr) as a white solid
(36.7 mg, 90%); [a]p™ -98.7 (¢ 0.15, CH,Cl,); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1 mL
min’l, 211 nm) tr(2R,4R,5R): 11.9 min, tr(25,4S,5S): 17.6 min, 97% ee.

5-(4-chlorophenyl)-4-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

RS
o)
+OH

Ph CFj

(£)-49
Following general procedure D, lactone (£)-14 (42.2 mg, 0.12 mmol) (>99:1 dr) and 2M LiAlH, in THF (0.24
mL, 0.48 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (£)-49 (>99:1 dr). Chromatographic
purification (eluent Et,O:petrol 15:85) gave pyran (£)-49 (>99:1 dr) as a colourless oil (39.9 mg, 93%); Vinax
(thin film) 3399 (O-H), 3031, 2940 (C-H) 1600; 6y (400 MHz, CDCIl;) 1.95 (1H, td, J 13.0, 2.1, C(3)H), 2.15
(1H, dd, J 13.5, 3.8, C(3)H), 2.72 (1H, d, J 2.2, OH), 3.09 (1H, td, J 11.7, 4.7, C(5)H), 3.38 (1H, td, 12.1, 3.9,
C(4)H), 3.85 (1H, dd, J 11.4, 4.6, C(6)H), 4.00 (1H, t, J 11.5, C(6)H), 6.95-7.13 (9H, m, ArH); 6 (100 MHz,
CDCl) 35.2 (C(3)), 41.0 (C(4)), 46.9 (C(5), 66.8 (C(6), 94.4 (q, J 31.9, C(2)), 122.6 (q, J 283,CF3), 126.9
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(ArC), 127.5 (4rC), 128.6 (4rC), 128.7 (ArC), 129.4 (4rC), 132.7 (4ry ArC), 137.1 (4ry ArC), 141.4 (4ry ArC);
dr (376 MHz, CDCl3) -87.6 (CF3); m/z (ES") 355 ([M-HJ", 100%); HRMS (ES") CsH,5°CIF;0," ([M-H]")
requires 355.0713; found 355.0716 (+0.8 ppm).

(2R,4R,5R)-5-(4-chlorophenyl)-4-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

e
e
. OH
Ph CF3
(2R,4R,5R)-49
Following general procedure D, lactone (3R,4R)-14 (42.2 mg, 0.12 mmol) (>99:1 dr) and 2M LiAlH, in THF
(0.22 mL, 0.44 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4R,5R)-49 (>99:1 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave pyran (2R,4R,5R)-49 (>99:1 dr) as a colourless
oil (40.3 mg, 94%); [a]p™ -67.0 (c 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1
mL min™, 211 nm) tg(2R,4R,5R): 10.7 min, tr(25,4S,5S): 18.5 min, 92% ee.

4-(4-methoxyphenyl)-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

MeO

Following general procedure D, lactone (£)-34 (49.7 mg, 0.14 mmol) (87:13 dr) and 2M LiAlH, in THF (0.29
mL, 0.57 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (£)-50 (87:13 dr). Chromatographic
purification (eluent Et,O:petrol 15:85) gave pyran (£)-50 (>99:1 dr) as a colourless oil (41.3 mg, 82%); Vmax
(thin film) 3391 (O-H), 3031, 2939 (C-H), 1612, 1515; 64 (300 MHz, CDCl;) 1.92 (1H, td, J 13.0, 2.5, C(3)H),
2.12 (1H, dd, J 13.5, 4.0, C3)H), 2.77 (1H, d, J 2.6, OH), 3.06 (1H, td, J 11.7, 4.7, C(5)H), 3.34-3.43 (1H, m,
C(4)H), 3.62 (3H, s, OCH3), 3.87 (1H, dd, J 11.4, 4.8, C(6)H), 4.02 (1H, t, J 11.5, C(6)H), 6.60-6.65 (2H, m,
ArH), 6.91-6.96 (2H, m, ArH), 7.01-7.14 (5H, m, ArH); d¢ (125 MHz, CDCls) 35.4 (C(3)), 40.0 (C(4)), 47.7
(C(5), 55.1 (OCH,), 67.1 (C(6), 94.4 (q, J 32.0, C(2)), 113.8 (4rC), 122.7 (q, J 284,CF3), 126.9 (4rC), 128.2
(4rC), 128.4 (4rC), 128.5 (4rC), 134.0 (4ry ArC), 138.7 (4ry ArC), 158.1 (4ry ArC); Or (282 MHz, CDCl;) -
87.6 (CF3), -116.6 (ArF); m/z (ES) 351 ([M-H]", 100%); HRMS (ES") CjoHsF;0;" ([M-H]") requires
351.1208; found 351.1204 (-1.1 ppm).

(2R,4R,5R)-4-(4-methoxyphenyl)-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

S47



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

MeO

(2R,4R,5R)-50

Following general procedure D, lactone (3R,4R)-34 (49.7 mg, 0.14 mmol) (96:4 dr) and 2M LiAlH, in THF
(0.29 mL, 0.57 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4R,5R)-50 (96:4 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave pyran (2R,4R,5R)-50 (>99:1 dr) as a colourless
oil (46.8 mg, 93%); [o]p™ -39.0 (¢ 0.1, CH,CL,); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1
mL min'l, 211 nm) tg(2R,4R,5R): 12.7 min, tr(25,4S5,5S): 44.4 min, 98% ee.

4-(naphthalen-1-yl)-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

(£)-51

Following general procedure D, lactone (+)-36 (52.8 mg, 0.14 mmol) (97:3 dr) and 2M LiAlH, in THF (0.29
mL, 0.57 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (+)-51 (97:3 dr). Chromatographic
purification (eluent Et,O:petrol 15:85) gave pyran (+)-51 (>99:1 dr) as a white solid (49.0 mg, 92%); mp 132-
134 °C; vmax (KBr) 3517 (O-H), 3065, 2948 (C-H), 1599; 61 (500 MHz, CDCl;) 1.85 (1H, t, J 12.9, C(3)H), 2.36
(1H, dd, J 13.7, 3.3, C(3)H), 2.81 (1H, s, OH), 3.54 (1H, td, J 11.4, 4.5, C(5)H), 4.00 (1H, dd, J 11.5, 4.6,
C(6)H), 4.10 (1H, t, J 11.4, C(6)H), 4.48 (1H, td, 12.0, 3.3, C(4)H), 6.96 (1H, t, J 7.3, ArH), 7.03 2H, t, J 7.5,
ArH) 7.11 (2H, d, J 7.3, ArH), 7.22 (1H, t, J 7.6, ArH), 7.27 (1H, d, J 6.9 ArH), 7.38 (1H, t, J 7.5, AtH), 7.47-
7.50 (1H, m, ArH), 7.54 (1H, d, J 7.9, ArH), 7.72 (1H, d, J 8.1, ArH), 8.17 (1H, d, J 8.6, ArH); ¢ (100 MHz,
CDCl;) 33.9 (C(4)), 36.0 (C(3)), 45.9 (C(5), 68.1 (C(6), 94.6 (q, J 32.1, C(2)), 122.3 (ArH), 122.6 (q, J
283,CF3), 123.8 (4rC), 125.5 (4ArC), 125.5 (4rC), 126.4 (ArC), 127.0 (4rC), 127.1 (4rC), 128.0 (4rC), 128.6
(ArC), 129.1 (4rC), 131.4 (4ry ArC), 134.0 (4ry ArC), 137.7 (4ry ArC) 138.4 (4ry ArC); 8¢ (470 MHz, CDCI;) -
87.0 (CF3), -116.6 (AtF); m/z (ES) 371 ([M-H]", 100%); HRMS (ES") C,H;sF30," ([M-H]") requires
371.1259; found 371.1258 (-0.3 ppm).

(2R,4R,5R)-4-(naphthalen-1-yl)-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

(2R4R,5R)-51

Following general procedure D, lactone (3R,4R)-36 (52.8 mg, 0.14 mmol) (99:1 dr) and 2M LiAlH, in THF
(0.29 mL, 0.57 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4R,5R)-51 (99:1 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave pyran (2R,4R,5R)-51 (>99:1 dr) as a white solid
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(50.7 mg, 95%); [a]p™ +159.6 (¢ 0.25, CH,Cl,); Chiral HPLC Chiralpak IB (5% IPA:hexane, flow rate 1 mL
min", 211 nm) tr(25,45,55): 9.7 min, tr(2R,4R,5R): 13.0 min, 98% ee.

4-(4-fluorophenyl)-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

Following general procedure D, lactone (+)-31 (40.3 mg, 0.12 mmol) (99:1 dr) and 2M LiAlH4 in THF (0.24
mL, 0.48 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (+)-52 (99:1 dr). Chromatographic
purification (eluent Et;O:petrol 15:85) gave pyran (£)-52 (>99:1 dr) as a colourless oil (38.3 mg, 94%); Viax
(thin film) 3419 (O-H), 3032, 2941 (C-H), 1704, 1606; &, (400 MHz, CDCls) 1.93 (1H, td, J 13.0, 2.4, C(3)H),
2.13 (1H, dd, J 13.4,3.9, C(3)H), 2.72 (1H, d, J 2.5, OH), 3.04 (1H, td, J 11.7, 4.7, C(5)H), 3.42 (1H, ddd, 14.5,
9.8, 44, C(4)H), 3.88 (1H, dd, J 11.4, 4.7, C(6)H), 4.04 (1H, t, J 11.5, C(6)H), 6.77-6.79 (2H, m, ArH),
6.96-7.13 (7H, m, ArH); d¢ (100 MHz, CDCls) 35.2 (C(3)), 40.3 (C(4)), 47.8 (C(5), 66.9 (C(6), 94.4 (q, J 32.1,
C(2)), 115.3 (d, J 21.1, ArC), 122.6 (q, J 283,CF;), 127.1 (4rC), 128.1 (4rC), 128.6 (4rC), 128.9 (d, J 7.8,
ArC), 137.5 (d, J, 3.0, 4ry ArC), 138.3 (4ry ArC), 161.5 (d, J 243, 4ry ArC); 6 (376 MHz, CDCl;) -87.6 (CF3),
-116.6 (ArF); m/z (ES’) 339 ([M-H]', 100%); HRMS (ES") C;3H,5F,0," ([M-H]") requires 339.1008; found
339.1014 (+1.8 ppm).

(2R,4R,5R)-4-(4-fluorophenyl)-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

(2R4R,5R)-52

Following general procedure D, lactone (3R,4R)-31 (40.3 mg, 0.12 mmol) (>99:1 dr) and 2M LiAlH, in THF
(0.22 mL, 0.44 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4R,5R)-52 (>99:1 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave pyran (2R,4R,5R)-52 (>99:1 dr) as a colourless
oil (37.9 mg, 93%); [a]p™ -52.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralpak AD-H (5% IPA:hexane, flow rate 1
mL min'l, 211 nm) tr(2R,4R,5R): 8.4 min, tg(25,45,55): 26.0 min, 98% ee.

4-pentyl-5-phenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

Ph.,
’ (0]
/\/\QOH
CF3
()-53

Following general procedure D, lactone (£)-40 (50.0 mg, 0.27 mmol) (90:10 dr) and 2M LiAlH, in THF (0.54
mL, 1.1 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (£)-53 (90:10 dr). Chromatographic
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purification (eluent Et;O:petrol 10:90) gave pyran (£)-53 (>99:1 dr) as a colourless oil (41.0 mg, 80%); Vimax
(Diamond Cell) 3408 (O-H), 2957, 2932 (C-H), 1602; 6y (500 MHz, CDCls) 0.84 (3H, t, J 7.11, CH;), 0.96-
1.31 (8H, m, 4CH,), 1.51 (1H, app t, J 12.7, C(3)HH), 2.18 (1H, dd, J 13.3, 3.9, C(3)HH), 2.22-2.29 (1H, m,
C(4)H), 2.61 (1H, td, J 11.6, 4.7, C(5)H), 2.68 (1H, br s, OH), 3.80 (1H, dd, J 11.3, 4.7, C(6)HH), 3.95 (1H, t, J
11.6, C(6)HH), 7.22 (2H, d, J 7.2, C(5)Ar(2,6)H), 7.29 (1H, t, J 7.3, C(5)Ar(4)H), 7.36 (2H, t, J 7.5,
C(5)Ar(3,5)H); 6¢ (125 MHz, CDCl;) 14.0 (CH3), 22.5 (CHy), 25.5 (CH,), 31.8 (CH>), 32.0 (CH), 33.0 (CH,),
33.5 (C(4)), 48.1 (C(5)), 66.9 (C(6), 94.5 (q, J 31.8, C(2)), 122.8 (q, J 284,CF5), 127.1 (C(5)-4rC(4)), 128.2
(ArC), 128.7 (ArC), 139.5 (C(5)-4ry ArC(1)); m/z (APCI") 316 (IM]", 100%); HRMS (APCI") C;;H,7F3NO;"
([IM+NH,4]") requires 334.1988; found 334.1986 (-0.7 ppm).

2-(4-fluorophenyl)acetic pivalic anhydride
o)H<
54

To a solution of 4-fluorophenylacetic acid (100 mg, 0.65 mmol) in CH,Cl, (3 mL) at rt was added DIPEA (0.17
mL, 0.98 mmol) and pivaloyl chloride (0.12 mL, 0.98 mmol). The reaction mixture was allowed to stir for 15
minutes before being concentrated in vacuo. The crude reaction mixture was treated with petrol (10 mL) and
then filtered to remove inorganic salts. The filtrate was concentrated in vacuo to give mixed anhydride 54 as a
yellow oil (150 mg, 97%) which was used crude without further purification. dy (400 MHz, CD,Cl,) 1.09 (9H,
s, C(CHs)3), 3.66 (2H, s, CH>), 6.93-6.99 (2H, m, Ar(3,5)H), 7.15-7.20 (2H, m, Ar(2,6)H); & (376 MHz,
CD,Cly) -116.2 (ArF).

(2S,3R)-1-(2-(4-fluorophenyl)acetyl)-3-isopropyl-2-phenyl-1,2,3,4-tetrahydrobenzo([4,5] thiazolo[3,2-

a]pyrimidin-5-ium chloride

(2S,3R)-60
To a solution of 4-fluorophenylacetyl chloride (100 mg, 0.58 mmol) in CH,Cl, (2 mL) was added isothiourea
(2S,3R)-6 (178 mg, 0.58 mmol) and the reaction mixture was allowed to stir at rt for 10 minutes before being
filtered to give salt (25,3R)-60 as a light yellow solid (257 mg, 92%); mp 102-104 °C (dec); Vmax (KBr) 2925 (C-
H), 1712 (C=0), 1603, 1535, 1511; 3y (400 MHz, CD,Cl,) 0.95 (3H, d, J 6.7, CH;), 1.42 (3H, d, J 6.6, CH;),
1.65-1.74 (1H, m, CH(CHs),), 3.13-3.21 (1H, m, C(3)H), 3.66 (1H, d, J 17.7, CHH), 3.95 (1H, app. t, J 13.0,
C(4)HH), 4.79 (1H, dd, J 13.3, 4.4, C(4)HH), 5.51 (1H, d, J 17.8, CHH), 6.60 (1H, d, J 4.2, C(2)H), 6.95-6.99
(2H, m, 4-FAr(3,5)H), 7.15-7.18 (2H, m, ArH), 7.19-7.23 (2H, m, 4-FAr(2,6)H), 7.42-7.48 (3H, m, ArH), 7.66-

S50



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

7.70 (1H, m, ArH), 7.81 (1H, td, J 7.9, 1.0), 8.02 (1H, d, J 8.4, ArH), 8.10 (1H, d, J 7.6, ArH); dc (125 MHz,
CD,Cly) 19.6 (CHs), 21.9 (CHs), 26.8 (CH(CHjs),), 39.8 (C(3)), 40.6 (CH,), 44.8 (C(4)), 61.5 (C(2)), 114.2
(4rC), 115.4 (d, J 21.3,4-FArC(3,5)), 123.4 (4rC), 126.2 (4rC), 127.1 (4rC), 127.7 (d, J 3.0, 4-FArC(1)), 127.9
(4rC), 129.6 (4rC), 129.9 (4rC), 129.9 (4rC), 131.9 (d, J 8.0, 4-FArC(2,6)), 134.6 (4rC), 136.1 (4rC), 160.7
(C=N), 162.2 (d, J 245, 4-FArC(4)), 173.7 (C=0); 8¢ (376 MHz, CD,Cl,) -116.3 (ArF); m/z (ES") 445 (IM]’,
100%); HRMS (ES") C57H,6FN,0S" ([M]") requires 445.1750; found 445.1743 (-1.4 ppm).

(3R,4R)-3-(4-fluorophenyl)-4-phenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

F
0.3
Ph” 7 > cF

(3R,4R)-13

3

Following general procedure C, 4-fluorophenylacetic acid (30.8 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol)
and pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), acyl ammonium (25,3R)-60 (4.81 mg, 0.01 mmol,
5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude lactone
(3R,4R)-13 (90:10 dr). Chromatographic purification (eluent Et,O:petrol 5:95) gave lactone (3R,4R)-13 (>99:1
dr) as a white solid (59.3 mg, 88%); [a]p> -256.0 (¢ 0.1, CH,Cl,); Chiral HPLC Chiralcel OD-H (10%
IPA:hexane, flow rate 1 mL min™, 211 nm) tg(3R,4R): 19.2 min, tr(3S,45): 39.4 min, 99% ee.

F
o}
OH
DD
62

2-d’-(4-fluorophenyl)acetic acid

To a solution of 4-fluorophenylacetic acid (1.00 g, 6.49 mmol) in D,O (6 mL) was added K,CO; (3.59 g, 26.0
mmol) and the reaction mixture was heated at reflux for 16 h. The crude reaction mixture was acidified by
careful addition of 8M HCI and extracted with CH,Cl,. The organic layer was separated, dried (MgSOy),
filtered and concentrated in vacuo. The whole process was repeated a further 3 times to give acid 62 as a white
solid (570 mg, 56%) which was 99% deuterated according to 'H NMR; mp 83-84 °C; v (Diamond Cell)
3200-2520 (CO,H), 2922 (C-H), 1692 (C=0), 1608, 1512; &4 (300 MHz, CDCl;) 7.02-7.10 (2H, m, Ar(3,5)H),
7.25-7.32 (2H, m, Ar(2,6)H), 11.9 (1H, s, OH); d¢ (75 MHz, CDCl3) 116.0 (d, J 21.4, ArC(3,5)), 129.3
(ArC(1)), 131.4 (d, J 8.0, ArC(2,6)), 163.0 (d, J 244, ArC(4)), 178.7 (C=0); m/z (ES") 155 (IM-H]", 100%);
HRMS (NSI") CgH4D,FO," ([M-H]") requires 155.0483; found 155.0484 (+0.7 ppm).

Reaction using 2-d*-(4-fluorophenyl)acetic acid

S51



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

F
0 - .
OH i) (CH3)sCCOCI (1.5 eq) \© D
5 b i-Pr,NEt (1.5 eq) 0
62 ii) HBTM-2.1 6 (5 mol%
0 ) ( ) Ph” > CcF

M i-PrNEt (20.5 eq) 61, dr 90:10,
Ph ) CF3 CH,Cly, -78 °C, 16 h 73%. 70:30 D:H

3

Following general procedure D, acetic acid 62 (31.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (2S5,3R)-6 (3.08 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 16 h at -78 °C gave crude
lactone (3R,4R)-61 (90:10 dr) with 30% proton incorporation observed at C(3). Chromatographic purification
(eluent Et,O:petrol 5:95) gave lactone (3R,4R)-63 (>99:1 dr) as a white solid (49.0 mg, 73%).

3,4-diphenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one
O

Ph,
Ph N cF

(+)-64

3

Following general procedure C, phenyl acetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (£)-6 (3.09 mg, 0.01
mmol), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at -78 °C gave crude lactone (£)-
64 (81:19 dr). Chromatographic purification (eluent Et;O:petrol 3:97) gave lactone (£)-64 (92:8 dr) as a white
solid (46.2 mg, 73%); mp 100-102 °C; vy (KBr) 3094, 2922 (C-H), 1790 (C=0), 1705; Data for major
diastereoisomer: oy (300 MHz, CDCl;) 3.86-3.91 (1H, m, C(4)H), 4.23 (1H, d, J 7.1, C(3)H), 6.23 (1H, dd, J
5.9, 0.6, C(5)H), 6.63-6.66 (2H, m, ArH), 6.69-6.72 (2H, m, ArH), 7.05-7.23 (6H, m, ArH); &c (100 MHz,
CDCl;) 44.4 (C(4)), 51.0 (C(3)), 111.3 (q, J 3.4, C(5)), 118.6 (q, J 270, CF3), 128.0 (4rC), 128.1 (4rC), 128.4
(ArQ), 128.5 (ArC), 128.8 (4rC), 129.6 (4ArC), 132.6 (4ry ArC), 134.7 (4ry ArC), 141.6 (q, J 38, C(6)), 165.5
(C(2)); 8 (282 MHz, CDCls) -72.5 (CFs); m/z (APCI) 319 ([M+H]", 100%); HRMS (APCI") CsH4,F50,"
([IM+H]") requires 319.0940; found 319.0944 (+1.1 ppm).

(3R,45)-3,4-diphenyl-6-(trifluoromethyl)-3,4-dihydro-2 H-pyran-2-one

Ph,
Ph*" N CF

(3R,4S)-64

3

Following general procedure C, phenylacetic acid (27.2 mg, 0.20 mmol), DIPEA (51.9 uL, 0.30 mmol) and
pivaloyl chloride (37.0 uL, 0.30 mmol) in DCM (1 mL), Ph/i-Pr isothiourea catalyst (25,3R)-6 (3.09 mg, 0.01
mmol, 5 mol%), enone 2 (40.0 mg, 0.20 mmol) and DIPEA (87 uL, 0.5 mmol) for 1 h at -78 °C gave crude
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lactone (3R,4S5)-64 (85:15 dr). Chromatographic purification (eluent Et,O:petrol 3:97) gave lactone (3R,4S5)-64
(91:9 dr) as a white solid (47.3 mg, 74%); [a]p™ +370.0 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralpak IB (5%
IPA:hexane, flow rate 1 mL min™', 211 nm) tr(3S,4R): 6.5 min, tr(3R,4S5): 9.2 min, 99% ee.

4,5-diphenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

Phl"@
Ph OI;_’|CF3
(+)-65
Following general procedure D, lactone (£)-64 (37 mg, 0.12 mmol) (92:8 dr) and 2M LiAlH, in THF (0.23 mL,
0.46 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (£)-65 (92:8 dr). Chromatographic purification
(eluent Et,O:petrol 15:85) gave pyran (+)-65 (93:7 dr) as a white solid (30.2 mg, 81%); mp 130-132 °C; Viax
(Diamond Cell) 3526 (O-H), 3029, 2944 (C-H), 1700, 1618; Data for major diastereoisomer: oy (400 MHz,
CDCl;) 1.82 (1H, dd, J 13.2, 3.3, C(3)HH), 2.21 (1H, t,J 13.5, C(3)HH), 2.73 (1H, br s, OH), 2.94 (1H, t, J 4.0,
C(5)H), 3.73 (1H, dt, 14.0, 4.0, C(4)H), 4.21 (1H, d, J 11.5, C(6)HH), 4.53 (1H, dd, J 11.5, 3.5, C(6)HH),
6.68-6.71 (2H, m, ArH), 6.87-6.89 (2H, m, ArH), 7.00-7.10 (6H, m, ArH); &¢ (125 MHz, CDCl;) 26.4 (C(3)),
38.6 (C(4)), 45.2 (C(5), 66.8 (C(6), 94.7 (q, J 32.1, C(2)), 122.9 (q, J 284,CF5), 126.6 (4rC), 126.7 (ArC), 127.6
(4rC), 127.9 (4rC), 128.1 (4rC), 129.7 (4rC), 138.8 (4ry ArC), 141.3 (4ry ArC); 8r (376 MHz, CDCl;) -87.8
(CF3); m/z (APCI') 340 ([M+NH,], 100%); HRMS (APCI") C3Hy FsNO," ([M+NH,]") requires 340.1519;

found 340.1517 (-0.6 ppm).

(2R,4S,5R)-4,5-diphenyl-2-(trifluoromethyl)tetrahydro-2 H-pyran-2-ol

Ph,,
.

Ph' T cFy

(2R,4S,5R)-65
Following general procedure D, lactone (3R,4S5)-64 (84 mg, 0.26 mmol) (92:8 dr) and 2M LiAlH, in THF (0.53
mL, 1.06 mmol) in THF (1 mL) for 10 minutes at rt gave crude pyran (2R,4S,5R)-65 (92:8 dr).
Chromatographic purification (eluent Et,O:petrol 15:85) gave pyran (2R,4S,5R)-65 (94:6 dr) as a white solid
(65.0 mg, 76%); [a]p™ -232 (¢ 0.2, CH,Cl,); Chiral HPLC Chiralcel OJ-H (5% IPA:hexane, flow rate 1 mL

min™, 211 nm) tr(25,4R,5S): 13.2 min, tg(2R,4S,5R): 15.5 min, 99% ee.

1.8 NMR Analysis

The stereochemistry of lactone 42 was assigned on the basis of the NOE observed between HS and H3 (Figure
1). In the case of the diastereomeric lactone 43, a surprisingly strong NOE between H5 and H2 was observed.
This can be explained by the presence of a boat conformation, which according to DFT calculations at the
B3LYP/6-31G** level of theory, is only about 6 kJmol' higher in energy than the more stable chair

conformation (Figure 2). Further evidence about the stereochemistry of 43 was provided by analysis of the
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coupling pattern of the HS resonance (Figure 3). Simulation of the ddq coupling pattern by Bruker Topspin
DAISY module shows a *Jii coupling constant of 12.2 Hz which is in accordance with an axial position of H5
in the minimum energy chair conformation of 43. The structure of 43, obtained by MM conformational search
and geometry optimisation at B3LYP/6-31G** level of theory, is shown in Figure 3c. The H4a-C-C-H5
dihedral angle of 170.8° corresponds to coupling constant of 11.7 Hz, calculated by the Althona equation, which

is in good agreement with the experimental data.

" 10 e
3 5, 3

Ph ‘CF;  Ph CFs
42

5|
43

O A e e W T A TV AW e,
. Nl

2 3

M Y

52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 3

c)

kit
b) Wil
|
] A
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Figure 1 '"H NMR of 43 (a) and 42 (c) and corresponding 1D gs-NOESY spectra (b, d) acquired upon selective

irradiation of H5. NOEs observed for H3 and H2 enables stereochemical assignment of 43 and 42 respectively.

Chair Boat conformation
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Ere = 0.0 kJ.mol”, d(H2,H5) = 4.163 A Ere = 6.4 kd.mol”, d(H2,H5) = 2.319 A
d(H3,H5) = 3.812 A d(H3,H5) = 3.834 A

Figure 2 Geometries of both chair and boat conformations of 42 calculated at the B3LYP/6-31G** level of

theory, corresponding relative energies and distances between H2, H3 and H5 protons.

b)

a)

H4a-C-C-HS5 =
170.8°
d(H3,H5)=2.528 A

5.00 4.98 4.96 494 492 ppm

Figure 3 Experimental (a) and simulated (b) ddq coupling pattern of the H5 resonance of compound 43 which
enables us to derive coupling constants 12.2, 5.5 and 3.18 Hz. ¢) The structure of minimum energy
conformation of 43 obtained by MM conformational search and geometry optimisation at the B3LYP/6-31G**
level of theory.

The 1D gs-NOESY spectra of 47 shows NOEs between OH, H3 and H1a resonances (Figure 4). This implies a
R-configuration at C5 which places the hydroxyl group in an axial position along with protons H3 and Hla as
shown by the structure of minimum energy conformation of 47 obtained by MM conformational search and

geometry optimisation at B3LYP/6-31G** level of theory.

d)
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Figure 4 '"H NMR of 47 (a) and corresponding 1D gs-NOESY spectra acquired upon selective irradiation of
H3 (b) and OH (c¢). NOEs observed between OH, H3 and H1a enables the stereochemical assignment of 47. d)
The structure of minimum energy conformation of 47 obtained by MM conformational search and geometry

optimisation at B3LYP/6-31G** level of theory.

1.9 Mechanistic and Kinetic studies
Determination of all stereoisomers

Racemic sample of both diastereoisomers

DA chi 211om
Feak# Ret Time| Area%
1 8453 45387
2 8162 45125
3 10.334 4. 740
4 14.405 4738
Taotal 100.000
1500 3 o PO Multi 1 211nm,4nm
@ o &
Ph “
1000 PR ek,
/ o] o)
Ph., o Ph o
500
P N NGE, e N e,
o
.0 75 125 15.0
i

Chiral HPLC Chiralpak IB (5% IPA:hexane, flow rate 1 mL min™, 211 nm, 30 °C) Syn Diastereoisomer:
tr(3S,4R): 6.5 min, tr(3R,4S): 9.2 min; Anti Diastereoisomer: tr(3R,4R): 10.3 min, tr(35,45): 14.4 min
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Reaction using (E)-enone

o
Ph i) (CH3)3CCOCI (1.5 eq)
QkOH i-Par:NEt (1.5 eq) Ph
dr 90:10 o
o i) HBTM-2.1 6 (5 mol%) P
/\A i-Pr,NEt (2.5 eq) Ph CF,
Ph CF3 CH,Cl,, -78 °C, 16 h (BR,4R)-3, (3S5,4R)-64, 34% ee®
2 80%, 99% ee
DA Ch1 211nm
Feak#] Ret. Time Areat
1 8.427 3.255
2 3.978 1807
3 59.858 84 812
4 14.345 0237
Total 100.000
a PDA Mult 1 211 nmy4nm
2000 @™
2000
1000
E B 3
o a E
0 z
5.0 75 0.0 125 1650
min
Reaction using (£)-enone
Q )
PhQ& i) (CH3)3CCOCI (1.5 eq) Ph
OH i-Pr,NEt (1.5 eq) o
dr 85:15
Ph O ii) HBTM-2.1 6 (5 mol%) ez
MCF iPr,NEt (2.5 eq) Ph 6R4S) 64CF3
3 780 4S)-64, (3R4R)-3, 54% ee
63 CHCl, -78°C, 1h 74%, 99% ee
DA Chl 211nm
Feak#{ Ret. Time Area
1 8.483 0.447
2 9 155 01._355
3 10.321 §.309
4 14.425 1.879
Total 100000
“ POV Multi 1 211 nmy4nm
o
1500
1000
&00
g g §
o = *
50 75 10.0 125 15._0

[ty
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Kinetic Studies

To complement these synthetic studies, kinetic investigations aimed to establish the catalytic cycle were
performed. 4-Fluorophenylacetic acid (preactivated with pivaloyl chloride and Hunig’s base to prepare the
mixed anhydride 54 in situ) and trifluoromethylenone 2 were used as model substrates in order to measure
reaction progress by in situ '’F NMR spectroscopic analysis. The reactions were performed in CD,Cl, at -78 °C

using HBTM 2.1 6.

General Experimental Procedure For Kinetic Studies

To an NMR tube was added the required amount of 4-fluorophenylacetic acid, 1-fluoro-4-nitrobenzene, DIPEA,
pivaloyl chloride and CD,Cl,. Subsequently, at -78 °C was added the required amount of isothiourea (25,3R)-6,
enone 2 and DIPEA. The reaction was followed dynamically by '’F NMR at -78 °C.

A typical ’F NMR spectrum is shown below in which the key species are clearly visible and highlighted,
including both diastereoisomers of the forming lactone 3 and 64, 4-fluoronitrobenzene (standard),

trifluoromethylenone 2 and mixed anhydride 54.

| T | T I T T T I T |
ppm -70 -80 -80 =100 -110 -120

A typical kinetic profile is shown below for the reaction with reactant concentrations: 100 mM Acid, 100 mM
Acceptor, 20 mM Standard, 0.5 mM catalyst. It is clearly visible that both the major and minor diastercoisomers
of lactone 3 and 64 increase in concentration over time while the concentration of both the mixed anhydride 54
and enone 2 decrease over time. Typically the reactions were approximately 20% complete by the time of the

first obtained data point.
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Trifluoro Acceptor Kinetics

80.0 1

70.0 k

40.0

30.0 / \\
20.0

Concentration (mM)

10.0 ———
e
0.0 ; ; ; ; ; . . {
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0
Time (Minutes)
& Mixed Anhydride m  Acceptor Major Diastereoisomer Minor Diasteroisomer
= Poly. (Acceptor) = Poly. (Mixed Anhydride) = Poly. (Major Diastereoisomer) === Poly. (Minor Diasteroisomer)

Kinetic runs for eight combinations of initial concentrations of anhydride, acceptor and catalyst were performed
(see table). Data for the concentrations of both the mixed anhydride and the enone acceptor are given below.
Data were fitted (using MATLAB® R201 1a) using plots of log concentrations (of either anhydride or enone) vs
time. Only data either the anhydride or enone has not fallen to zero is presented and fitted. While plots of the
natural log of the concentration of the anhydride vs time are linear in all cases, the plots of the natural log of the
enone acceptor vs time are only (coincidently) linear when anhydride and enone concentration are equal
throughout the reaction. The fitted “t = 0” intercept concentrations of the anhydride and observed rate constants

kobs are shown in the table.

F
o Piv-Cl (1.5 eq based on acid)
DIPEA (4.0 eq based on acid)
OH

CD,Cl,, -78 °C

300, 200, 100,

1.0,0.5,0.25 mM
75,50 mM

F\©\
NO.

20 mM

2
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Run [acceptor 2] / [4-fluorophenylacetic | [catalyst 6]/ [anhydride], / Kobs X 10°
mM acid] / mM mM mM

1 100 100 0.5 80.2+1 5.64+0.03
2 50 100 0.5 74.4+1 4.5+0.1
3 75 100 0.5 74.5+1 4.09+0.02
4 200 100 0.5 69.8+1 4.57+0.03
5 300 100 0.5 69.3+1 4.71+0.03
6 100 100 0.25 66.7+1 3.11£0.01
7 100 100 1.0 65.5+1 12.17+0.07
8 100 100* (d2) 0.5 72.0+1 1.47+0.01

*#2-d*-(4-fluorophenyl)acetic acid used

Data from NMR experiments. Concentrations are calculated based on 20 nM internal standard. See table

above for initial conditions. Plots of In([anhydride]/mM) and In([enone]/mM) vs time are included for each run.

Run 1

Time (minutes)

Concentration anhydride / mM

Concentration enone / mM

14.40 759 72.33
24.02 71.3 68.67
40.52 64.6 61.67
57.03 58.5 55.33
73.55 532 49.67
90.07 482 45.67
106.58 439 40.33
123.00 40.0 36.67
139.60 35.7 3293
156.10 329 29.77
172.65 299 27.13
189.17 271 24 .47
205.67 249 20.67
22220 22.6 18.47
238.70 204 16.6
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255.22 18.7 14.93

271.73 171 13.5

288.23 15.8 12.5

304.75 14.3 11.17

321.27 13.1 9.97

337.80 12.1 8.93

35432 11.1 7.9

370.82 10.3 7.13

45 45 w
4t 4 \\.\
. : ~ ]
2050 100 150 200 250 300 350 400 'S0 50 100 150 200 250 300 350 400
time/min time/min
Run 2
Time (minutes) Concentration anhydride / mM Concentration enone / mM

5.52 73.30 3533
11.53 71.60 32.93
26.77 66.50 26.53

42.00 60.30 20.90

57.25 57.00 15.90

72.48 53.10 11.23

87.72 49.70 7.67

102.97 46.60 4.53

118.20 43.80 1.97

133.45 41.60 0.40
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;%41 \\ §2 \.\.\
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| e, J e,
38t \\ 0
37 : ‘ : ‘ 52 ) - - : : : e

0 20 40 60 8 100 120 140 0 20 40 60 80 100 120 140

time/min

Run 3

Time (minutes) Concentration anhydride / mM Concentration enone / mM
5.07 74.10 65.00
11.52 72.20 62.00
26.75 67.50 55.33
41.98 62.60 48.67
57.22 58.40 43.67
72.45 55.20 37.67
87.70 51.70 32.97
102.92 48.70 29.37
118.17 45.90 26.37
133.40 43.10 23.37
148.65 40.60 20.67
163.88 37.90 18.23
179.12 35.50 15.87
194.37 33.20 13.77
209.58 31.40 11.57
224.82 29.50 9.67
240.07 27.60 8.10
255.30 26.40 6.53
270.55 25.00 5.10
285.78 2340 3.70
301.03 22.20 2.88
316.27 20.70 1.73
331.50 20.00 1.07
346.75 19.20 0.50
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361.98 18.50 0.29
377.22 18.20 0.00
45 45 T
’Q\ M '\\
= \ ~ 35} \\
% \ E 3t Lo
£ . 2 e
> = .
g 2,251 .
= £ .
£35 51 ,\'\
- 150 ﬁ\
30 5‘0 1(‘10 1%0 260 25.50 360 350 10 5‘0 160 1%0 2(')0 25’50 3(:0 350
time/min time/min

Run 4

Time (minutes) Concentration anhydride / mM Concentration enone / mM
34 67.7 153.30
8.4 66.6 150.00

23.6 61.6 143.70
38.9 58.0 138.00
54.1 53.7 132.67
694 50.7 128.67
84.6 47.4 126.00
99.8 448 122.00
115.1 42.0 120.67
130.3 393 117.00
145.6 36.1 114.67
160.8 337 112.67
176.0 31.7 110.33
191.3 29.8 108.00
206.5 27.5 106.67
221.8 25.8 104.67
236.0 23.5 103.00
25222 222 101.67
267.5 20.7 100.00
282.7 18.8 98.00
298.0 17.8 96.00
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Run 5

Time (minutes) Concentration anhydride / mM Concentration enone / mM
40 66.6 247.00
9.9 64.7 244.00

252 60.8 238.00
40.4 56.9 231.67
55.7 52.8 225.33
70.9 50.3 222.67
86.2 46.6 219.33
1014 435 216.00
116.6 40.4 214.00
1319 37.7 210.00
147.1 353 207.67
162.4 324 205.33
177.6 304 204.00
192.8 28.3 202.00
208.1 26.3 200.00
2233 242 198.23
238.5 22.4 195.67
253.8 209 194.00
269.0 19.7 192.33
2843 18.3 191.33
299.5 16.9 190.00
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Run 6

Time (minutes) Concentration anhydride / mM Concentration enone / mM
3.70 65.80 81.00
8.52 65.00 79.33

23.75 61.90 75.66
39.00 58.80 72.00
54.23 56.30 69.00
69 .48 54.20 66.00
84.72 51.10 63.33
99.97 48.90 61.00
115.20 46.70 58.66
13043 44.70 56.66
145.68 42.80 5433
160.92 40.70 52.00
176.15 38.33 50.00
191.40 36.70 48.00
206.63 35.10 46.00
221.88 33.50 44.67
237.13 31.70 43.00
252.37 30.60 41.67
267.62 28.90 40.33
282.85 27.90 39.00
298.13 26.30 37.66
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Run 7

Time (minutes) Concentration anhydride / mM Concentration enone / mM
5.18 60.3 70.67
10.13 574 68.33
25.38 48 59.00
40.62 40 50.33
55.87 334 43.67
71.12 27.8 38.33
86.35 233 33.33
101.60 19.2 29.00
116.85 16 2597
132.08 133 23.33
147.30 11 21.00
162.53 9.09 18.87
177.78 7.61 16.67
193.02 5.8 15.00
208.28 5.33 14.20
223.53 4.19 13.33
238.77 3.6 12.60
254.02 3.05 11.90
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Run 8

45 45
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time/min time/min
Time (minutes) Concentration anhydride / mM Concentration enone / mM
8.1 71.3 77.7
233 69.6 75.7
38.6 68.0 73.7
53.8 66.5 72.0
69.1 65.0 70.3
84.3 63.5 68.3
99.6 62.0 66.0
114.8 60.6 64.0
130.0 593 62.3
145.3 58.1 61.0
160.5 56.9 59.7
175.7 55.8 58.3
191.0 54.6 57.0
206.3 53.2 55.7
221.5 51.8 54.0
236.7 50.6 52.7
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HPLC Data

HPLC data compound 3: Chiralpak AD-H 5% IPA:hexane, 1 mL min™', 211 nm, 99% ee
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HPLC data compound 13: Chiralcel OD-H 10% IPA:hexane, 1 mL min™', 211 nm, 99% ee
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HPLC data compound 14: Chiralcel OD-H 5% IPA:hexane, I mL min”, 211 nm, 96% ee
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HPLC data compound 15: Chiralpak AD-H 2% IPA:hexane, 1 mL min”, 211 nm, 95% ee
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HPLC data compound 16: Chiralpak AD-H 5% IPA:hexane, 1 mL min”, 211 nm, 98% ee
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HPLC data compound 17: Chiralpak AD-H 2% IPA:hexane, 1 mL min”, 211 nm, 98% ee
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HPLC data compound 18: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 99% ee
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HPLC data compound 19: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 98% ee
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HPLC data compound 20: Chiralcel OD-H 2% IPA:hexane, 1 mL min”, 211 nm, >99% ee
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HPLC data compound 21: Chiralpak AD-H 2% IPA:hexane, 1 mL min”, 211 nm, 98% ee
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HPLC data compound 22: Chiralcel OD-H 20% IPA:hexane, 1 mL min™', 211 nm, 97% ee
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HPLC data compound 23: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 89% ee
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HPLC data compound 24: Chiralpak AD-H 2% IPA:hexane, 1 mL min”, 211 nm, 64% ee
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HPLC data compound 25: Chiralcel OD-H 5% IPA:hexane, I mL min”, 211 nm, 97% ee
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HPLC data compound 26: Chiralpak AD-H 5% IPA:hexane, 1 mL min”, 211 nm, 96% ee
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HPLC data compound 27: Chiralpak AD-H 2% IPA:hexane, 1 mL min”, 211 nm, 28% ee
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HPLC data compound 28: Chiralcel OD-H 5% IPA:hexane, I mL min”, 211 nm, 98% ee
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HPLC data compound 29: Chiralcel OD-H 5% IPA:hexane, I mL min”, 211 nm, 97% ee
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HPLC data compound 30: Chiralcel OD-H 5% IPA:hexane, I mL min”, 211 nm, 97% ee
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HPLC data compound 31: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 98% ee
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HPLC data compound 32: Chiralpak AD-H 2% IPA:hexane, 2 mL min™', 211 nm, >99% ee
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HPLC data compound 33: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 97% ee
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HPLC data compound 34: Chiralpak AD-H 5% IPA:hexane, I mL min”, 211 nm, 98% ee
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HPLC data compound 35: Chiralpak AD-H 20% IPA:hexane, 1 mL min™, 211 nm, 86% ee
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HPLC data compound 36: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 98% ee
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HPLC data compound 37: Chiralpak AD-H 2% IPA:hexane, 2 mL min™', 211 nm, >99% ee
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HPLC data compound 38: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 98% ee
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HPLC data compound 39: Chiralpak AD-H 2% IPA:hexane, 2 mL min™, 211 nm, 95% ee

’ni. Humber| Peak Hame R. Time Area Area %
1.00 *1 676 22394790.00; 4962
2 1.00 *2 913 2273538800 5038
100 — 1000 —
@ 500 —
o
£
i
s £
s E
=
&
0 ¥
0- T
10
Minutes
Inj. Humber| Peak Hame R. Time Area Area %
1.00 * 669 106512675 248
2 1.00 2 913 12223543.00 97 .54
100 —
1000 —
o
@
£
R
L -
g 3
=
S
. ¥ Y
0 & &
0= T
10

MinLtes



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

HPLC data compound 40: Chiralpak IB 2% IPA:hexane, 1 mL min, 211 nm, 30 °C, 98% ee
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HPLC data compound 41: Chiralpak AD-H 5% IPA:hexane, 1 mL min, 211 nm, 97% ee
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HPLC data compound 42: Chiralpak AD-H 5% IPA:hexane, 1 mL min”, 211 nm, 97% ee
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HPLC data compound 43: Chiralpak AD-H 5% IPA:hexane, I mL min, 211 nm, 98% ee
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HPLC data compound 44: Chiralpak IB 5% IPA:hexane, 1 mL min™', 211 nm, 96% ee
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HPLC data compound 45: Chiralcel OD-H 10% IPA:hexane, 1 mL min™', 211 nm, 98% ee

/@ OH
Ph CF3

’ni. Humber| Peak lame R. Time Area Area %
1.00 # B.14 10272650.00; 5044
2 1.00 2 752 3957177600 4956
100 —
1000 —
o
o
£
#
E 50 §
s E
=
&#
0 £ 4
0- \
a0 100
Minutes
nj. Humber |  Peak Hame R. Time Area Area %
1.00 1 6.20 32331632.00 a3.00
2 1.00 2 758 82751219 1.00
100 —
2000 —
o
i
£
#
Z 50 §
£ E
=
&
kA Y
0 x r Y
0= \
a0 100

Minutes



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

HPLC data compound 46: Chiralpak AD-H 5% IPA:hexane, 1 mL min, 211 nm, 98% ee
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HPLC data compound 47: Chiralpak IB 5% IPA:hexane, 1 mL min™', 211 nm, 97% ee
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HPLC data compound 48: Chiralpak AD-H 5% IPA:hexane, 1 mL min, 211 nm, 97% ee
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HPLC data compound 49: Chiralpak AD-H 5% IPA:hexane, 1 mL min, 211 nm, 92% ee

R
‘s, o

~OH
Ph CF,
)ni. Humber| Peak Hame R. Time Area Area %
1.00 * 1074 1070541 7 .00 4576
2 1.00 *2 18.50 1125215000  51.24
100 200
o 100+
@
£
9
E 50— §
g £
=
®
o
’y ¥
0= T T
10 20
Minutes
nj. Humber | Peak Hame R. Time Area Area %
1.00 * 1083 32661626 .00 96.02
2 1.00 *2 16.76 17352893 .88 396
100 —
400 —
o
o
£
#
E 50 5 200
s E
=
&#
¥y ¥
0 Y LY
o= T T
10 20

Minutes



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

HPLC data compound 50: Chiralpak AD-H 5% IPA:hexane, 1 mL min, 211 nm, 98% ee
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HPLC data compound 51: Chiralpak IB 5% IPA:hexane, 1 mL min™', 211 nm, 98% ee
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HPLC data compound 52: Chiralpak AD-H 5% IPA:hexane, 1 mL min, 211 nm, 98% ee
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HPLC data compound 64: Chiralpak IB 5% IPA:hexane, 1 mL min, 211 nm, 30 °C, 99% ee
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HPLC data compound 65: Chiralcel OJ-H 5% IPA:hexane, 1 mL min, 211 nm, 30 °C, 99% ee
Ph,,

N0

\_Q{OH
Ph “CFs

FPDA Ch1 211nm
Feak#f Ret. Time| Area%
1 13.1683 40.842

2| 15505 £0 158
Total 100,000
B PDA Multi 1 211 nmu4nm
300 e o
=
u
200
100
]
100 125 151 175 20.0
min
D4 Chi 21inm
Peak# Ret. Time Areath
1 13185 0.302
2| 15243 50 803
Tola 100.000
750 2 PDA Multi 1 211nm.4nm
w
500
260
2
o
i
100 125 151 175 20.0

Ti



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

EL8Yyr—

182°25———

20290~
650°27
11877—

5

N
o

INQ— AN—OMINQ— NN

SO BPBBONNOINTOSS

ST TONMOANNNNNNN——————

NN\

— e —

At ety

O
=

Ph,,,

CF3

Ph

3
3¢, CDCl3, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

N<tOooam
MNMMNAN—O N
1NN NN
\

\

Lrl

1.01
1.02

/|

NOOTOMNANNMNANINONAN —
NNNN— — - Q00000
| N e L D e S S N N S D

8¢¢°. L

Eves

N~
™
[q\]
N~

—o

P
P

0
h,
W N2 CF,
3
1H, CDCls, 300 MHz
\

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

1€2°92—~
8v0'2/
99¢° 77—

5

NN
OO

COANMNMNNWONMOO N
DHOMNMNWOWOOOW

o
o™
N———tTNOONMOOD

NN
te—m
(e
OQOOOOMNNONOINT ———
TN AIANIANN— — — — — — — —
— — — — — — — e e

9290
€0
¥2/°0
vOL Ly
b8y L L

9LL'L9l—
/5 €9L——
522S9l——

[¥p]
o
N
o0

SN\

AU

m

Ny

o)
Z CF,

Ph

0

13
13C, CDCl3, 100 MHz

Lot

b

ol

PIVY
L e

e N

et

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

W

oY elselsetserseloerseleelse

_J

[QV]
[ce]

ﬂ.
NAIN— OO0

NANNNN ==
N N N e S S

ZCF,
13
1H, CDCly, 300 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

A
o)

982°9/
pS0' 27
128 77—

5

)
<t
ONAON S — — —

L60°6

V77 4

TN ANANNANNN — = —— ——
Lol ol el ol el el el el ol ol el el el el el ol el el e

——OSOT NN

ELS'S9Ll——

(@]
ZCF,

Ph

he

14
13C, CDCly, 100 MHz

oy
™"

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

128"

on
W]
[ce)

y

[ce]
)]
[ee]

‘_
(e)]
(e0]
ommnmonmonom

TN —LN
Ne——O
03_030303
&

0€6’€

OTO—MONNNLINNOTO
NNNNNNNNNN GGG OBEE 6 S

—— OO0 WONMNNOMN — ——
ANANANNr——r———— 0 OO OO OO

_J

0
ZCF,
14

H, CDCls, 400 MHz

e
Ph

0.995

\_rl
1.04

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

289°vY

0€€C¢G—

JINONT ———

0€v’L

€EYP'SOL

o
Z CF,

Ph

U

15
13C, CDCl3, 100 MHz

A

\
180

\
200

\
220




LNWOoo

O OOMN <

00 00 00 0O
m%

Mo NNLN
NONAIN— OO
HONNNH X O

— N — LN ONOWO—NNT O
OTON—FNONN—O D0
MO MNNNNNN == —
NNNNNNNNNNNNNNN G

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

15
"H, CDCl3, 300 MHz

L

LT‘

\_’_I

1.02

3.28 2.04

L

\_'_I

1.01

1

2.02 2.06

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

226°S91

o)
ZCF,

16
13C, CDClg, 75 MHz

OMe
Me0\©
Ph

|

T

\
200

ppm 220



Ne—INONAINMNMNOe—LNOLWN

ITITNAN——OO OO0 OO NMNNMN

NNNNANN— == == OO OONOMININT N OO
%mew

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

0
ZCF,

16
'H, CDCl3, 300 MHz

OMe
ijij
Ph

vy
1.15 3.08

Y
1.1 2.94

o

. .

3.55 1.04 1.02

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

L8P

LLOZ¢S—
2L2°SG——

66290~
180°27
y287i—

O—O
D= NN NONM

~
o
(o))
[qV]
—

CONOBANOINIETTOSS
AN = ——————

Vi

MNMON—ANNOONLN

026'8ELl———
L9201 L
6€9°01 L
8L0'LY¥L
L6€°LY1L

N\

642°6Sl—
66099 l—

i

17
3¢, CDCl3, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

-] o

—qN

—om
¥69°¢
G28'€

960'9

906'9
€169

AT ONANON
OISt HMS
) NSNS CQ
‘ \
5

"%
T ‘ T
8

|_
NAN— OO 0000 00NN

ONOTOMOMN —T
NNNNN— == == == 0)

Meo\© o
Ph” 7 CF,
17
1H, CDCls, 400 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

192790~
$90°27
28 I1—

i

DONO——N<TO
Ot ——c——<—

YO OANNON Y,
NANANONTNOO
NN — — — — — —

(o2}

O

o
e

\ Vi

O~
o —
((eJe)]
00 I~
N
—

L21°621
S22°6E1l——

202°0v L
beconl— 7
el
09108 1—

N

9€€ 99—

o
ZCF,

Ph

MezN \©

18
13C, CDCly, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

1.06

~
o

AaANANANANN e ———— O

— OO NONONT M
AV OLNLNHLNLNHLNHLN
T

NNNNNNNNNNNNNNN GGG 6666866666 ES

—ANONNMNANNOS DN 00
N NANe——0 00NN

0
ZNCF,
18
1H, CDCls, 300 MHz
‘ |
9

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

829/~
59027
cgeii—

i

INNNANONT OO0

[ce)
<
fee}
) 00
IO NMANNNANNNNN——————

ocL'g

o

o

[\
e ele)

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

1S/2°8 —
¥52°0

2S¢

v10°

oLL'L

88y L L

26299 l—

ey

19
13C, CDCls, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

—mntoomOoonO
NAN— OO MNONLN
INNNN = === — OO0

(ee]
(10]
I

¥

19
"H, CDCl3, 300 MHz

S.3
N d

N
©

—

S Fg

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

LevLe

68.vY

899°¢5—

L
L
L
L
L
L
4
4
[4
4
0€8°8¢
8€6°8¢2
261°6¢
€

€

€

14

14

14

14

vk

0
ZCF,

Ph

L

20
3¢, CDCl3, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Geee

N~ o
™ N
1NN NN
e lseselaeloeken)

w7 Ny

N
< <
[epYe))]
onm

0v0’

O—0O
M —LN
Q00
OO

b18°9
996'9
1869
5869
500°2

— O
(o))

\

NNNNNNNNNNNN

O OOO0HONO
ITN—OMNOWOWOM
NAANAN — — — — — —

o)
)0
ZCF,
20
1H, CDCla, 400 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

9¢1°1L¢

0€L VY

€9€7¢S

92790~
29027
6.8 00—

1474
4%

iy

\

820°L

046991

“)

180

(0]
21
200

13C, CDCl;, 100 MHz

1

2 CF,

Ph

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

622°¢

nNAIOLWN

AN — N

HOHOH O
W

—OTON—000TON
QOO NNOINNOL MM

N
NANNe——— e — — O

NNNNNNNNNNNNNNNNN G

NNMOON S -
—NNOWNWIN
QRANRND

N\V //%/7

—< oo
MANNO
NN

0
ZCF,

21
1H, CDCl3, 400 MHz

QO
Ph

A
g

L

Mmoo

3.01

1.02

2.03 2.01

.

3.27 2.03

1.01

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

¥89'vP

906°¢S—

N~
N
(o]
(<o}

/'\

180°2.

N
o
LN
N~
~

S\ |\

() o
nNMmMmMNMOIT O

N
NSO MOSSO

—

NLNOON
<o
Vo]

0259

[celgN[ee)
oOom
NS
NN

16/
0£1°8
8v6'8
6126

T—<OMNMNNM
QOO0 —< M
NANO—NANOM

|

OFTTTOMMN AN AN AN A AN — — — — — —
T —

= —Oowmaia

LL8

1H, CDCls, 400 MHz

\
200

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

2S0v

VA4

e

~\W—"

"H, CDCl3, 400 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

SLESY—
L20°8——

2690~

Inad i

AL kb ikt Al AN
s b e vy

|

0S0°27 -
19¢° 77—

098’

MNe——0NT—OONONOANIN
OONMNANANNS MMM A0
NN —OOLNOMNOHDO
OOONMNNMNNINDANIONTOOOHOD

A
298°0
6L

O
[oe]
<t

o
TEFTONANNNANNANN———OOOO

T T T T T T T T

NN\

PP P9l—r

13C, CDCl3, 100 MHz

b L

AT,

180

200

220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

J

1

”

H, CDCl3, 400 MHz

0.993

o
1.09

—o

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

o
oY
N
NN ©
'\\'I\/'\

00 0
O—N<
NOMN—OO

90

[Vp)
(@]
LN NON S — — —

<«
3
©
[Fp)

N A AT A A A A A AT AT A A A = = = = —

€26°6

e
N~ <
N
oY)

221°8€1
68/2'8€1
¥82°0¥1
9911l L

202'S9Ll—

o)
ZCF,

24
13C, CDCl,, 100 MHz

F3C\©
Ph

PRI "
Ll w ¥

TONPYITH LR TVNE N TPORwR V|
Y Gal

Ldhah A

oy

e A

T

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

PP €—u__
0S6'€—

G¢

o
VON——OOOOHOO—OM

WO NONNOIT —ANN
FENNNN = == =000

)

(@)
ZNCF,

Ph

F3C\©

24
1H, CDCl3, 400 MHz

2.1

4.47 2.09

2.14

2.21

—o

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

¥8Zvyr—r -
L6S'6—

(]
Fp]
O
(]
/’\

60LL——=

o0
o
LN
N~
'\\

662"

v—""wrm

OMTANANMOTOMNN AN
VONTOOON——ANNNNNO S
LINNANN—00O0MOOTONMM

N\lez—

N——OONT—OHPDRONBONINT NSNS

OIFTITITITNOMONNANANANANNANANNANNN — — ———
e T T T T T T T T T T T T T T T T T T T T

\

200

‘ 0
Z > CF,

25
13¢C, CDCls, 75 MHz

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

OMIOOITANINNOMNMINO
ON—<FTANMNMN——OON0

OO — A O S NS

— O —©O
NOOOWONMNMNOANO—OOHOH
LONNNNNNN— e == —— 000NN N00VY— ————0QO0

NNNNNNNNNNNNNNNNNNCCOOOO

Ngs====)" >

' 0
ZCF,

25
1H, CDCl, 300 MHz

L

2.23.17 2.13

L’_I

3.22 1.04 1.12

0.998

L’_I
1.01

5=

S

ppm 10



o0 —
LN <t
o~
N ©
\'T/'\

92€722

S

S\

OANOMWOONNO — IO W00 0000MO

MNOOMNNOTON—NITNO—NNMNMOWN

NOT—OMN——LN—OFTOHOWOANLNOLNLN
——OOO0ONOONOONNOOOONITOHOOYO
ST ANNANANANNNeE—e————0OO000O
T T T T T T T T T T T T T T T T T

L29°

822'99l—

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

0
ZCF,

26
13C, CDCly, 100 MHz

MeN /il

Ph

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

859°€

8901
L —
S9Tyr—

< —
LN <t
QQ
LO/QO

082°9

[Ce] Vo]
OIFTIT— OO0 N—O

8 NOWe—e—LNLN
INANANNNNN—— — O
K&N\NMM

€8¢

0
ZNCF,

26
H, CDCl3, 400 MHz

MeN /i
Ph

-

0.992 3.04
-
1.07

\_rl

a

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

13C, CDClg, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

— —o
] —aN
— o
0s§'e— Aj:}S I
886°¢ o
22N
200r——— — 18
020t
o ;
(e)) L
£49p— SR R
192°9 3
9729
. —Ln

INe—0OWe—0WONOW
— OO NOOY N
QYRR ANCOOE
\\w/%/%
\
1 |
T

OO
NOOIN

NN— — e — Q0000000000
| B e e S N L D N N N D N I T

\

8

TN e—c—00—NM
Ne— OO TN

27
1H, CDCl3, 400 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

982 vr—

L¥92S—

5£2°90—
250°27
0.82/—

i

VOLNODAINONOOOM
—NFTr— e Nr——— ON O
N—QMMITONOMNMNN—

——MAN

NN OO

OMN N 1=

ONTANOOOOANNONTOOO
ST ANANNNANN — — — — ——

N\

Lol el el el el el el el el el el el el el el el el el

i

L

13C, CDCl3, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

[ce]
o
(]

Sl6

‘_
—

N— OO0 N ——

100000ONOCOQ ANANAN NN
(55 (O (B (BB GBSO o ¥ 03 O o3 o1 3 o)

OITOMNMNMNO—ON
(42}

<
N~
(o)}
O

Jp=—=" Ny

1%

NNNNNNNNNNNNNNNNN G

]

.02
1.01

1H, CDCl3, 400 MHz

—o

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

VI R P
i W

13C, CDCl3, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

[gN|

o

(o]
onmonmnmmonmaon

¥00°2
¥10°2

0 S0 DONMO —
OwOLHM OO T N
TS eQ NN NI

A

NN—OTINDOTOYT

NTtTNAN—OON —

NANANNNNN e

NNNNNN
\

292°2
962°2
00€'2
€0€’2
90¢°2
€2e’L
92¢’L
62¢€°L
2€€7L

"H, CDCl3, 300 MHz

.02
1

o

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

€089
150°27
Ls2.—

)OI < — O N LA 03 00

AN
N~
<
[e0]
I ommomAaAIANANANANANANNe———OO

N\ 74

e —

Y

Br

30
3¢, CDCl3, 125 MHz

\
200

ppm 220



0€
9¢

INNNNNNNNNNNNNNNNNNNGDGY SIS S

S )

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Jh

Br

30
H, CDCl3, 400 MHz

Lrl
0.999

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Nr—r—r—————

0LS" Ll

222719 l—u
MW EIL—
€69°99l—

1“”“"
\

‘,
\

13C, CDCl3, 125 MHz

e

[
|

ﬂ\

™

L)

\
200

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

)

<tm
nm
yw

286°9 -
986'9
166'9
266°9
28Ll°2
L02'Z
90¢2°2
€Lz
L1222
vel' .
122°2
LEC 2
6€2.
eve.
14 TAA

1H, CDCl3, 400 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

9£2°9/
pS0' 27
128 77—

|

=
/
/
192§ L/
S179'O17l/
220 Lt L

607 Ly L
68211

64V’ S9Ll—

A
o

FRP RS
Wit

A

13C, CDCl3, 100 MHz

vy

VP
A

" l Fo W

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

ITNOO
OO T
QNN
ngg

6v L

OOONMNMN—NO

YO OONN O N WO

) OY ) O)YOHY 00 00 0O
\W

N e—00e—LNMWOANILN
N

(40]
ITONANN+——O0MNMN

INNANANNNN == = — 6) ) 6) )60
[ N e P N el A S N S S

< -
LN <t
NN
NN

8922

1H, CDCl3, 400 MHz

Ju M

<
}o

. —

<

—

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

€L0Le—

6692~
€50°22
10€°7/—

YON —ONINSSS

828'6
82.'S

SN\

STEFTTOONANANNNNN— —————

N~
[¥p]
TR AN
nelele

€88'99l—

13C, CDCl3, 125 MHz

r

)

ot

\
e

e "
W ,

oot
o

\
200

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

2é¢e¢

906 ¢
1066\
216°€
0£6°€
€€6'E

v

8209
8€0°9
1289
589
0669
002
L10°Z

N~
—
(@]

[gN|
D

OO AN 0O LN I~
NN

oN 0O

onAd

iy

[ee]

|

H, CDCl3, 300 MHz

—o

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

L
L
L
L
L
L
Z
[4
L22°8¢2
4
l
€
€
14

T e

N\

09801 L
6EC° LY

EET6Sl—
868'G9l—

@]
[}
=

N
I
=
o
o
&
@)
o)
@)
o)

@

o

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

€89°
9€8’
868’
188"

onmnmMmmom

W

288"
688°¢
968°¢
206°¢
606°¢
LL6'E

NNNNNNNNNNNNN

Lt

@)
9]
=

"H, CDCl;, 400 MHz

Yo
2.02 1.99
L

3.11

L
1

2.03

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

182790~
¥S0° 27
20801—

5

O — N
[epXq\[eo]
— <o

N\ W Y

<

e)]

o
NINDAIN—— MO ITANNOITIHOOD
TITTITTTNANNNNN———OOO
—— = — — — — — — —

3¢, CDCl5, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

TSR

=7

l_N
O™~
o

|

\
}t

\
Lrl
1.01

o

\_’_I
2.04

\

ONOONMOOTONNO
NNANIAN—OMNMN—OOO

3.01

O OO ONANNNNN— — ———— OO
COOWONMNNMN’NNMNNMNMMNMMMNMNMNNNMNOOOOWOO
\
\

oOOIANINMNe—N
nun<tmmnm <t

O
w\x
\

S90°8

. 1

1H, CDCl3, 400 MHz

1.01

2.04

LV—‘
1.99

—o

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

L26°6E—

SPSLG—

25290~
020°27
188 71—

i

©
N
NOOLTANNNONT O

VOOMNMOHOWOWITONO

NOMONONOOOMO

OO—INNO—O O —LN
OFFITTMmMmMmMAINANNANNNANNANNN———OO

€ly'g
106

MNAIO
—ooLwn
NN
([@JerTe))

S\l

T T e T T T T T T T T T T T T

\

TR

13C, CDCl3, 100 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

O NNe—Oe—NMNAIMN—MANIO
NI MMNAIN— OO NOLLIIM
INANANNANNNN = e e e

AN
N O
NN

2122

A

N

— M}N
— ~ Fr

o 9

— = — FOo o
—% ‘_-}m

(@]

H, CDCl3, 400 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

60892

V

LLELL

N
o
N~ O OOMNAPBBONNGOOT —PNINSS

OFTTTOMmMMANNANANANNANNANNN— — — ——
— T T e T T T T

Il

13C, CDCl3, 125 MHz

\
200

ppm 220



4 S 9 l m 6 o,_ wdd

£0'L L gl'e zle
" AN SIS
£0'L pL'E 2L€

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

ZHIN 00€ ‘€10dD ‘H,

WhARMABRBRRLD PONNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
Loooo=L L L L 0000000 L NRNWWWWARRDIOOOONNN
P=PROOO—=NWW =N=""PRENVDDNDOOO-NDNPROOO—=NEINNRO—=W
NN— 00— 0RNO0 WWWOONIOINOORA=NNTUNORN=—-WoWHOM=UIOHRWO—



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

G2 8E—

625 6—

8657201
#28°201
668201
PSSOl Ll——
LOE VL Ll—
2002l Ll——r
L02'6LLl——

LS€S91l——

b bk

PR

13C, CDCl3, 100 MHz

PRIV

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

L0’y
870t
9S50’
790ty
L0’
620t
980t
8¥ LY
LY
8€6°S

v

(o))
<+
D

—OOTAMNOO NN —ANILN— T N0
—

o
N MNe——00ON—OOOOOYWOONM
INNNNNNNNNNNNOOoOoOooow

=l N\

NNANN————— OO — —+——OO

|

J

J

"H, CDCl3, 300 MHz

Wl L

0.995

1.02

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

L¥8'6E— -

L4290~
850°27
9,8 71—

|

IMANONTOS

13C, CDCls, 100 MHz

.

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

086'¢
LOO'Y
€EZY
8l
Evey
8¥Z'v
€SPy

_

652y
€92y
692
22
801’9

[e0]
(<]

2599
2899
8599
6599
2089

289
YA O
7902
8902
8202

[eelop]
[ce]ce]
oo

OO — <t —— 00

o
TN —mNMN
INNNNNNNNNNNN

ANANANANN —————

'H, CDCl3, 400 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

OMNOT —LNNO
AT —0ooLINAN

92§’

13C, CDCls, 100 MHz

\
180

\
200

220




Electrog%%:%p mentary Material (ESI) for Chemical Science

This jo
606

he Royal Society of Chemistry 2013

L
8¢2¢°
S¥e’
LS¢Z’
19¢"
692
L22"
LLT
28¢°
982"
06¢Z’
§6¢°
86¢°
€0¢’
60¢
0ce’
§2¢’
143
014%
0S¢’
LLE
76¢
1434
L2y
SEY
144
€SP’
8§t
el
LY
Slv
S8¥%°
1434
50§’

—— e — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — )

Tl N\ T—==

TOWOANOT WO
NNOONIN
€000 RV QQ
NN NN

€LLE
LEL'E

—NOOMNNNONS
LNDANIANIOAN — MAIOO N
MNMNANN——OOQOO
NNNNOOOOS S

€5EL
09¢€°2
99€°.
04€°2
LLE°L
08¢€°2
€8E°L
68€°L
86€°2
OLv'Z
ELYL
ev’L
L2y .
(01540

™
L
O

'H, CDCl3, 500 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Ve le——

96L°€LL—

602881
29068l —

iy 68l——
99/°68 L/

/

Ph

OMe

FsC

Me

41
3C, CDClg, 100 MHz

\
180

\
200

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

9€0°¢

66S°€
L17[S

<
o
) 0O
Xe)

NN

NOMN—t OIS M
NS NN HO
OO OYOHOYOOO OO

Ph

OMe

FiC

Me

41
'H, CDCl3, 300 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

v Le——
€82L—

Y92

040’6

645°0v1L

G969l ——

‘CF3

Jp:
Ph N

42
3¢, CDCls, 125 MHz

L

ooy

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

NNNNNNNNNNNNNN

VO—ANMNOMNONLNO T
TANNODOOVONOTTO
ANANANNr—r—r—r—r—r—r——

CF3
\
9

Q.1
Ph
42
H, CDCl3, 300 MHz
T

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

SL€Le—

vvr6d——

60¢"
GES’
192
169"
886°S
990°2
6¥9°2
858
2258
€58'8
68¢2°6
2E€L9€EL
Z2SE8EL
LSO'0FL

NMe—0O

ANANNNNANNANNN —
e

N\

6LV 69—

IO
Ph CF,

43
3¢, CDClg, 125 MHz

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Ve

/N

o
N~
SIS omomnomnomonmMMONAIANANINANIANINANANN

O
o0

“&WNM@

OO OLNO—OWMNMOONWOWO—
OONOINTITMNAN—OOMN —

23
Ph CF3

43
H, CDCls;, 300 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

L8E L—

o

©
Y O—®
OO —

‘CF4

25
Me Ir)OH
Ph N

44
3¢, CDCls, 125 MHz

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

126 L
176 L
856'L
826'L
866’1
9212

LﬂOO\—ﬁ'I\NOOO(Y')\—qu

om
QVOMNOWWOOINNO
NMMMMMMMOMMANNANANNAN

VVF =

<+ 00
O —
N~

OTONNMNNOO——
ITN——OOOHONOS
070766510709 00 00 00X

©
00

QOO0

NN O©©©

<tToOoMNmANOOTOTOMNMAN
NANIN—OOWONNN
e 000000
“&W

CF3

.5
Me 'Iijm
Ph e

44
H, CDCls3, 400 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

626

80"
Ly

(0] —
N [
N~ —
OO —

O

O

N

N
<SFTooonAlANIAI NN NN AN

2€0°8
0818
959'8
1188
#08°6
8042
0€S’6
¥60°0

N\

—_—_—_—_—_—————— ——— —

CF3

2y 5
Ph

45
3¢, CDCl3, 125 MHz

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

1.19
.01

o

8
1

(e

0}

8999

CF;

2
Ph

45
H, CDCls;, 300 MHz

S
S ©

99
2.

Ip= -

2.06

L
1.93

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

06l'Lé—

QOoONONnHONLOM
VO——MMe—MM
T N—QoninNog
00000V OWOLLNIMNMO
ononomAIANINANINANINANINNN

o<
M~
Mo
[e)Ye))

AN

—_—_—_—_—_—————— ——— —

MR
©0©
YL
ON O

220vLl——

OzMe

;%C
HO

46
3¢, CDCl3, 100 MHz

Me:l

Ph

"“CF3

\
180

\
200

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

c€

OO0 —
NN —

(o0}
<

mson

A EEEINN—O00NNNNNNNNOND
MMM AINANANANN e r—r—r—r—r—— —

=" =\ ="

0o
oL
S

VA RS
¥81°€
29G°¢
06S°€
009°€
7€9'E
289°¢
SL2€

1089
1289
L#8°9
7689
SL6°9
21679
S€6'9
6€6'9
086°9
#86°9
2869
5669
200’2
800°2
91072
020°2
€20°L
6v0"2
#90°2
890°2
1802
58072
88072

1

JWM

\_'_I

A

g

OzMe
CF;

;%C
HO™

'H, CDCl3, 400 MHz

Me : N
Ph
46

N
2.96

\_'_I

0.968 1.99

.94

L]
3
LT‘

1

L
1.03 2.96
o
1.96 2.96

.02

1

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

L0V Le—

V2L 29—

£08°9/
18027

LE20—

LE0"t6
98eh6
S V6
86776

!

ONO—O
— (LN 0O —
— N

< —
O
ne
NOWOLNMN— O
SonmaNNNNNNNN N —

— N —
CO NI~
AN
00 00 I~

S¥6°8
600°8
8.¥'8
296°L

—— e — — ——

N\

OH
CF;

\

Ph *

47
3C, CDCls, 125 MHz

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science =
This journal is © The Royal Society of Chemistry 2013

4

q
J

_
o
2COQOm;

NNNNNN GO OWU©

OH
CF3

\

e
Ph "
47
"H, CDCls;, 500 MHz
T

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

66E°9E—
128 0— -

v iy—r -

[32]
<
o

—OCMAOONNNNOGOOL < —
<A AN

LO8"

48
3¢, CDCl3, 100 MHz

\
180

\
200

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

896'L
5261
100°2
800°2
£€0°2
0¥0'2
b/1°2
I
8022
8122
€1/°2
6122
292°€
¥22°€
26¢°S
€0€°€
L2€"€
2€€'s

OO —NINOVOMNNOOOO
tTANONTN——OOONNT
—— OO0 WOWWOLNLHLNLN
<ttt mommmmnmomnonm

EV6'9
2569
556°9
6569
9969
896°9
5269
086°9
0€0°2
S€0°L
Sv0°2
0S0°2
29072

OANIN
N-00 ©
(@]

gm%ma:gga;g@*//// \\\\\/ \

<o
[@Xee)
COINTMHMNNNNMMNONNNN—————O

INNNNNNNNNNNNNNNNNNNNNN

<O
NN —
[\e)e]
NN

N~
o
0O
N~

OH
CF;

\

Ph

48
H, CDCl3, 400 MHz

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

6y L'SE—

896°0—— -

06897 —— —

OH
CFs

\

g
Ph N

180

49
200

3¢, CDCl3, 100 MHz

220




Electronic Supplementary Material (ESI) for Chemical Science

This journal is

516°L
026 L
£66° 1L
086’ L

0
<
o))

LN
o0
(o)}

<SO<TMOMNMNOHWWOWW—OALNONOM T
OONINTAN—OONINAN—OIMAN

QOT L MNNMNN—— — OOQONMN— — ——
NN MMMMMMMMMAIANANIANANIN —

SN

oON~M
MNAN—

9G88°¢
298°¢
€96°¢
266°€
020t

L¥6°9

MNONMNANe——00—LNHLNN
ANOXVOOINT MN—NWO
Q0000000
NNNNMNNMNNNNNN OO

N

921’

© The Royal Society of Chemistry 2013

74/ -

49
"H, CDCl3, 400 MHz

Ph

(V]

(o))

ppm 10



€0L 29—

16292
9%0°27
662°L.—

1506
90EH6
29516
61876

J

20¢°8

‘_
<
(o))
(o]
NONANINANANANNN ——

N\

Ty
Vo)

Y

00 01 00

060'8SL——

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

@)
3]
=

13C, CDClg, 125 MHz

|

A

)

A
hor e ol

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

\
0

INDMNMO N OO A — 00N
N——=O0000n00

OONLNANOOMNNO —
©
YN A AN A AT = = =

(ce] )}
([@]{e}
O~
(a¢]

¥20°€
VAR

ONITIN—ANMOMONOM
<TANNANNOOHONT OO
VOTITITMNMNINN—OO
nNMMMMMMMMNMMNMMM

26

el =2

NNNNNNNNNNNNNNN O

H, CDCls, 300 MHz

o
9]
=

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

PEGEE——
PO 9€—

e Sh——

SS0'89

1629/~
8v0' 2. =
208 20—

961l ¥6

e

28508
Zvaell
2LS'LZlL

662221
2Ll €2l

I
I

3¢, CDCl3, 125 MHz

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science -
This journal is © The Royal Society of Chemistry 2013

828'1
S —
088" |

Spez
e
62—

v18°2
LIS 6 .
025°€
vEG'E
RS
/SG°€
995°¢
886°¢
166°S
6200
080y——

€OL'b
921t
2Sh
85b'p
9lt't
28bb
664
905"t

6¥6°9
€969
8269
8L0°Z
€e0’L
8%0°2
6602
ELLZ
602’2
vl L
6€l’.
292,
922°L

@

V=" "\
:

|
|
b
g

S 3
NN
(qV]
=8
69/, — B E— Lo =]
8891/ - = — 8%
o o g &
[o0]
98y°/ o Lo
. - iy O}m
Lo : - %
o
LG/ Sl
i
L1222
12277
/518 .o —o
V218 o5

51
'H, CDCl3, 500 MHz
T

ppm 10



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

06L'GE——
LOE0OY——

88 LYy——

144

8¢

MMM ANANANANNANANN = ——

3¢, CDClg, 100 MHz

\
180

\
200

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

688°L
968°L
€26°L
8¢26°L
GS6°L
L96°
JoL"
Tl
AL
L

L

VA

o

|

86€°€E

1.94

INNNNNO

[T

'H, CDCl3, 400 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

000V L——

A A—
Vs
Gos
229'59/

0L 8y——

v¥/2'821
225°6EL——

T

T
\

‘H

3¢, CDCl3, 125 MHz

\
180

\
200

\
220




This jo
LS

Electro% %Lg)p mentary Material (ESI) for Chemical Science
The Royal Society of Chemistry 2013

796°0
#86°0
00
020
€L0°
S80°
L60°
660
LLL

4

N
—

~

OOMNTOMN—O—
OO NNINMNIM
Ne—r—r—r—— — — —

99
vl

Nooomooomalalalalalalalaladadoalalal o A ad Al Al Al — — e e e e e e e e e e e e e e e e e

"H, CDCl, 500 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

29G°6l——
268 L—

8829¢——

6924°6E—
929°0—
082 vy—-

\

8S€.LL

6v.°6

O ORI
L i Al A

ot '

60
13C, CDCl3, 125 MHz

200 180

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

oN]
o

. MNNMNMNOONNANNNOO— — ——— —NNOOOIT TN
NN TETTND NN MMM MNe—r—r—r——c—— O OO

LN © 00 00 A\ 00 00 00 LN o)
ILPOPAMONT <+ <
OO MMM
ZZi%iii//%%iEii;%%iﬁi;??ii/;%;ézzggu
\
|

4

QOOM—NONNT MO
NN —00MOHONOLN S —

[co]

€0

V.

9¢Z

g
3

i\
o

<
N
<
N

6S¥'L
2Ly L
9.¥'L
9892
85992
9292
769/
969°2
§8.°2
88/.°2
9082
808°2
282
228°L
600°8
0€0'8
2808
901’8

o}
60
"H, CDCl3, 400 MHz




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

200l
96t/ /
026'2.—

— @
oL

O —

562°62L—

IR o —
Sy LsL—

826091
9€ZYIl——

v29'821——

]

"
.

@)

OH

DD

62
13C, CDCl3, 75 MHz

|
180

\
200

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

8¥8LL

OH

D

D

62
H, CDCls3, 300 MHz

—

—
}\—
(qV] L

ppm 12




€229/
R

8s¢//—

LO6" LS L—

¥09°8Z1
L6821 —2

v82'6/Ll—
1729'6u/

)/

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

O

MCFg

Ph

63
13C, CDCl3, 100 MHz

m Wi ™
(il L

ik

PRIV
Wi Al il

dl il Ui

\
180

\
200

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

O

Ph

MCQ

63
"H, CDCl3, 500 MHz

ppm 10




Electronic Supplementary Material (ESI) for Chemical Science

This journal is © The Royal Society of Chemistry 2013

0 vyr——
120" LS—

$22°92
b0 2 =

09¢€°22

500 00 0N NN < — —

g

Yo

Ph
Ph'

o)
NFCF,
64
3¢, CDCl3, 100 MHz

\
180

\
200

220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

860

ANANANNANN e —r—r—r—r——— — — — — —

Ph,
Ph'

o}
Cs
N NCF,
64
H, CDClI3, 300 MHz

ppm 10




€8E9—

S¥9'8E——
€02'Sr—

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

[
Il

OH

CF,

3

Ph,

Ph*

65
3C, CDCl3, 125 MHz

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

8641
208’1
LEB'L
6€8°L
9/21°¢
602°¢2
Evee
2€L’2
2eL’e
€€L°C
€€LC
v€L'C
7€6°¢
14404
756°¢
¥0.°€
eLLE
¥Zl'e
8EL'€E
8%/L'€
8G/2°€
66Ll'Y
122V
90S'v
SLSP
SESY
14604
€899
#89'9
9899
889°9
0699
€699
2699
669°9
104’9
¥0.°9
202°9
8049
2989
1289

\
\

OH
CF3

Ph,
Ph

@
65
"H, CDCl3, 400 MHz

6.77 1.98

ppm 10




L00'GEL——
OLS'SSL/

8228y l—

/2671
16567 [
86 6Ll ——
o081

\

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

i
TP e

CF3

Br

74
13C, CDCly, 100 MHz

Lot |
YUY Mg

Amllhuh~‘u ™
A andt Ly

S

Lad

Lol

TRV TN

Lalide,

it
Nladindu bodlid L)

oy

\
180

\
200

\
220




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

LE

DI

[qV]
o]
N~

22872

(0]

CF3
74

N
H, CDCl3, 400 MHz

Br

WA

ppm 10




16292~
Sv0 22
662'2/—

2E6'EEL

92287 l—

L2€°6/11
609°6Z1—x
¥686Ll——~
9217081

\'%

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

o]

Br

CF;

AN

75
13C, CDCls, 125 MHz

\
200

ppm 220



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

NNOG©©

NS OLN
OMNMMNMN —
MmN NN
\\NN\%/

l22°L
WA

-,

A

Br

CF3

75
H, CDCls, 300 MHz

.t

ppm 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


