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1) General Experimental Details

Reagents and solvents. Reactions with air- or moisture-sensitive materials were carried out in oven- or
flame-dried glassware under a nitrogen atmosphere using standard Schlenk line techniques. Bulk
solutions were evaporated under reduced pressure using a Blchi or IKA rotary evaporator. Unless
otherwise stated, all reagents, non-enzymatic catalysts, and solvents were obtained from commercial
sources and were used without further purification. All anhydrous solvents were commercially supplied
or, in the case of toluene, CH,Cl;, Et,0O, THF, MeCN or hexane, provided by the communal stills of the
School of Chemistry, University of Bristol (Anhydrous Engineering Ltd. modified Grubbs system of
double alumina and alumina-copper catalysed drying columns). Petroleum ether is a mixture with the
boiling point range of 40-60 °C. H.O used is deionised using a Veolia laboratory water purification

system.

Chromatography. Flash column chromatography was carried out using VWR silica gel 40-63 um or
using a Biotage Isolera Four, Biotage Sfér Silica D Duo 60 pM columns. Thin-layer chromatography
(TLC) was performed using Merck aluminium-backed plates (Silica gel 60 Fzs4). Compounds were
visualized under UV light, at either 254 nm or 365 nm, by staining with aqueous basic potassium
permanganate, aqueous acidic 2,4-dinitrophenylhydrazine (DNP) solution, ethanolic phosphomolybdic
acid (PMA), ceric ammonium molybdate (CAM), or ethanolic acidic p-anisaldehyde. Normal phase
preparatory High Performance Liquid Chromatography (HPLC) was performed on an ACCQPrep
HP125 system. Preparatory Column: Kromasil 60-5SIL 250 x 21.2 mm. Analytical and semi-
preparative normal phase High Performance Liquid Chromatography (HPLC) was performed on an

Agilent Technologies 1260 Infinity.

Nuclear magnetic resonance spectroscopy. *H, BC{*H}, °F, and *B{*H} nuclear magnetic resonance
(NMR) spectra were recorded using Jeol ECP (Eclipse) 300 MHz, Jeol ECS 400 MHz, Jeol INM-ECZ
400 MHz, Varian CNMR 400 MHz, Bruker Ascend™ DPX 400 MHz, Bruker Avance 111 HD 500 MHz
(TCI Prodigy probe), Bruker Avance 111 HD 500 MHz (equipped with Cryo Probe), and Bruker Neo
600 MHz (equipped with Cryo Probe) spectrometers.*H and 3C positive chemical shifts (3) are
referenced to CHCI; (*H: 7.26 ppm, *C: 77.16 ppm), CDsOD (*H: 3.31 ppm, ¥C: 49.00 ppm),
(CD3)2CO (*H: 2.05 ppm, ¥C: 29.84 ppm), (CD3).SO (*H: 2.50 ppm, 3C: 39.52 ppm), or THF-ds (*H:
3.58, 1.73 ppm, C: 67.57, 25.37 ppm) and are given in parts per million (ppm). Coupling constants (J)
are given in Hertz (Hz) and reported as observed. !B{*H} NMR spectra are obtained using thin wall
quartz NMR tubes sourced from Wilmad, unless otherwise stated. The *H NMR data are reported as
follows: chemical shift (multiplicity, coupling constants, integral). The !B{*H}, ®*C{*H} and °F NMR
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data are reported as follows: chemical shift (multiplicity, coupling constants). Splitting patterns are
abbreviated to: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br.) or some

combination thereof.

Infrared spectroscopy. Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum Two FT-IR

spectrophotometer as a thin film with selected absorption maxima (v) reported in wavenumbers (cm™).

Mass spectrometry. High resolution mass spectrometry (HRMS) spectra were recorded on a Thermo
Scientific QExactive by Electron lonisation (El), on a Bruker Daltonics micrOTOF Il by Electrospray
lonisation (ESI), on a Waters Synapt G2-Si fitted with a Triversa Nanomate by nanospray ESI, or on a
Thermo Scientific Orbitrap Elite by Atmospheric Pressure Chemical lonisation (APCI). In the cases
where the reported compound contains boron, silicon, chlorine or bromine the masses are given for the

1B, 285j 3Cl or "Br isotopes respectively.

Melting points. Melting points were recorded in degrees Celsius (°C), using a Gallenkamp or a Cole-

Parmer SMP50 melting point apparatus and are reported uncorrected.

UV-Vis. UV-Vis spectroscopy was performed using transparent 1 cm plastic cuvettes which were placed
in the cuvette port of a Denovix DS-11+ UV-Vis spectrometer pre-heated to 40 °C. The temperature

was allowed to equilibrate for at least 5 min before any measurement.

Circular dichroism (CD). Measurements recorded on a JASCO J-815 Circular Dichroism Spectrometer.
The recorded wavelengths were between 200-290 nm, with the sample in MeOH. The data reported is

baseline corrected and smoothed.

Enantiomeric ratios. Enantiomeric ratios were determined by HPLC on Agilent 1100 series or Agilent
Technologies 1260 Infinity with UV detection at 220, 254 or 270 nm as indicated. Hexane:isopropanol
(IPA) mixtures were used as the eluent for all separations. Separations were performed at room

temperature using the indicated column.

Biocatalytic reaction quantification: Yield quantification of biocatalytic reactions was performed using
reverse phase HPLC, on either an Agilent 1260 Infinity Il LCMS System, equipped with an Agilent
Single Quadrupole ESI spectrometer in positive and negative modes, with detection between 150 and
1200 m/z units, or an Agilent 1260 Infinity Il HPLC system, with detection carried out at 270 nm.
H,O:MeCN (with 0.1% formic acid) mixtures were used as eluents for all separations. Separations were

performed at room temperature.
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Naming of Compounds. Compound names are those generated by ChemBioDraw 20.0 software

(PerkinElmer), following IUPAC nomenclature.

Isotopically Labelled Compounds. Full characterisation data is provided for the parent unlabelled
compounds. *H NMR spectroscopy data is provided for isotopically labelled compounds.

Microwave reactor. Microwave reactions were performed in a Biotage Initiator+ using Biotage

microwave vials.

Error analysis. Errors are derived from triplicate reactions where the error given is the population

standard deviation between the triplicates, unless otherwise stated.
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2) Experimental details
2.1) Synthesis of 1la

Ph
Ph
Os__OH OXOTMS ‘
NH o, O
NGO . (20 mol%) .

N -
O _
F 0O CHCls, 40 °C, 4 h F 0
(1.5eq.)
OH LiBH, (1.8 eq.) O o DDQ (2.0 eq.)
F O OH THF, 1, 2 h F O 0 CHCl, 40 °C, 19 h
1a S1a

Scheme S1 General synthetic route for the preparation of 1a.

1-Fluoro-10-methyl-6H-benzo[c]chromen-6-one (S1a)

s
F © o]
Prepared according to a modified literature procedure.! To a solution of 5-fluoro-2-oxo-2H-chromene-
3-carboxylic acid (1.0 eq., 300 mg, 1.4 mmol) in CHCI; (5.7 mL) was added trans-2-pentenal (1.5 eq.,
210 uL, 2.1 mmol) and (S)-(-)-o,a-diphenyl-2-pyrrolidinemethanol trimethylsilyl ether (0.20 eq.,
93 mg, 0.29 mmol). The solution was stirred at 40 °C for 4 h, at which point TLC monitoring (Rt
(hexane:EtOACc, 89:11): 0.27, UV active spot at 365 nm) showed no remaining starting material. DDQ
(2.0 eg., 650 mg, 2.9 mmol) was added to the reaction mixture in one portion and the reaction mixture
was stirred at 40 °C for a further 19 h, after which time the reaction mixture was allowed to cool to
room temperature, filtered through a plug of silica gel (hexane:EtOAc, 89:11) and concentrated under

reduced pressure. The resulting residue was purified by flash column chromatography on silica gel
(hexane:EtOAc, 89:11) to give the title compound (250 mg, 1.1 mmol, 76%) as an off-white solid.

Rt (hexane:EtOAc, 89:11): 0.27. 'H NMR (400 MHz, CDCls) & 8.25 (dd, J = 7.8, 1.4 Hz, 1H), 7.69
(dd, J = 7.7, 1.4 Hz, 1H), 7.53 (t, J = 7.7 Hz, 1H), 7.44 (td, J = 8.2, 5.7 Hz, 1H), 7.21 (dd, J = 8.2, 1.2
Hz, 1H), 7.05 (ddd, J = 11.4, 8.2, 1.2 Hz, 1H), 2.55 (d, J = 11.6 Hz, 3H). *C NMR (101 MHz, CDCls)
5 161.4, 158.6 (d, J = 254.2 Hz), 151.9 (d, J = 6.8 Hz), 138.2, 136.8, 131.0, 130.2 (d, J = 10.8 Hz),
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128.8, 128.0, 123.6, 113.2 (d, J = 3.4 Hz), 112.1 (d, J = 24.5 Hz), 109.1 (d, J = 17.5 Hz), 22.8 (d,
J =225 Hz).®F NMR (376 MHz, CDCl3) 6 —100.96 (pd, J = 11.6, 5.7 Hz). IR v (cm™): 1733, 1620,
1590, 1479, 1437, 1256, 1225. HRMS (EI)* m/z: Calculated for Ci4sHsO-F 228.0581; Found [M]*:
228.0575. mp 109-110 °C.

6-Fluoro-2'-(hydroxymethyl)-6'-methyl-[1,1'-biphenyl]-2-ol (1a)

O OH
F O OH
To a solution of 1-fluoro-10-methyl-6H-benzo[c]chromen-6-one Sla (1.0 eq., 160 mg, 0.71 mmol) in
THF (5.1 mL), LiBH4 (1.8 eqg., 4 M in THF, 0.33 mL, 1.30 mmol) was added dropwise and the reaction
mixture was stirred for 2 h. The reaction mixture was then cooled to 0 °C and H,O (2 mL) was added
dropwise, followed by HCI (1 M), until the pH of the solution was 3. The reaction mixture was then
concentrated under reduced pressure and the remaining aqueous solution was made up to 25 mL with
H,O and extracted with EtOAc (3 x 25 mL). The organic phases were combined and washed with H,O

(2 x 50 mL), brine (50 mL), dried over Na SO, filtered, and concentrated under reduced pressure, to

provide the title compound (160 mg, 0.690 mmol, 97%) as a pale yellow solid.

Rt (hexane:EtOAc, 60:40): 0.16. *H NMR (400 MHz, CDs0D) § 7.42 (d, J = 7.7 Hz, 1H), 7.29 (t, J =
7.7 Hz, 1H), 7.26 — 7.16 (m, 2H), 6.74 (dd, J = 8.3, 1.0 Hz, 1H), 6.73 — 6.61 (m, 1H), 4.41 — 4.27 (ABq,
A8 = 0.04, Jas = 17.2 Hz, 2H), 2.03 (s, 3H). *C NMR (101 MHz, CDs0D) & 161.7 (d, J = 241.0 Hz),
157.1(d, J=7.4 Hz), 141.6, 138.5, 130.9, 130.4 (d, J = 10.6 Hz), 129.4 C-11, 128.9, 124.9, 115.6 (d, J
=20.7 Hz), 112.4 (d, J = 2.9 Hz), 107.4 (d, J = 23.1 Hz), 63.2, 20.0. °F NMR (376 MHz, CDs0D) &
—-115.7 (t, J=7.9 Hz). IR v (cm™): 3287, 2924, 1620, 1457, 1292, 1001. HRMS (nanospray ESI)” m/z:
Calculated for C14H1202F 231.0821; Found [M-H]™ 231.0822. mp: 101-103 °C.

(Ra)-6-Fluoro-2'-(hydroxymethyl)-6'-methyl-[1,1'-biphenyl]-2-ol ((Ra.)-1a)

o
F O OH
To a solution of borane tetrahydrofuran complex [1.0 M in THF] (4.0 eq., 0.88 mL, 0.88 mmol) in
toluene (3.0 mL) at 0 °C was added a solution of (R)-(+)-2-methyl-CBS-oxazaborolidine (3.0 eq.,
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180 mg, 0.66 mmol) in toluene (3.3 mL) dropwise over 10 min. After the addition, the cooling bath was
removed, and the mixture was stirred at 30 °C for 30 min. With careful temperature control, a solution
of 1-fluoro-10-methyl-6H-benzo[c]chromen-6-one Sla (1.0 eq., 50 mg, 0.22 mmol) was then added
dropwise at 30 °C over 30 min. The mixture was stirred at 30 °C for 2 h, where another portion of the
borane tetrahydrofuran complex [1.0 M in THF] (4.0 eq, 0.88 mL, 0.88 mmol) was added dropwise.
The mixture was stirred at 30 °C for a further 18 hours. The reaction was quenched by the addition of
HCI (2 M, 1 mL). H.O (14 mL) and EtOAc (15 mL) were added, the organic and aqueous phases were
separated, and the aqueous layer was extracted with EtOAc (15 mL). The combined organic phases
were washed with H,O (2 x 25 mL), brine (25 mL), dried over MgSOsy, filtered, and concentrated under
reduced pressure. The resulting mixture was purified by flash column chromatography on silica gel
(petroleum ether:EtOAc, gradient 90:10-20:80) to provide the title compound (43 mg, 1.8 pmol, 84%)
as a colourless solid.

Data in accordance with racemic sample prepared above. HPLC CHIRALPAK® IK-3, 3 um, 4.6 x

250 mm, eluent composition and gradient indicated in table S1, A =270 nm, tg = 7.8 and 8.1 min.

Table S1 Gradient for separation of enantiomers of 1a, 1 mL/min, 20 min run.

Time (min) MeCN:H0 (0.5% Formic Acid)
0 30:70
1 30:70
16 95:5
17 95:5
18 30:70
Enantiomeric ratio: 22.1:77.9 (ee = 56%). Sample solvent composition: 800 pL

MeCN:H,0:AcOH:NaOAc (6.00:3.94:0.0600, NaOAc (1.40 mg/mL))

T DADT A, 5=270.4 Ref=or (NickiNok 2025.0331 1447101202503 3 Fmealie_essrronaa30.95 20mn D
LR

LCFik | 202503 31Fmeade. 2mn.D [T 7.763]
Fie Path | C:\isers? 3 [z] 8.054]
Cote |31:Mar 25, 15:19:9

407 sec), 3000 datapoints.

Figure S1 HPLC trace of reduction of Sla with (R)-(+)-2-methyl-CBS-oxazaborolidine catalyst;
CHIRALPAK® IK-3, 3 um, 4.6 x 250 mm, eluent composition and gradient indicated in table S1, A = 270 nm,
tr = 7.8 and 8.1 min. Enantiomeric ratio: 22.1:77.9.
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We assign the major enantiomer (tz = 8.1 min) as (Rs)-1la based on the established sense of
enantioselectivity with which Bringmann’s ‘lactone method’ with (R)-(+)-2-methyl-CBS-
oxazaborolidine provides enantioenriched biaryl diols.?® We assign the minor enantiomer (tz = 7.8 min)
as (Sa)-1a. Establishing the order of elution of the enantiomers of 1a on the chiral stationary phase IK-
3 as described here, allows us to assign the sense of the stereochemical oxidation of la with the
oxidation biocatalysts (see Supplementary Information Section 5).

In support of the above stereochemical assignment of 1a, we have compared the experimental circular
dichroism data for the enantiomer that elutes at tr = 8.1 min (assigned as (R.)-1a) to the CD spectrum
of (Rs)-1la predicted by time-dependent DFT calculations, as detailed below. The shapes of the
experimental and modelled spectra are congruent (Figure S3), supporting our assignment of the absolute
configuration of (Ra)-1a and providing further confirmation of the validity of the Bringmann ‘lactone

method’ for assigning absolute configuration.

Assignment of the absolute configuration of 1a by circular dichroism. Computational characterizations
of the ground- and excited-state properties of la were performed using Gaussian 16 software.*
Calculations were performed on the three lowest energy conformers of the molecule. The ground state
geometry optimisation and excited state transitions of the molecule were computed using density
functional theory (DFT) and time-dependent density functional theory (TD-DFT). The ©®B97X
functional was used with the 6-31+G(d,p) basis set, observing singlet excitations up to n = 15. Solvent
effects for MeOH were included by implicit simulation of solvation as a conductor-like polarizable
continuum medium. The free energies of the major conformers of the biaryl were determined using an
OPT+FREQ calculation using the same functional and basis set in order to allow the relative Boltzmann

distribution across the three conformers to be determined.
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Table S2 Computed relative populations of the three lowest-energy conformers of 1a.

Relative energy Relative population at
Conformer Structure
(kJ.mol ™) 298 K
1 &*
(Benzylic OH
. . oY 0 0.65
perpendicular to ring, ,
towards F)
£
9
Y
2
(Benzylic OH in the X 2.8 0.21
plane of the ring)
9
A,
3
(Benzylic OH
. . "y 3.7 0.14
perpendicular to ring,
towards phenolic OH)
9

The Boltzmann populations at 298 K of the different conformers of (R.)-1a afforded the following

Boltzmann-weighted calculated CD spectrum shown in Figure S2.
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Figure S2 Calculated CD spectra of the three lowest-energy conformers of (Ra)-1a, (dashed lines) and their
Boltzmann-weighted average (solid blue line).

The calculated CD spectrum was compared with the experimental CD spectrum of a sample of (RJ)-1a
(60 UM in MeOH, ee = 79%, 298 K, Figure S3). The calculated and experimental CD spectra showed
a Cotton effect of the same sign, with the maximum ellipticity of the calculated spectra shifted ~25 nm

to shorter wavelength.

25

g [\
= 1 ,'II \ Frediction
a ' \ Experimental
2 05 ."I
o 4 !
= / \
0 — \
= 150 170 120 ."uh 230 20
< 0.5
-1
1.5

Wavelength / nm

Figure S3 A comparison of the calculated and experimental CD spectra of (Ra)-1a.
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2.2) Oxidation Products of 1la

2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carbaldehyde (2a)

Ol

F O OH
To a solution of 6-fluoro-2'-(hydroxymethyl)-6'-methyl-[1,1'-biphenyl]-2-ol 1a (1.0 eq., 49 mg,
0.21 mmol) in THF (2.1 mL) at —10 °C was added pyridinium chlorochromate (1.1 eq., 50 mg,
0.23 mmol) portion wise. The mixture was stirred at —10 °C for 5 min, and at room temperature for a
further 2 h. Another portion of pyridinium chlorochromate (0.1 eq., 5.0 mg, 20 umol) was added, and
stirring was continued for 30 min. Silica gel was added to the mixture and the volatiles were removed

under reduced pressure. Flash column chromatography on silica gel (hexane:EtOAc, 80:20) afforded
the title compound (24 mg, 0.10 mmol, 49%) as a yellow oil.

Ry (hexane:EtOAc, 60:40): 0.53. 'H NMR (400 MHz, CDsOD) § 9.69 (t, J = 1.0 Hz, 1H), 7.80 (dd, J =
7.7, 1.4 Hz, 1H), 7.60 (dt, J = 7.2, 1.2 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.29 (td, J = 8.3, 6.7 Hz, 1H),
6.78 (dt, J = 8.3, 0.9 Hz, 1H), 6.73 (ddd, J = 9.2, 8.3, 1.0 Hz, 1H), 2.14 (s, 3H). *C NMR (101 MHz,
CD;OD) § 193.9, 162.0 (d, J = 241.8 Hz), 157.6 (d, J = 7.0 Hz), 140.2, 137.1 (d, J = 1.1 Hz), 136.7,
135.9, 131.4 (d, J = 10.7 Hz), 129.2, 125.6, 113.0 (d, J = 19.9 Hz), 112.3 (d, J = 3.0 Hz), 107.2 (d, J =
22.8 Hz), 19.5. °F NMR (377 MHz, CD;0D) § —115.34 (dd, J = 9.0, 6.8 Hz). IR v (cm™%): 3333, 1672,
1619, 1590, 1456, 1249, 1001, 784. HRMS (ESI)* m/z: Calculated for C14H1,0:F 230.0738; Found
[M]* 230.0734.

2'-Fluoro-6"-hydroxy-6-methyl-[1,1'-biphenyl]-2-carboxylic acid (S1b)

O COOH
F O OH
A solution of 1-fluoro-10-methyl-6H-benzo[c]chromen-6-one Sla (1.0 eq., 40.2 mg, 0.176 mmol) and
LiOH (23 eq., 102 mg, 4.26 mmol) in THF (1.4 mL) and H»O (4.9 mL) was stirred at 70 °C for 24 h.
The reaction mixture was concentrated under reduced pressure, and the remaining aqueous solution was
made up to 25 mL with NaOH (2 M) and washed with EtOAc (2 x 25 mL). The mixture was acidified

with HCI (2 M) to pH 1 and extracted with EtOAc (3 x 50 mL). The combined organic phases were
S13
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then washed with brine (50 mL), dried over MgSQy, filtered, and concentrated under reduced pressure.
The crude mixture was purified by flash column chromatography on silica gel (petroleum ether:EtOAcC,
gradient 80:20-40:60) to provide the title compound (26.5 mg, 0.108 mmol, 61%) as a colourless
powder.

Rr (EtOAC): 0.51. 'H NMR (600 MHz, CD;0D) § 7.81 (d, J = 7.7 Hz, 1H), 7.47 (d, J = 7.6 Hz, 1H),
7.35(t,J = 7.7 Hz, 1H), 7.14 (td, J = 8.2, 6.6 Hz, 1H), 6.67 (d, J = 8.2 Hz, 1H), 6.61 (t, J = 8.7 Hz, 1H),
2.09 (s, 3H). ¥C NMR (151 MHz, CDsOD) § 171.0, 161.6 (d, J = 240.5 Hz), 156.8 (d, J = 7.8 Hz),
139.9, 134.3, 133.9, 133.6, 129.7 (d, J = 10.7 Hz), 128.7, 128.6, 117.1 (d, J = 20.0 Hz), 111.9 (d, J =
2.6 Hz), 107.0 (d, J = 23.2 Hz), 20.1. ®F NMR (565 MHz, CDsOD) & —(116.65-116.68) (m). IR v
(cmY): 3226, 1697, 1624, 1597, 1462, 1292, 1250, 1182, 1002. HRMS (nanospray ESI)~ m/z:
Calculated for C14H100sF 245.0614; Found [M—H]~ 245.0618. mp: 129-131 °C.

S14



Supplementary Information

2.3) Synthesis of 3a

B(OH), Pd(PPh3)4 (5 mol%) o O 0
XPhos (5 mol%), Cs,CO5 (3.0 eq.) A Z
o 0 F o< >
S = + > o, T
1,4-dioxane/H,0 (5:1) O ~

Br 130 °C, uwave, 3 h
(1.5eq.)
S3a
O O NaH,PO, (2.0 eq.)
2-methyl-2-butene (5.0 eq.)
M9020 H2S04 (4.0 eq.) HO,C COH NaClO, (5.0 eq.)
O MeOH 65°C,16 h F O N tert-BuOH/H,0O/MeCN (6:2:1)
rt, 1h

LiAIH4 (4.5 e
BBr; (1.3 eq.) MeOzc 4(4.5eq )
CHyClp it h THF, tt, 24 h

Scheme S2 General synthetic route for the preparation of 3a.

2'-Fluoro-6"-methoxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3a)

Os O _0

F O O
A microwave vial (10-20 mL) was charged with 2-bromoisophthalaldehyde (1.0 eq., 100 mg,
0.47 mmol), (2-fluoro-6-methoxyphenyl)boronic acid (1.5 eq., 120 mg, 0.70 mmol), Cs,COs3 (3.0 eq.,
46 mg, 1.4 mmol) and XPhos (5 mol%, 11 mg, 20 umol) followed by 1,4-dioxane (5 mL) and H.O
(2 mL) and N2 was bubbled through the suspension for 5 min. Pd(PPhs)s (5 mol%, 27 mg, 20 umol)
was added and N2 was bubbled through the suspension for a further 5 min, after which time the vial
sealed and heated to 130 °C in the microwave. After 3 h, the vial was cooled to room temperature,
opened, and H,O (10 mL) was added. The aqueous phase was extracted with EtOAc (3 x 10 mL) and
the organic phases were combined, washed with brine (20 mL), dried over MgSQs,, filtered and the
solvent was removed under reduced pressure. The resulting residue was purified by flash column

chromatography on silica gel (petroleum ether: EtOAc, gradient 100:0-25:75) to provide the title

compound (73 mg, 0.29 mmol, 61%) as a colourless oil.
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Rt (hexane:EtOAc, 80:20): 0.25. 'H NMR (400 MHz, CDCls) 6 9.78 (dd, J = 1.5, 0.8 Hz, 2H), 8.28 (d,
J=7.7Hz, 2H), 7.69 (td, J = 7.7, 0.9 Hz, 1H), 7.48 (td, J = 8.5, 6.7 Hz, 1H), 6.92 — 6.82 (m, 2H), 3.75
(s, 3H). 3C NMR (101 MHz, CDCls) 190.9, 160.7 (d, J = 245.9 Hz), 158.4 (d, J = 6.6 Hz), 137.7,
135.0, 133.0, 131.9 (d, J = 10.4 Hz), 129.1, 109.4 (d, J = 19.2 Hz), 108.5 (d, J = 22.5 Hz), 106.7 (d, J
= 2.8 Hz), 56.3. *F NMR (377 MHz, CDCls) —111.33 (dd, J = 6.8, 6.3 Hz). mp: 87-89 °C.

Data are consistent with those reported in the literature.®

2'-Fluoro-6"-methoxy-[1,1'-biphenyl]-2,6-dicarboxylic acid (S3b)

HO,C O CO,H
F O O
Prepared according to a modified literature procedure.® To a solution of 2’-fluoro-6’-methoxy-[1,1’-
biphenyl]-2,6-dicarbaldehyde S3a (1.0eq., 671 mg, 2.60 mmol), NaH,PO. (2.0 eq., 624 mg,
5.20 mmol), and 2-methyl-2-butene (5.0 eq., 1.38 mL, 13.0 mmol) in a tert-BuOH/H,O/MeCN mixture
(13 mL, 6:2:1 v/v) was added NaClO; (5.0 eq., 80% (pur. w/w), 1.47 g, 13.0 mmol), and the mixture
was stirred at room temperature for 1 h. The mixture was quenched with Na;SOs (ag. sat., 15 mL) and
treated with HCI (1 M) until the reaction mixture pH was 1. The reaction mixture was extracted with
EtOAc (3 x 15 mL), and the organic layers washed with H,O (15 mL), dried over MgSQ,, filtered, and
concentrated under reduced pressure to afford the crude product. The crude product was triturated

between EtOAc and hexane to afford the title compound (612 mg, 2.11 mmol 81% yield) as a colourless

solid.

IH NMR (400 MHz, (CD3).CO) & 8.12 (d, J = 7.8 Hz, 2H), 7.62 (t, J = 7.8 Hz, 1H), 7.28 (td, J = 8.4,
6.7 Hz, 1H), 6.80 (dt, J = 8.4, 0.9 Hz, 1H), 6.69 (ddd, J = 9.3, 8.4, 0.9 Hz, 1H), 3.68 (s, 3H). °C NMR
(126 MHz, (CDs).CO) 4 168.0, 161.1 (d, J = 240.5 Hz), 159.0 (d, J = 7.6 Hz), 134.8, 133.6, 133.5,
130.0 (d, J = 10.6 Hz), 128.7, 117.6 (d, J = 19.4 Hz), 108.1 (d, J = 22.9 Hz), 107.4 (d, J = 2.6 Hz), 56.4.
¥FE NMR (377 MHz, (CD;).C0) 6 —116.3 (s). IR v (cm™): 2922, 1695, 1472, 1271, 1240, 1084, 781.
HRMS (nanospray ESI)™ m/z: Calculated for Ci5sH100sF 289.0512; Found [M]~ 289.0505. mp: 243—
245 °C.
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Dimethyl 2'-fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylate (S3c)

MeO,C CO,Me
F O O
Triturated 2'-fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylic acid S3b (1.0 eq., 1.58 ¢, 5.44 mmol)
was dissolved in MeOH (18 mL), and sulfuric acid (>95%, 4.0 eq., 1.20 mL, 21.8 mmol) was added.
The mixture was heated to reflux and stirred for 16 h. The mixture was allowed to cool to room
temperature, and the solvent was removed under reduced pressure. The obtained brown residue was
dissolved in EtOAc and washed with NaHCO; (ag. sat., 2 x 15 mL), and brine (15 mL). The organic
phase was dried over Na;SQy, filtered, and concentrated under reduced pressure. The resulting residue

was purified by flash column chromatography on silica gel (hexane:EtOAc, 85:15) to provide the title
compound (1.55 g, 4.88 mmol, 90% over 2 steps) as a colourless solid.

Rt (hexane:EtOAc, 70:30): 0.29. *H NMR (400 MHz, CDCls) § 8.09 (d, J = 7.9 Hz, 2H), 7.52 (t, J =
7.8 Hz, 1H), 7.30 (td, J = 8.4, 6.7 Hz, 1H), 6.80 — 6.70 (m, 2H), 3.70 (s, 3H), 3.65 (s, 6H). *°C NMR
(126 MHz, CDCls) 8 167.3, 159.9 (d, J = 242.6 Hz), 157.6 (d, J = 7.4 Hz), 133.3, 133.1, 132.9, 129.4
(d, J=10.4 Hz), 128.0, 116.4 (d, J = 19.2 Hz), 107.8 (d, J = 22.6 Hz), 106.2 (d, J = 2.7 Hz), 56.2, 52.3.
¥F NMR (377 MHz, CDCls) § —(103.50 — 120.11) (m). IR v (cm™?): 2952, 1728, 1472, 1256, 1205,
1083, 765. HRMS (ESI)* m/z: Calculated for C14HsOsFNa 341.0796; Found [M+Na]* 341.0801. mp:
93-95 °C.

Methyl 1-fluoro-6-oxo-6H-benzo[c]chromene-10-carboxylate (S3d)

MeO,C O ©
F O o]
To a solution of dimethyl 2'-fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylate S3c (1.0 eq., 1.49 g,
4.68 mmol) in CH,CI, (17.3 mL) at —78 °C was added boron tribromide (1.3 eq., 1.0 M in heptane,
6.1 mL, 6.10 mmol) dropwise over 15 min. After the addition, the cooling bath was removed, and the
mixture was stirred at room temperature for 1 h or until TLC monitoring (hexane:EtOAc, 70:30)
indicated reaction completion. The reaction was quenched by the dropwise addition of NaHCOs (ag.

sat., 10 mL). The organic and aqueous phases were separated, and the agueous phase was extracted with

CH.CI; (3 x 20 mL). The combined organic phases were washed with brine (20 mL), dried over Na;SOs,
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filtered, and concentrated under reduced pressure. The resulting residue was purified by flash column
chromatography on silica gel (CH.CI,) to provide the title compound (1.05 g, 3.88 mmol, 83%) as a

colourless solid.

Ry (hexane:EtOAc, 70:30): 0.37. *H NMR (400 MHz, CDCls) & 8.54 (dd, J = 7.9, 1.5 Hz, 1H), 8.16
(dd, J=7.6, 1.5 Hz, 1H), 7.67 (t, J = 7.7 Hz, 1H), 7.47 (td, J = 8.3, 5.9 Hz, 1H), 7.24 (dt, ] = 8.3, 1.1 Hz,
1H), 7.03 (ddd, J = 11.8, 8.3, 1.2 Hz, 1H), 3.90 (s, 3H). *C NMR (151 MHz, (CD3),CO) 5 168.6 (d, J
= 3.0 Hz), 160.3 (d, J = 251.1 Hz), 160.2, 152.9 (d, J = 6.2 Hz), 136.7, 133.2, 132.6 (d, J = 4.9 Hz),
132.4 (d, J = 11.3 Hz), 130.4 (d, J = 2.5 Hz), 130.1, 124.5, 114.2 (d, J = 3.1 Hz), 112.3 (d, J = 24.2 Hz),
108.8 (d, J = 16.1 Hz), 52.7. F NMR (377 MHz, (CD3),CO) & —109.2 (s). IR v (cm™): 2954, 1733,
1621, 1300, 1254, 1084, 1040, 793, 718. HRMS (ESI)* m/z: Calculated for CysH10FO4 273.0558; Found
[M+H]* 273.0550. mp: 149-152 °C.

(2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-diyl)dimethanol (3a)

HO O OH
F O OH
LiAIH, (4.5 eq., 47 mg, 1.2 mmol) was added to a stirred solution of methyl 1-fluoro-6-oxo-6H-
benzo[c]chromene-10-carboxylate S3d (1.0 eg., 75 mg, 0.28 mmol) in THF (5 mL) at 0 °C. After 5 min,
the reaction mixture was allowed to warm to room temperature and stirred for a further 24 h. The
reaction mixture was then cooled to 0 °C and H,O (10 mL) was added dropwise, after which the pH
was adjusted to ~3 using HCI (1 M). The reaction mixture was then extracted with EtOAc (3 x 10 mL)
and the organic phases were combined, washed with brine (30 mL), dried over MgSQ,, filtered, and
concentrated under reduced pressure. The resulting residue was purified by flash column

chromatography on silica gel (petroleum ether:EtOAc, gradient 70:30-20:80), to provide the title

compound (50 mg, 0.20 mmol, 73%) as a colourless solid.

IH NMR (600 MHz, (CD3),CO) § 8.72 (s, 1H), 7.55 (d, J = 7.7 Hz, 2H, H-2), 7.41 (t, J = 7.7 Hz, 1H),
7.29 - 7.22 (m, 1H), 6.83 (dt, J = 8.2, 0.9 Hz, 1H), 6.71 (ddd, J = 9.2, 8.3, 1.0 Hz, 1H), 4.36 (s, 4H),
4.13 (s, 2H) *C NMR (151 MHz, (CDs),CO) 5 160.9 (d, J = 240.81 Hz), 156.6 (d, J = 7.33 Hz), 141.7,
130.2 (d, J = 10.65 Hz), 128.5, 127.7, 125.5, 114.0 (d, J = 20.69 Hz), 112.5 (d, J = 2.82 Hz), 107.1 (d,
J=122.95 Hz), 62.3. °F NMR (376 MHz, (CDs),CO) § —114.6 (d, J = 2.2 Hz). IR v (cm?): 3346, 1620,
1466, 1234, 1050, 1002, 790. HRMS (ESI)” m/z: Calculated for C14H1,05F 247.0770; Found [M—-H]"
247.0774. mp: 162-164 °C.
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2.4) Oxidation Products of 3a

2'-Fluoro-6"-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carbaldehyde (4a)

HO O 20 CDz0D HO O OH

F O OH T F O o}
To a stirred of (2'-fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-diyl)dimethanol 3a (1.0 eq., 110 mg, 0.44
mmol) in THF (4 mL) at 0 °C, was added pyridinium chlorochromate (1.2 eq., 110 mg, 0.52 mmol)

portion wise. The reaction was stirred and allowed to warm to room temperature for 2 h, after which
time the reaction was quenched with H.O (4 mL) and diluted with EtOAc (5 mL). The organic layer
was collected, and the aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic
extracts were dried over MgSOsy, filtered, and concentrated under reduced pressure to afford the crude
product, which was purified by flash column chromatography (hexane:EtOAc, gradient 80:20-70:30)
to provide the title compound (30 mg, 0.12 mol, 31% yield) as a colourless solid.

Rt (hexane:EtOAc, 40:60): 0.33. *H NMR (400 MHz, CDs0D) 6 9.70 (s, 1H), 7.94 (d, ] = 7.7 Hz, 1H),
7.90 (d, J=7.8 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.31 (td, J = 8.3, 6.7 Hz, 1H), 6.83 — 6.70 (m, 2H),
4.45 (d, J = 2.3 Hz, 2H). °C NMR (101 MHz, CD3;0D) & 193.5, 162.0 (d, J = 242.2 Hz), 157.6 (d, J =
6.8 Hz), 143.4, 135.6, 134.9, 133.2, 131.7 (d, J = 10.6 Hz), 129.5, 126.8, 112.3 (d, J = 3.0 Hz), 107.2
(d, J =22.7 Hz), 105.9 (d, J = 22.7 Hz), 62.0. **°F NMR (376 MHz, CD3CN) & —114.6 (t, J = 7.9 Hz).
IR v (cm™): 3335, 1687, 1620, 1464, 1250, 1010, 789. HRMS (ESI)” m/z: Calculated for C14H100sF
245.0614; Found [M—H]~ 245.0613. mp: 126-128 °C (decomp.).

Also evident are some minor NMR signals, tentatively assigned to a lactol isomer or its methyl ether.
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3e)

Ox O 20 THF-dg 0x O OH

—
—_—

S3e was isolated during the purification of 2’-fluoro-6’-hydroxy-6-(hydroxymethyl)-[1,1’-biphenyl]-2-

carbaldehyde 4a by flash column chromatography (hexane:EtOAc, gradient 80:20-70:30). S3e was
further purified by passing through a plug of silica (EtOAc), followed by flash column chromatography
(hexane:EtOAc, gradient 88:12-0:100) to provide the title compound (12 mg, 48 umol, 11%) as a

colourless solid.

Ry (hexane:EtOAc, 50:50): 0.26. *H NMR (500 MHz, THF-dg) & 9.99 (dd, J = 13.3, 0.7 Hz, 1H), 7.69
(dd, J=17.6, 1.3 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.01 (d, J = 8.1 Hz, 1H), 6.67 (d, J = 6.6 Hz, 1H),
6.23 (d, J = 6.2 Hz, 1H). *C NMR (126 MHz, THF-dg) § 189.1 (d, J = 13.6 Hz), 159.2 (d, J = 247.2
Hz), 154.4 (d, J = 5.6 Hz), 136.9, 132.6, 130.5 (d, J = 10.9 Hz), 129.5, 128.1, 127.9, 126.4, 115.1 (d, J
=3.0 Hz), 110.2 (d, J = 15.3 Hz), 109.3 (d, J = 23.6 Hz), 93.8. 2°F NMR (471 MHz, THF-dg) 5 —117.40
(ddd, J = 13.3, 10.7, 6.3 Hz). IR v (cm™?): 3440, 1687, 1589, 1480, 1248, 1013, 935, 797. HRMS
(nanospray ESI)* m/z: Calculated for C14HgOsF 243.0457; Found [M]* 243.0453. mp: 111-113 °C.

Also evident are the following peaks, tentatively assigned to the two diastereoisomers of a minor
(<27%) hemiacetal isomer: *H NMR (500 MHz, THF-dg) & 9.81 (s, 2H), 9.29 (s, 1H), 8.22 (d, J =
7.7 Hz, 2H), 7.92 (dd, J = 7.7, 1.5 Hz, 1H), 7.72 — 7.68 (m, 1H), 7.37 (td, J = 8.2, 6.4 Hz, 1H), 6.92
(ddd, J = 10.7, 8.3, 1.1 Hz, 1H), 6.86 — 6.73 (m, 2H); *C NMR (126 MHz, THF-ds) 189.4, 161.9,
135.2, 131.9, 131.2 (d, J = 10.8 Hz), 128.5, 111.2, 106.1 (d, J = 22.6 Hz). Some *C signals for this
isomer were too weak to be observed. °F NMR (471 MHz, THF-dg) § —113.69 (t, J = 7.8 Hz).
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Methyl 1-fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylate (S3i)

@ Clo
MeO,C OH THF-dg  MeO,C Z
F. I o} - F. l OH

To a stirred of methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylate S3f
(2.0 eq., 91 mg, 0.33 mmol) in THF (3.3 mL) at —10 °C was added pyridinium chlorochromate (1.1 eq.,
79 mg, 0.36 mmol) portion wise. The reaction was stirred and allowed to warm to room temperature
for 2.3 h. Another portion of pyridinium chlorochromate (0.12 eq., 8.7 mg, 0.040 mmol) was added,
and stirring was continued for 45 min. Celite was added to the mixture and the volatiles were removed
under reduced pressure. Flash column chromatography (petroleum ether:EtOAc, gradient 90:10-20:80)
afforded the title compound (41 mg, 0.15 mol, 46% yield) as a colourless solid.

Rt (hexane:EtOAc, 60:40): 0.27. *H NMR (400 MHz, THF-dg) & 7.75 (dg, J = 8.1, 1.9 Hz, 1H), 7.58
(dgq,J=7.7,1.7 Hz, 1H), 7.44 (tt, J = 7.6, 1.8 Hz, 1H), 7.25 (tdt, J = 8.5, 6.6, 1.9 Hz, 1H), 6.92 (dq, J
=8.1, 1.2 Hz, 1H), 6.78 (ddp, J = 10.5, 8.2, 1.3 Hz, 1H), 6.56 (dd, J = 6.7, 2.1 Hz, 1H), 6.17 (dt, J =
6.8, 1.9 Hz, 1H), 3.73 (d, J = 2.0 Hz, 3H). **C NMR (101 MHz, THF-dg) 8 169.2 (d, J = 2.4 Hz), 161.1
(d, J = 248.5 Hz), 154.9 (d, J = 6.2 Hz), 137.7, 131.8 (d, J = 3.4 Hz), 131.0, 130.5 (d, J = 11.3 Hz),
128.9, 128.3, 125.2, 115.6 (d, J = 2.9 Hz), 112.7 (d, J = 15.5 Hz), 109.7 (d, J = 23.8 Hz), 94.8, 51.9.
¥FE NMR (376 MHz, THF-dg) § —113.52 (dd, J = 11.2, 6.3 Hz). IR v (cm™): 3388, 2952, 1727, 1709,
1621, 1594, 1480, 1448, 1434, 1299, 1290, 1260, 1231, 1196, 1179, 1140, 1098, 1068, 1024, 1010,
985, 961, 795, 780, 767, 755, 737, 716. HRMS (nanospray ESI)~ m/z: Calculated for CisH1004F
273.0563; Found [M—H]~ 273.0568. mp: 109-114 °C.

Also evident are the following peaks, tentatively assigned to the minor (<10%) aldehyde isomer:
'H NMR (400 MHz, THF-ds) § 9.75 (d, J = 1.2 Hz, 1H), 8.90 (d, J = 1.9 Hz, 1H), 8.19 (dd, J=7.8,1.5
Hz, 1H), 8.12 (dd, J = 7.8, 1.6 Hz, 1H), 6.71 — 6.64 (m, 2H), 2.61 (s, 3H). *°C NMR (101 MHz, THF-
ds) 5 191.1, 136.0, 130.8, 94.7, 55.0, 52.1. **F NMR (376 MHz, THF-dg) 8 —(114.88-114.98) (m). One
!H environment can be observed by 2D NMR at 7.20 ppm, however this overlaps with the aromatic

hemiacetal peak at 7.25 ppm. Some *3C signals for this isomer were too weak to be observed.
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1-Fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylic acid (S3j)

HO,C O OH|  THFd;  HO,C O 20
F o) - F OH
® 8

A solution of methyl 1-fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylate S3i (1.0 eg., 39 mg,
0.17 mmol) and LiOH (24 eq., 99 mg, 4.1 mmol) in THF (2.6 mL) and H,O (5.7 mL) was stirred at
70 °C for 1.5 h. The reaction mixture was concentrated under reduced pressure, and the remaining
aqueous solution was made up to 25 mL with H,O and washed with CH2Cl; (2 x 25 mL). The mixture
was acidified with HCI (2 M) to pH 1 and extracted with EtOAc (3 x 25 mL). The combined organic
phases were then washed with brine (25 mL), dried over MgSOQ., filtered, and concentrated under
reduced pressure. At this point 10 mg of the crude mixture was removed. The remaining crude mixture

was purified by flash column chromatography on silica gel (petroleum ether:EtOAc, gradient 83:17—
0:100) to provide the title compound (22 mg, 0.83 mmol, 48%) as a colourless powder.

Rt (hexane:EtOAc, 30:70): 0.23. *H NMR (600 MHz, THF-dg) 6 7.79 (dd, J = 7.7, 1.4 Hz, 1H), 7.55
(dd,J=75,1.4Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 7.22 (td, J = 8.2, 6.1 Hz, 1H), 6.89 (d, J = 8.1 Hz,
1H), 6.74 (ddd, J = 10.9, 8.3, 1.1 Hz, 1H), 6.51 (d, J = 6.7 Hz, 1H), 6.15 (d, J = 3.2 Hz, 1H). C NMR
(151 MHz, THF-dg) 6 169.8 (d, J = 2.6 Hz), 161.5 (d, J = 249.4 Hz), 155.0 (d, J = 6.2 Hz), 137.9, 132.9
(d, J =3.3 Hz), 131.0, 130.3 (d, J = 10.9 Hz), 128.6, 128.2, 125.3, 115.4 (d, J = 2.8 Hz), 113.1 (d, J =
15.5 Hz), 109.8 (d, J = 23.6 Hz), 95.0. *F NMR (565 MHz, THF-dg) 5 —110.33 (dd, J = 11.0, 6.1 Hz).
IR v (cm™): 3078, 2957, 1696, 1622, 1595, 1480, 1448, 1260, 1234, 1186, 1147, 1017, 972, 793, 732.
HRMS (nanospray ESI)™ m/z: Calculated for C14HsO4F 259.0407; Found [M—H]~ 259.0409. mp: 112—
117 °C

Also evident are the following peaks, tentatively assigned to the minor (<12%) aldehyde isomer:
'H NMR (600 MHz, THF-ds) & 9.74 (s, 1H), 8.25 (dd, J = 7.7, 1.5 Hz, 1H), 8.10 (dd, J = 7.8, 1.5 Hz,
1H), 7.58 (t, J = 7.7 Hz, 1H), 7.20 — 7.17 (m, 1H), 6.69 — 6.59 (m, 2H). *C NMR (151 MHz, THF-ds)
5191.3,167.5,162.0 (d, J = 242.4 Hz), 157.4 (d, J = 6.8 Hz), 137.3, 136.4 (d, J = 7.8 Hz), 134.5, 130.6
(d, J=10.4 Hz), 128.9, 111.8 (d, J = 2.9 Hz), 106.8 (d, J = 22.8 Hz). **®F NMR (565 MHz, THF-dg) &

—(114.69-114.75) (m). Some C signals for this isomer were too weak to be observed.
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-dicarboxylic acid (S3k)
Reported data is for lithium 2'-fluoro-6'-oxido-[1,1'-biphenyl]-2,6-dicarboxylate (S3k’)

HoOoC E COOH LiOOC E COOLi
F. l OH F i OLi

S3k S3k’

A solution of methyl 1-fluoro-6-oxo-6H-benzo[c]chromene-10-carboxylate S3d (1.0 eq., 10.9 mg,
40.0 umol) and LiOH (24 eq., 23.0 mg, 0.960 mmol) in THF-dg (0.60 mL) and DO (1.3 mL) was stirred
at 70 °C for 1.25h. The reaction mixture was allowed to cool to rt and analysed without further

purification.

Ry (after acidifying, EtOAc) 0.00. *H NMR (600 MHz, D,O/THF-dg) & 7.36 — 7.31 (m, 2H), 7.27 (ddd,
J=8.4,6.8, 1.8 Hz, 1H), 6.92 (qd, J = 8.1, 1.8 Hz, 1H), 6.32 (dt, J = 8.4, 1.5 Hz, 1H), 6.20 — 6.14 (m,
1H), 3.24 (d, J = 1.7 Hz, 3H). 3C NMR (151 MHz, D:O/THF-ds) & 178.7, 167.5 (d, J = 6.3 Hz), 161.9
(d, J = 239.5 Hz), 142.5, 128.6 (d, J = 12.4 Hz), 128.4, 127.4, 126.7, 117.6 (d, J = 14.2 Hz), 115.4,
100.4 (d, J = 23.4 Hz), 49.3. °F NMR (565 MHz, D,O/THF-ds) § —112.4 (t, J = 8.5 Hz). IR v (cm™Y):
3669, 2970, 2918, 1578, 1406, 1257, 1063, 866. HRMS (nanospray ESI)” m/z: Calculated for
CuHeLi20sF 287.0519; Found [M—Li]~ 287.0527.

Due to the method of preparation of S3k/S3k’ described above, there is one equivalent of MeOH present
in the sample as observed by 'H and 3C NMR (*H: 3.24 ppm; 3C: 49.3 ppm). Evidence that the methyl
ester has undergone hydrolysis to S3k/S3k’ is provided by 1) the lack of a correlation by HMBC
between H: 3.24 ppm and *C: 178.7 ppm, and 2) non-equivalence of Me environments in the *H NMR
spectra for S3d and S3k/S3k’ in D,O/THF-ds.
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2.5) Mosher’s Ester derivative of 4a, 6a

(2'-Fluoro-6-formyl-6'-hydroxy-[1,1'-biphenyl]-2-yl)methyl (2S)-3,3,3-trifluoro-2-methoxy-2-

/
S, CFs
Ox (o) 3
OH O

(R)-(—)-a-Methoxy-a-(trifluoromethyl)phenylacetyl chloride (1.5 eg., 60 pL, 0.30 mmol) was added to

phenylpropanoate (6a)

a stirred solution of 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carbaldehyde 4a
(1.0 eg., 50 mg, 0.20 mmol), pyridine (3.0 eq., 50 pL, 0.61 mmol) and DMAP (0.1 eq., 2.0 mg,
20 pmol) in CH.CI, (2 mL) at room temperature. After 1 h 20 min, H20 (5 mL) and CH.Cl, (5 mL)
were added, the layers separated and the aqueous layer was extracted with CH2Cl, (2 x 5 mL). The
combined organic phases were combined, dried over MgSOy, filtered, and the solvent removed under
reduced pressure. The resulting residue was purified by flash column chromatography on silica gel
(petroleum ether:EtOAcC, gradient 100:0-60:40), followed by further purification by preparatory HPLC
(hexane:EtOAc, gradient 70:30-40:60), to provide the title compound (29 mg, 60 umol, 31%) as a

colourless oil.

The NMR data show two diastereomeric conformers. *H NMR (500 MHz, (CDs).SO) & 10.28 (s, 1H,
single diastereomer), 10.28 (s, 1H, single diastereomer), 9.67 (br s, 1H, single diastereomer), 9.67 (br
s, 1H, single diastereomer), 7.93 (dd, J = 7.7, 1.4 Hz, 2H, both diastereomers), 7.81 — 7.76 (m, 2H, both
diastereomers), 7.64 (t, J = 7.7 Hz, 2H, both diastereomers), 7.50 — 7.41 (m, 6H, both diastereomers),
7.37 — 7.33 (m, 6H, both diastereomers), 6.86 (br d, J = 1.2 Hz, 2H, both diastereomers), 6.81 (ddd, J
=9.2, 8.3, 0.9 Hz, 1H, single diastereomer), 6.78 — 6.73 (m, 1H, single diastereomer), 5.30 — 5.14 (m,
4H, both diastereomers), 3.38 (br s, 3H, single diastereomer), 3.37 (br s, 3H, single diastereomer).
13C NMR (126 MHz, (CD3),S0) 6 191.5, 165.5 (d, J = 2.0 Hz), 160.0 (dd, J = 241.6, 4.6 Hz), 156.2 (d,
J=6.7 Hz), 135.0 (d, J = 3.3 Hz), 134.8, 134.8 — 134.6 (m), 134.6, 134.3, 131.4, 131.1 (d, J = 2.9 Hz),
131.0 (d, J = 2.9 Hz), 129.9 (d, J = 2.9 Hz), 128.9, 128.6, 127.8, 127.1 (d, J = 7.8 Hz), 123.1 (q, J =
287.7 Hz), 111.6 (d, J = 2.5 Hz), 111.6 (d, J = 2.5 Hz), 109.3 (d, J = 2.6 Hz), 109.1 (d, J = 2.8 Hz),
105.9 (d, J = 22.1 Hz), 65.1, 55.2 (d, J = 3.9 Hz). 2*F NMR (376 MHz, (CD3),S0) & —(71.22 — 71.37)
(m), —112.86 (t, J = 8.3 Hz), —112.97 (t, J = 8.3 Hz). IR v (cm™): 3991, 2926, 2852, 1727, 1451, 1267.
HRMS (ESI)” m/z: Calculated for C2sH17F40s 461.1012; Found [M—-H]~ 461.1014.
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Also evident are the following peaks tentatively assigned to the diastereomers of a minor (<15%) hemi-

acetal isomer: *H NMR (500 MHz, (CDs).SO) § 6.23 (dd, J = 8.8, 6.0 Hz, 0.12H), 5.57 — 5.39 (m,
0.35H). *F NMR (376 MHz, (CD3);S0O) & —(111.05 — 111.12) (m).

2.6) Synthesis of Deuterium-Labelled 3a, D,-3a

MeO,C O 0 NaBD, (1.0 eq.) _ MeO,C O ~-OH p-TsOH (10 mol%)
F O 0 THF, 70°C, 1 h F O OH PhMe, 110 °C, 30 min
$3d

D,-S3f
_ TBS-CI (1.7 eq.) O
BSOS, O OH LiBHy (2.0eq.) TBSOL, O o imidazole (2.5 eq.) HO, o
F O OH THF, tt, 40 min F O 0 DMF. rt, 3 h F O 0
D2-53 Dz'S3h D2-S3g
HO O OH
HCI (2 M) 9 pmmmmeemnees :
> F OH i O =CD, |
MeOH, rt, 5 min O e
Dz'3a

Scheme S3 General synthetic route for the preparation of deuterium labelled 3a, D,-3a. Full characterisation
data is provided for the parent unlabelled compounds. *H NMR spectroscopy data is provided for isotopically
labelled compounds.

Methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylate (S3f)

M902C O oH
F O OH
To a solution of methyl 1-fluoro-6-oxo-6H-benzo[c]chromene-10-carboxylate S3d (1.0 eq., 220 mg,
0.82 mmol) in THF (4.1 mL) was added sodium borohydride (1.0 eq., 31 mg, 0.82 mmol), and the
resulting suspension was stirred at 70 °C for 1.5 h or until TLC monitoring (hexane:EtOAc, 70:30)

indicated reaction completion. The mixture was allowed to cool to room temperature, and the reaction
was quenched by the dropwise addition of H,O (4 mL). Et;O (5 mL) was added, followed by HCI (1 M)
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until pH 1 was reached. The organic and aqueous phases were separated, and the aqueous phase was
extracted Et,O (3 x 10 mL). The combined organic phases were dried over Na;SO, filtered, and
concentrated under reduced pressure. The resulting residue was purified by flash column
chromatography on silica gel (hexane:EtOAc, 70:30) to provide the title compound (160 mg,
0.59 mmol, 72%) as a colourless solid.

IH NMR (400 MHz, CD:0D) & 7.88 — 7.81 (m, 2H), 7.51 (t, J = 7.8 Hz, 1H), 7.19 (td, J = 8.2, 6.6 Hz,
1H), 6.69 (d, J = 8.2 Hz, 1H), 6.63 (dt, J = 9.1, 0.9 Hz, 1H), 4.39 (ABq, Aas = 0.04, Jss = 17.4 Hz,
2H), 3.59 (s, 3H). *C NMR (101 MHz, CDs0OD) & 169.5, 161.6 (d, J = 240.9 Hz), 156.9 (d, J = 7.3 Hz),
143.2,132.8, 131.8, 130.8, 130.3 (d, J = 10.7 Hz), 129.6, 128.9, 115.4 (d, J = 20.1 Hz), 111.9 (d, J =
2.9 Hz), 107.0 (d, J = 22.8 Hz), 62.4, 52.3. 9F NMR (376 MHz, CD;0D) & —116.20 (dd, J = 9.1,
6.6 Hz). IR v (cm™): 3367, 1708, 1622, 1461, 1298, 1139, 1004, 756. HRMS (MALDI)" m/z
Calculated for CisH1204F 275.0725; Found [M—H]~ 275.0726. mp: 110-111 °C.

Methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl-d,)-[1,1'-biphenyl]-2-carboxylate (D,-S3f)

O on

D” D
F l OH
To a solution of methyl 1-fluoro-6-oxo-6H-benzo[c]chromene-10-carboxylate S3d (1.0 eq., 487 mg,

1.79 mmol) in THF (8.9 mL) was added sodium borodeuteride (1.0 eq., 75.0 mg, 1.79 mmol), and the

resulting suspension was stirred at 70 °C for 1 h or until TLC monitoring (hexane:EtOAc, 70:30)

MeOZC

indicated reaction completion. The mixture was allowed to cool to room temperature, and the reaction
was quenched by the dropwise addition of H,O (2 mL). Et;O (10 mL) was added, followed by HCI
(2 M) until pH 1 was reached. The organic and agqueous phases were separated, and the aqueous phase
was extracted Et,O (3 x 15 mL). The combined organic phases were dried over Na,SO., filtered, and
concentrated under reduced pressure. The resulting residue was purified by flash column
chromatography on silica gel (hexane:EtOAc, 70:30) to provide the title compound (370 mg,

1.33 mmol, 74%, 96% D-incorporation) as a colourless solid.

IH NMR (400 MHz, CDsOD) & 7.84 (ddd, J = 7.9, 6.6, 1.4 Hz, 2H), 7.50 (t, J = 7.8 Hz, 1H), 7.18 (td,
J =83, 6.7 Hz, 1H), 6.69 (dt, J = 8.3, 0.9 Hz, 1H), 6.63 (ddd, J = 9.2, 8.2, 1.0 Hz, 1H), 4.37 (d, J =
17.2 Hz, 0.09H), 3.59 (s, 3H).
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1-Fluoro-10-(hydroxymethyl)-6H-benzo[c]chromen-6-one (S3g)

w0 o
F O o}
A solution of methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylate S3f
(2.0 eq., 150 mg, 0.53 mmol) and p-toluenesulfonic acid monohydrate (10 mol%, 10 mg, 53 pumol) in
toluene (106 mL) was heated to reflux and stirred for 30 min or until TLC monitoring (hexane:EtOAc,
60:40) indicated reaction completion. The mixture was allowed to cool to room temperature, and the
solvent was removed under reduced pressure. The resulting residue was purified by flash column

chromatography on silica gel (hexane:EtOAc, 75:25) to provide the title compound (110 mg,
0.47 mmol, 88%) as a colourless solid.

Rt (hexane:EtOAc, 7:3): 0.18. 'H NMR (400 MHz, CDCls) 6 8.33 (dd, J = 7.8, 1.5 Hz, 1H), 8.17 (ddt,
J=7.8,15,0.7Hz, 1H), 7.67 (t, J = 7.7 Hz, 1H), 7.46 (td, J = 8.3, 5.9 Hz, 1H), 7.21 (dt, J = 8.3, 1.1 Hz,
1H), 7.06 (ddd, J = 11.5, 8.3, 1.2 Hz, 1H), 4.91 (t, J = 6.1 Hz, 2H), 1.92 (td, J = 6.2, 1.4 Hz, 1H). *C
NMR (101 MHz, CDCls) & 161.0, 158.6 (d, J = 251.3 Hz), 151.8 (d, J = 6.3 Hz), 139.7, 135.8, 130.7
(d, J=11.2 Hz), 129.6, 129.4, 129.1, 122.9, 113.5(d, J = 3.2 Hz), 111.9 (d, J =24.8 Hz), 108.4 (d, J =
17.6 Hz), 63.6 (d, J = 29.6 Hz). *°F NMR (377 MHz, CDCls) § —107.73 (dg, J = 11.8, 6.0 Hz). IR v
(cm™): 3445, 2922, 1732, 1619, 1593, 1478, 1434, 1256, 1220, 1045, 791, 727. HRMS (ESI)* m/z:
Calculated for C14H1003F 245.0608; Found [M+H]* 245.0603. mp: 147-149 °C.

1-Fluoro-10-(hydroxymethyl-d,)-6H-benzo[c]chromen-6-one (D»-S3g)

D . D s
A solution of methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl-d,)-[1,1'-biphenyl]-2-carboxylate D,-S3f
(2.0 eq., 359 mg, 1.29 mmol) and p-toluenesulfonic acid monohydrate (10 mol%, 25.0 mg, 131 pmol)
in toluene (260 mL) was heated to reflux and stirred for 30 min or until TLC monitoring (hexane:EtOAc,
60:40) indicated reaction completion. The mixture was allowed to cool to room temperature, and the
solvent was removed under reduced pressure. The resulting residue was purified by flash column

chromatography on silica gel (hexane:EtOAc, 75:25) to provide the title compound (282 mg,

1.15 mmol, 89%, 96% D-incorporation) as a colourless solid.
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IH NMR (400 MHz, CDCl) & 8.34 (dd, J = 7.8, 1.4 Hz, 1H), 8.17 (dd, J = 7.8, 1.5 Hz, 1H), 7.68 (t, J
= 7.7 Hz, 1H), 7.46 (td, J = 8.3, 5.9 Hz, 1H), 7.22 (dt, J = 8.3, 1.0 Hz, 1H), 7.07 (ddd, J = 11.5, 8.3,
1.2 Hz, 1H), 4.90 (s, 0.08H), 1.87 (s, 1H).

10-(((tert-Butyldimethylsilyl)oxy)methyl)-1-fluoro-6H-benzo[c]chromen-6-one (S3h)

A solution of 1-fluoro-10-(hydroxymethyl)-6H-benzo[c]chromen-6-one S3g (1.0 eq., 100 mg,
0.42 mmol), imidazole (2.5 eq., 72 mg, 0.64 mmol), and TBS-CI (1.5 eq., 96 mg, 1.1 mmol) in DMF
(0.4 mL) was stirred at room temperature for 2 h or until TLC monitoring (hexane:EtOAc, 70:30)
indicated reaction completion. The reaction was quenched by addition of NH4CI (ag. sat., 2 mL). H,O
(10 mL) and Et20 (15 mL) were added, the agueous and organic phases were separated, and the aqueous
layer was extracted with Et;O (3 x 15 mL). The combined organic phases were washed with H,O
(20 mL), dried over Na;SOs, filtered, and concentrated under reduced pressure. The resulting residue
was purified by flash column chromatography on silica gel (hexane:EtOAc, gradient 100:0-98:2) to

provide the title compound (150 mg, 0.40 mmol, 95%) as a colourless solid.

Rt (hexane:EtOAc, 70:30): 0.69. *H NMR (400 MHz, CDCls) & 8.34 (dd, J = 7.7, 1.5 Hz, 1H), 8.12
(ddt, J=7.8,1.7,0.9 Hz, 1H), 7.65 (t, J = 7.7 Hz, 1H), 7.46 (td, J = 8.3, 5.8 Hz, 1H), 7.23 (dt, J = 8.3,
1.1 Hz, 1H), 7.06 (ddd, J = 11.5, 8.3, 1.2 Hz, 1H), 4.91 (d, J = 6.1 Hz, 2H), 0.86 (s, 9H), 0.00 (s, 6H).
13C NMR (101 MHz, CDCl3) & 161.2, 158.6 (d, J = 252.0 Hz), 151.7 (d, J = 6.4 Hz), 140.2, 135.3,
130.5 (d, J=11.0 Hz), 129.2, 129.1, 128.8, 122.7, 113.3 (d, J = 3.2 Hz), 111.8 (d, J = 24.9 Hz), 108.6
(d, J=18.0 Hz), 63.7 (d, J = 32.6 Hz), 25.9, 18.3, —5.3. °F NMR (377 MHz, CDCls) § —106.61 (dq, J
=12.0,6.0 Hz). IR v (cm™): 2929, 2857, 1747, 1619, 1593, 1478, 1434, 1255, 1221, 1116, 1087, 1037,
838, 790, 777, 725. HRMS (ESI)" m/z: Calculated for C20H2403FSi 359.1473; Found [M+H]* 359.1465.
mp: 60-61 °C.
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10-(((tert-Butyldimethylsilyl)oxy)methyl-d.)-1-fluoro-6H-benzo[c]chromen-6-one (D.-S3h)

Ao s
SlD b
/|\ F O °

A solution of 1-fluoro-10-(hydroxymethyl-d;)-6H-benzo[c]chromen-6-one D»-S3g (1.0 eq., 230 mg,
0.93 mmol), imidazole (2.5 eq., 160 mg, 2.3 mmol), and TBS-CI (1.7 eq., 230 mg, 1.6 mmol) in DMF
(0.9 mL) was stirred at room temperature for 3 h or until TLC monitoring (hexane:EtOAc, 70:30)
indicated reaction completion. The reaction was quenched by addition of NH4CI (ag. sat., 3 mL). H,O
(15 mL) and Et.0 (20 mL) were added, the aqueous and organic phases were separated, and the aqueous
layer was extracted with Et;O (3 x 20 mL). The combined organic phases were washed with H,O
(20 mL), dried over Na,SOs, filtered, and concentrated under reduced pressure. The resulting residue
was purified by flash column chromatography on silica gel (hexane:EtOAc, gradient 100:0-98:2) to
provide the title compound (330 mg, 0.92 mmol, 99%, 96% D-incorporation) as a colourless solid.

IH NMR (400 MHz, CDCls) § 8.34 (dd, J = 7.8, 1.5 Hz, 1H), 8.11 (dd, J = 7.8, 1.5 Hz, 1H), 7.66 (t, J
= 7.7 Hz, 1H), 7.46 (td, J = 8.3, 5.9 Hz, 1H), 7.23 (dt, J = 8.3, 1.1 Hz, 1H), 7.06 (ddd, J = 11.5, 8.3,
1.2 Hz, 1H), 4.89 (d, J = 6.3 Hz, 0.08H), 0.85 (s, 9H), 0.00 (s, 6H).

(Sa)-2'-(((tert-Butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-(hydroxymethyl)-[1,1'-biphenyl]-2-ol

((S2)-5a)
HO O ON //

To a solution of borane tetrahydrofuran complex [1.0 M in THF] (4.0 eq., 0.39 mL, 0.39 mmol) in
toluene (1.5 mL) at 0 °C was added a solution of (R)-(+)-2-methyl-CBS-oxazaborolidine (3.0 eq.,
81 mg, 0.29 mmol) in toluene (1.5 mL) dropwise over 10 min. After the addition, the cooling bath was
removed, and the mixture was stirred at 30 °C for 30 min. With careful temperature control, a solution
of 10-(((tert-butyldimethylsilyl)oxy)methyl)-1-fluoro-6H-benzo[c]chromen-6-one S3h (1.0 eq., 35 mg,
0.10 mmol) in toluene (3.3 mL) was added dropwise at 30 °C over 25 min. The mixture was stirred at
30 °C for 30 min or until TLC monitoring (hexane:EtOAc, 70:30) indicated reaction completion. The
reaction was quenched by the addition of NH4ClI (aqg. sat., 13 mL). H,O (10 mL) and EtOAc (15 mL)

were added, the organic and aqueous phases were separated, and the aqueous layer was extracted with
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EtOAc (3 x 20 mL). The combined organic phases were dried over Na.SO., filtered, and concentrated
under reduced pressure. The resulting residue was purified by flash column chromatography on silica
gel (hexane:EtOAc, gradient 85:15-80:20) to provide the title compound (31 mg, 90 umol, 88%) as a
colourless solid.

Rt (hexane:EtOAc, 70:30): 0.26. *H NMR (400 MHz, CDs;0OD) & 7.55 — 7.47 (m, 2H), 7.42 (t, J =
7.6 Hz, 1H), 7.23 (td, J =8.3, 6.7 Hz, 1H), 6.74 (dt, J = 8.2, 0.9 Hz, 1H), 6.67 (ddd, J = 9.2, 8.3, 1.0 Hz,
1H), 4.44 (ABq, Abas = 0.03, Jag = 13.7 Hz, 2H), 4.34 (ABq, Abas = 0.02, Jas = 9.2 Hz, 2H), 0.88 (s,
9H), —0.04 (s, 6H). *C NMR (101 MHz, CDs0OD) & 161.7 (d, J = 241.5 Hz), 157.2 (d, J = 7.2 Hz),
141.5, 141.3, 130.7 (d, J = 10.7 Hz), 129.0, 128.8 (d, J = 1.6 Hz), 126.3, 126.2, 114.2 (d, J = 20.7 Hz),
112.4 (d, J = 2.9 Hz), 107.4 (d, J = 23.1 Hz), 64.2, 62.9, 26.4, 19.2, —5.41, —5.38. °F NMR (377 MHz,
CDs0D) 6 —115.09 (dd, J = 8.9, 6.7 Hz). IR v (cm™?): 3292, 2954, 2929, 2857, 1621, 1460, 1254, 1107,
1004, 835, 782, 731. HRMS (ESI)* m/z: Calculated for CyH270O3FSiNa 385.1606; Found [M+Na]*
385.1603. mp: 76—78 °C. HPLC Chiral Regis Whelk O1 250 x 4.6 mm, 5 um, hexane:IPA = 99:1,
flow = 1.15 mL/min, A = 220 nm, tgr = 15.9, 18.4 min. Enantiomeric ratio: 88.7:11.3 (ee = 77%).

DAD1 E, 5ig=220,4 Ref=360,100 (JORDANUORDAN 2023-04-12 13-36-32\/B360_ENO2.D)

3

=
(=
3

o
P 18.380

File

LC-File [JB360_END2.D # Time Area Height Width Area%
File Path | E-\CHEM32\1\DATAWORDANWORDAN 20230412 13-36-32 [1 ] 15853 [ 164231 [ 3863 [ 06572 | 88655 | 0565
Date | 124p-23, 14.40.35 2] 183 [ 21016 | 473 | o0sse2 [ 11.345 | 0678 |

Sample |JB360_en02
Sample Info)| Hex:IPA 93/1 Whelk 1.15mL/min 50u in
Barcode
Operator [SYSTEM
Method |BC_JB 931 1.15 MLM
Analysis Time |23.993 min
Sampling Rate | 0.0067 min (0.402 sec), 4500 datapoints

Figure S4 HPLC trace of reduction of S3h with (R)-(+)-2-methyl-CBS-oxazaborolidine; Chiral Regis Whelk
01 250 x 4.6 mm, 5 um, hexane:IPA = 99:1, flow = 1.15 mL/min, A = 220 nm, tg = 15.9, 18.4 min,
enantiomeric ratio: 88.7:11.3.

We assign the major enantiomer (tx = 15.9 min) as (S.)-5a based on the established sense of

enantioselectivity with which Bringmann’s ‘lactone method’ with (R)-(+)-2-methyl-CBS-
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oxazaborolidine provides enantioenriched biaryl diols.>® We assign the minor enantiomer (tr =
18.4 min) as (Ra)-5a. Establishing the order of elution of the enantiomers of 5a on the chiral stationary
phase Whelk-O1, as described here, allows us to deduce the absolute configurations of the two
enantiomers of D,-5a obtained through separation by semi-preparative HPLC, as described directly
below, and hence to assign the absolute configuration of the two isotopomeric triols that result from
desilylation, (Sz)-D2-3a and (Ra)-D.-3a.

2'-(((tert-Butyldimethylsilyl)oxy)methyl-d2)-6-fluoro-6'-(hydroxymethyl)-[1,1'-biphenyl]-2-ol
(D2—5a)

To a solution of 10-(((tert-butyldimethylsilyl)oxy)methyl-d,)-1-fluoro-6H-benzo[c]chromen-6-one D.-
S3h (1.0 eq., 44 mg, 0.12 mmol) in THF (1.0 mL), LiBH4 (2.0 eq., 4 M in THF, 0.06 mL, 0.24 mmol)
was added dropwise and the reaction mixture was stirred at room temperature for 40 min. The reaction
mixture was then cooled to 0 °C and H,O (0.5 mL) was added dropwise, followed by NH4CI (aqg. sat.,
3 mL). The reaction mixture was then extracted with EtOAc (4 x 10 mL). The organic phases were
combined dried over Na,SOs, filtered, and concentrated under reduced pressure, to provide the title

compound (41 mg, 0.11 mmol, 91%, 96% D-incorporation) as a colourless solid.

IH NMR (400 MHz, CD;0D) & 7.55 — 7.50 (m, 2H), 7.44 (t, J = 7.6 Hz, 1H), 7.23 (td, J = 8.3, 6.7 Hz,
1H), 6.74 (d, J = 8.3 Hz, 1H), 6.68 (ddd, J = 9.2, 8.3, 0.9 Hz, 1H), 4.38 — 4.30 (m, 2.08H).

Separation of 2'-(((tert-Butyldimethylsilyl)oxy)methyl-d2)-6-fluoro-6'-(hydroxymethyl)-[1,1'-
biphenyl]-2-ol ((Sa)-D2-5a and (R4)-D2-5a)

HO. 0 o\S/i, HO 0 o!_
) " D
F l OH /i\ F I OH /i\
(Sa)-Do-5a (R,)-D,-5a

A 5 mg/mL solution of racemic 2'-(((tert-butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-(hydroxymethyl-
d2)-[1,1'-biphenyl]-2-ol D,-5a in hexane was purified using semi-prep HPLC (Chiral Regis Whelk O1,
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250 x 4.6 mm, 5pum, 99:1 hexane:IPA, flow = 1.15 mL.mint, A = 220 nm, tr = 17 and 19 min).
Fractions containing S, and R. deutero-enantiomers, identified using the order of elution of the
enantiomers of 5a described above, were isolated separately, and multiple runs under the same
conditions led to the isolation of (S.)-D»>-5a (9.83 mg, 99% ee) and of (R.)-D»-5a (10.63 mg, 98% ee).

DAD! A, 51g+220,4 Ref=360,100 owan ordan 20230628 15-15-58UB396-colect_ac14.0)

= : 75 %

File
LCFle | 8396colect_rac14.0 -
File Path | C:\Chem32\2\0: 2023-06-28 18-15-58
Date | 29-Jun-23, 02:18:01

Semple | B396-collect rac14
Sample Info | 99/1 Hex/IPA Whelk 1. 15 i jmin
Barcode
Operator |SYSTEM
Method |99-1 Hex-IPA 1. 15mi-min-COLLECT.M
Reference -

Figure S5 HPLC trace of racemic Dz-5a.

2 Time Area Height Width __Area% Symmetry
[[* 1 16832 | w145 | 21725 | o787 | wee1 | 0347 |
21 2033 | 387 | 93 | os28 | 0% | o |

Fie i
LCFile [18396-ent1_en01.0 A

Fie Path |C:\Chem32 0230805 1747-90
Date [08-Aug-23, 18:20:43
Sample | B39 -ent1_en01
Samgle 1fo | 95/1 Hex/IPA Whelk 1. 15 mLjmin
Barcode

Operator [SYSTEM
Method |99-1Hex-1PA L. 15mimin M

Figure S6 HPLC trace of combined fraction of (Ss)-D.-5a.

DADIA. y _en01.0)

g
17208

#___ Time Area Height Width __Area%_Symmetry
[T 1293 | 2369 | 815 [ o447 | 10% 0.712

File 2] 007 [ 2111308 | 31331 | 0.8102 | 98.901 | 0.33%
LCFle | 8396-ent2_en0LD -

File Path | C:\Chem32\2\DataVordanordan 2023-08-09 17-47-30

Date [09-Aug-23, 18:52:44

Sample | 8396-ent2_en01
Sample Info | 99/1 Hex/IPA Whelk 1.15 mLjmin

Barcode |

Operator |SYSTEM
Method [59-1 Hex-IPA 1, L5ml-minM
Reference | -

Figure S7 HPLC trace of combined fraction of (R,)-D2-5a.
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(Sa)- or (Ra)-6-Fluoro-2'-(hydroxymethyl)-6'-(hydroxymethyl-d,)-[1,1'-biphenyl]-2-ol (D,-3a)

HOOH HOOH

D" D D" D
FIOH FIOH

(Sa)-Do-3a (Ra)-D2-3a

The isolated samples of (S,)-D2-5a (99% ee) and (R.)-D2-5a (98% ee) were subjected to deprotection

to give (Sa)-D2-3a and (Ra)-D--3a, whose enantioenrichments were assumed to remain unchanged.

Enantioenriched 2'-(((tert-butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-(hydroxymethyl-d,)-[1,1'-
biphenyl]-2-ol (S2)-D--5a (1.0 eq., 9.8 mg, 27 umol) was dissolved in MeOH (1.9 mL), and HCI (2 M,
0.1 mL) was added. The colourless reaction mixture was stirred at room temperature for 5 min or until
TLC monitoring (hexane:EtOAc, 50:50) indicated reaction completion. The reaction was quenched by
addition of NaHCOs (ag. sat., 1 mL). The organic volatiles were removed under reduced pressure and
the remaining aqueous solution was then extracted with EtOAc (3 x 2 mL). The combined organic
layers were dried over Na,SOs, filtered, and the volatiles were removed under reduced pressure. The
residue was purified by flash column chromatography on silica gel (hexane:EtOAc, gradient 70:30—
60:40) to provide (Sa)-D2-3a (5.2 mg, 21 umol, 76%, 95% D-incorporation) as a white solid.

'H NMR (400 MHz, CD;OD) & 7.55 — 7.50 (m, 2H), 7.48 — 7.41 (m, 1H), 7.23 (td, J = 8.3, 6.7 Hz,
1H), 6.74 (d, J = 8.2 Hz, 1H), 6.71 — 6.65 (M, 1H), 4.34 (ABq, A8as = 0.02, Jas = 9.6 Hz, 2.11H).

The other enantiomer of deuterated and enantioenriched TBS-protected compound (Rz)-D2-5a (11 mg,
29 umol) was deprotected using the same procedure to provide the desired deuterated and

enantioenriched (Ra)-D--3a (5.0 mg, 20 umol, 69%, 95% D-incorporation) as a white solid.

'H NMR (400 MHz, CD;OD) & 7.56 — 7.50 (m, 2H), 7.47 — 7.41 (m, 1H), 7.23 (td, J = 8.2, 6.7 Hz,
1H), 6.74 (d, J = 8.2 Hz, 1H), 6.71 — 6.65 (M, 1H), 4.34 (ABq, A8as = 0.02, Jas = 9.6 Hz, 2.11H).
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2.7) Synthesis of Deuterium-Labelled D,-S8e

Br 135°C, 2 h rt, 20 h
(1.5€eq.)
S8a

Pd(PPh3), (5 mol%)
B(OH), XPhos (5 mol%) O O o
Cs,CO3 (3.0 eq.) z NaBH, (0.25 eq.)
Ox 20 + -
OO Dioxane/H,0 (5:1) OO THF/MeOH (18:5) I

IMeseHCI (0.1 eq O 0 TBS-Cl (2.0 eq.) O 0
Na,COs (0.2 eq.) TBSO z imidazole (4.0 eq.) HO Z

D,O/CPME (5:1) CH,Cl,, rt, 18 h
130 °C, 3 days
S8b

TBSO O O  NaBD,(1.3eq)  TBSO O HCI (2 M) HO O OH
—_—
OO D MeOH, rt, 2 h OO MeOH, rt, 17 min OO ob

D,-S8c D,-S8d D,-S8e

Scheme S4 General synthetic route for the preparation of deuterium labelled S8e, D,-S8e. Full characterisation
data is provided for the parent unlabelled compounds. *H NMR spectroscopy data is provided for isotopically
labelled compounds.

2-(Naphthalen-1-yl)isophthalaldehyde (S8a)

oS o
L

In a microwave vial (10-20 mL), a mixture of 2-bromoisophthalaldehyde (1.0 eq., 300 mg, 1.4 mmol),
naphthalene-1-boronic acid (1.5 eg., 360 mg, 2.1 mmol), Cs,COs (3.0 eq., 1.2 g, 4.2 mmol) and XPhos
(5 mol%, 34 mg, 70 umol) in 1,4-dioxane (15 mL) and H.O (3 mL) was degassed with N, for 5 min.
Pd(PPhs)s (5 mol%, 81 mg, 70 pumol) was then added and the reaction mixture degassed with N for a
further 2 min, after which the vial sealed and heated to 135 °C in the microwave. After 2 h, H,O (20 mL)
was added, and the reaction was extracted with EtOAc (3 x 10 mL). The organic phases were combined,
washed with brine (20 mL), dried over MgSQsy, filtered and the solvent removed under reduced pressure.

The resulting residue was purified by flash column chromatography on silica gel (petroleum
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ether:EtOAc, gradient 100:0-85:15) to give the title compound (310 mg, 1.1 mmol, 81%) as a yellow

oil.

'H NMR (400 MHz, CDCl3) & 9.53 (d, J = 0.8 Hz, 2H), 8.35 (d, J = 7.7 Hz, 2H), 8.03 (dt, J = 8.3,
1.2 Hz, 1H), 8.00 — 7.96 (m, 1H), 7.76 (tt, J = 7.7, 0.9 Hz, 1H), 7.61 (dd, J = 8.3, 7.0 Hz, 1H), 7.58 —
7.53 (m, 1H), 7.48 (dd, J = 7.1, 1.3 Hz, 1H), 7.46 — 7.42 (m, 1H), 7.32 — 7.27 (m, 1H).

The spectroscopic data is in accordance with the literature.’

3-(Hydroxymethyl)-2-(naphthalen-1-yl)benzaldehyde (S8b)

o0 s
9

Prepared by a modification to a literature procedure.® NaBH, (25 mol%, 9.0 mg, 0.23 mmol) was added
to a stirred solution of 2-(naphthalen-1-yl)isophthalaldehyde S8a (1.0 eg., 250 mg, 0.94 mmol) in THF
(9 mL) and MeOH (2.5 mL) at room temperature. After 20 h, H>O (10 mL) was added and the aqueous
extracted with EtOAc (3 x 10 mL). The organics were combined, washed with brine (10 mL), dried
over MgSOq, filtered and the solvent removed under reduced pressure. The resulting residue was
purified by flash column chromatography on silica gel (petroleum ether:EtOAc, gradient 90:10-50:50)
giving the title compound (190 mg, 0.73 mmol, 80%) as a colourless solid.

R (hexane:EtOAc, 70:30): 0.43. 'H NMR (400 MHz, CDCls) § 9.46 (d, J = 0.8 Hz, 1H), 8.05 (dd, J =
7.8, 1.4 Hz, 1H), 7.99 — 7.91 (m, 3H), 7.64 (t, J = 7.7 Hz, 1H), 7.57 (dd, J = 8.3, 7.0 Hz, 1H), 7.55 —

7.49 (m, 1H), 7.44 — 7.37 (M, 2H), 7.29 — 7.26 (m, 1H), 4.39 — 4.24 (m, 2H), 1.45 (t, J = 5.9 Hz, 1H).

The spectroscopic data is in accordance with the literature.’
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3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde (S8c)

>|>S|i,o O _0
L

A solution of 3-(hydroxymethyl)-2-(naphthalen-1-yl)benzaldehyde S8b (1.0 eq., 191 mg, 0.728 mmol),
imidazole (4.0 eg., 198 mg, 2.91 mmol) and tert-butyldimethylsilyl chloride (2.0 eqg., 219 mg,
1.46 mmol) in CH:Cl, (7 mL) was stirred at room temperature for 18 h. After this time, H,O (10 mL)
was added, the aqueous and organic phases were separated and the aqueous phase was extracted with
CHCI; (2 x 10 mL). The organic phases were combined, dried over MgSQ,, filtered and the solvent
was removed under reduced pressure. The resulting residue was purified by flash column
chromatography on silica gel (petroleum ether:EtOAc, gradient 100:0-70:30) to give the title compound

(232 mg, 0.616 mmol, 85%) as a colourless oil.

R (hexane:EtOAc, 70:30): 0.83. *H NMR (400 MHz, CDCls) & 9.43 (d, J = 0.8 Hz, 1H), 8.03 — 7.99
(m, 1H), 7.98 — 7.91 (m, 3H), 7.62 (t, J = 7.7 Hz, 1H), 7.56 (dd, J = 8.3, 7.0 Hz, 1H), 7.53 — 7.48 (m,
1H), 7.41 — 7.34 (m, 2H), 7.30 — 7.26 (m, 1H), 4.36 (d, J = 14.0 Hz, 1H), 4.22 (d, J = 14.0 Hz, 1H),
0.81 (s, 9H), —0.15 (s, 3H), —0.18 (s, 3H). *C NMR (126 MHz, CDCls) § 192.3, 141.5, 141.4, 134.9,
1335, 133.0, 132.7, 132.4, 128.9, 128.6, 128.5, 128.0, 127.0, 126.5, 125.8, 125.7, 125.3, 62.2, 26.0,
18.4, -5.4. HRMS (ESI)* m/z Calculated for CsH90,Si 377.1931; Found [M+H]* 377.1934.

3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde-d; (D1-S8c)

Prepared by a modification to a literature procedure.® In a microwave vial, a solution of (2 — 5 mL), 3-
(((tert-butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde S8c (1.0 eq., 51 mg,
0.14 mmol, 75% D-incorporation), IMes-HCI (10 mol%, 5.0 mg, 10 pumol) and Na,COs (20 mol%,
3.0 mg, 30 pumol) in D,O (0.5 mL) and CPME (0.1 mL) was heated to 130 °C for 3 days. The reaction
mixture was cooled to room temperature and extracted with EtOAc (3 x 3 mL). The organic phases
were combined, dried over MgSOs,, filtered and the solvent was removed under reduced pressure. The

resulting residue was purified by flash column chromatography on silica gel (petroleum ether:EtOAc,
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gradient 100:0-70:30) to give the title compound (25 mg, 90 umol, 70%, 93% D-incorporation) as a

yellow oil.

Ry (hexane:EtOAc, 70:30): 0.83, *H NMR (400 MHz, CDCls) § 9.43 (d, J = 0.9 Hz, 0.07H), 8.04 — 7.99
(m, 1H), 7.98 — 7.90 (m, 3H), 7.62 (t, J = 7.7 Hz, 1H), 7.56 (dd, J = 8.3, 7.0 Hz, 1H), 7.53 — 7.48 (m,
1H), 7.41 — 7.34 (m, 2H), 7.29 — 7.26 (m, 1H), 4.36 (d, J = 13.9 Hz, 1H), 4.22 (d, J = 13.9 Hz, 1H),
0.81 (s, 9H), —0.15 (s, 3H), —0.18 (s, 3H). HRMS (ESI)* m/z Calculated for CasH2sDO,Si 378.1994;
Found [M+H]* 378.1978.

(3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)phenyl)methanol (S8d)

Sodium borohydride (1.3 eq., 36 mg, 0.95 mmol) was added to a stirred solution of 3-(((tert-
butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde (S8c) (1.0 eq., 291 mg, 0.73 mmol)
in MeOH (8 mL) at room temperature. After 1 h 30 min, H,O (20 mL) was added and the reaction was
extracted with EtOAc (3 x 20 mL). The organic phases were combined, washed with brine (20 mL),
dried over MgSQq, filtered and the solvent removed under reduced pressure. The resulting residue was
purified by flash column chromatography on silica gel (petroleum ether:EtOAc, gradient 100:0-50:50)
yielding the title compound (281 mg, 0.71 mmol, 96%, 95% purity) as a colourless oil.

'H NMR (500 MHz, CDCls) 6 7.94 — 7.87 (m, 2H), 7.65 (dd, J = 6.6, 2.5 Hz, 1H), 7.56 — 7.51 (m, 3H),
7.51—7.46 (m, 1H), 7.38 — 7.33 (m, 1H), 7.32 — 7.27 (m, 2H), 4.32 (d, J = 0.8 Hz, 1H), 4.25 — 4.14 (m,
3H), 1.35 (t, J = 5.6 Hz, 1H), 0.81 (s, 9H), —0.17 (s, 3H), —0.19 (s, 3H). *C NMR (126 MHz, CDCls)
5140.4,139.4,136.2, 135.6,133.8,132.1, 128.5, 128.4, 128.2, 127.1, 126.6, 126.4, 126.2, 126.1, 125.6,
125.4, 63.3, 62.9, 26.0, 18.4, —5.4. HRMS (ESI)" m/z Calculated for C,4H3,0,SiNa 401.1907; Found
[M+Na]* 401.1914.
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(3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)phenyl)methan-d,-ol (D,-S8d)

>Fsli,0 O OH
90

Sodium borodeuteride (1.3 eq., 3.6 mg, 86 pumol) was added to a stirred solution of 3-(((tert-
butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde-d; (D:-S8¢) (1.0 eq., 25 mg,
66 umol) in MeOH (1 mL) at room temperature. After 2 h, H,O (3 mL) was added, and the aqueous
phase was extracted with EtOAc (3 x 5 mL). The organic phases were combined, dried over MgSQsa,
filtered and the solvent was removed under reduced pressure. The resulting residue was purified by
flash column chromatography on silica gel (petroleum ether:EtOAc, gradient 100:0-70:30) to give the

title compound (20 mg, 0.050 mmol, 75%, 95% D-incorporation) as a colourless oil.

Rr (hexane:EtOAc, 90:10): 0.19. *H NMR (400 MHz, CDCls) § 7.93 — 7.87 (m, 2H), 7.67 — 7.63 (m,
1H), 7.56 — 7.46 (m, 4H), 7.38 — 7.33 (m, 1H), 7.32 — 7.27 (m, 2H), 4.31 (d, J = 13.7 Hz, 1.05H), 4.14
(d, J = 13.7 Hz, 1.05H), 1.25 — 1.22 (m, 1H), 0.79 (s, 9H), —0.18 (s, 3H), —0.20 (s, 3H).

Separation of (3-(((tert-butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)phenyl)methan-d.-ol
(D2-S8d) ((Sa)-D2-S8d and (Ra)-D2-S8d)

HO 0 o /- HO O od-
S N NS G
(Sa)-Dp-S8d (Ra)-D,-S8d

A 5 mg/mL solution of racemic (3-(((tert-butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-
yl)phenyl)methan-dz>-ol D.-S8d in 80:20 hexane:IPA was purified using semi-prep HPLC
(CHIRALCEL OD-H, 5 um, 4.6 x 250 mm, 90:10 hexane:IPA, flow = 1.0 mL.min™%, A =254 nm, tr =
7 and 10 min). Fractions containing S. and R. deutero-enantiomers were isolated separately, and
multiple runs under the same conditions allowed the isolation of (S,)-D»-S8d (6.06 mg, >99% ee) and
(Ra)-D2-S8d (6.61 mg, >99% ee).

The order of elution of (S,)-D»-S8d and (Ra)-D2-S8d was determined by their transformation into (Sa)-
D,-S8e and (Ra)-D2-S8e (see below). The configuration of (S,)-D.-S8e and (Ra)-D2-S8e was
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assigned using the *H NMR-identified location of the deuterium atoms(s) in the products (Sa)-Di-

S8b and (Si)-D2-S8b that arise from their biocatalytic oxidation (see Supplementary Information

Section 9).

These products D;-

reported stereochemical assignment of the enantiomers of undeuterated S8b.’

and D,-S8b were assigned (Ss) configuration using

the

DAD1 B, Sig=254,4 Ref=360,100 (Theo\Theo 2023-06-30 12.04-401001-0101.0)
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Figure S8 HPLC trace of racemic D,-S8d.
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Figure S9 HPLC trace of combined fraction of (Sa)-D»-S8d.
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# _ Time Area Height Width __Area% Symmetry
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Method | THNE 90-10 .075 ml-min 15min.M

Figure S10 HPLC trace of combined fraction of (R.)-D2-S8d.

(Sa)- or (Ra)-(3-(hydroxymethyl)-2-(naphthalen-1-yl)phenyl)methan-d;-ol (D.-S8e)

HOOH HOOH

p” "D p” D
(Sa)-D,-S8e (R,)-D,-S8e

The isolated samples of (Si)-D.-S8d (>99% ee) and (R.)-D»-S8d (>99% ee) were subjected to
deprotection to give (S,)-D2-S8e and (R,)-D2-S8e, whose enantioenrichments were assumed to remain
>99%.

To a stirred solution of enantioenriched (3-(((tert-butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-
yl)phenyl)methan-d,-ol (S.)-D»-S8d (1.0 eg., 6.0 mg, 16 pumol) in MeOH (1.6 mL), was added HCI
(2 M, 0.1 mL) at room temperature. After 17 min, NaHCO; (aqg. sat. 3 mL) was added and the reaction
mixture extracted with EtOAc (3 x 5 mL). The organic phases were combined, dried over MgSOs,
filtered and the solvent removed under reduced pressure. The resulting residue was purified by flash
column chromatography on silica gel (petroleum ether:EtOAc, gradient 70:30-0:100) to provide the
desired deuterated and enantioenriched (S.)-D»-S8e (2.5 mg, 9.0 umol, 58%, 97% purity, 92% D-

incorporation) as a colourless oil.

Rt (hexane:EtOAc, 70:30): 0.21. *H NMR (400 MHz, CDCls) §7.95 — 7.89 (m, 2H), 7.62 — 7.46 (m,
5H), 7.40 — 7.32 (m, 2H), 7.31 — 7.27 (m, 1H), 4.30 — 4.18 (m, 2.16H), 1.35 — 1.28 (m, 2H).
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The other enantiomer of the deuterated and enantioenriched TBS-protected compound D»-S8d, (Ra)-
D»-S8d, (6.0 mg, 16 pmol) was deprotected using the same procedure to provide the desired deuterated
and enantioenriched (R.)-D2-S8e (4.08 mg, 15 umol, 92%, 95% purity, 92% D-incorporation) as a

colourless oil.

Ry (hexane:EtOAc, 70:30): 0.21. *H NMR (400 MHz, CDCl) & 7.94 — 7.89 (m, 2H), 7.62 — 7.47 (m,
5H), 7.40 — 7.32 (m, 2H), 7.31 — 7.27 (m, 1H), 4.30 — 4.18 (m, 2.17H), 1.38 — 1.30 (m, 2H).

The spectroscopic data of (Sa)-D.-S8e and (Ra.)-D.-S8e is consistent with literature for the non-
deuterated compound.’

Ammonia trideuteroborane Hz:NeBHj3

This compound was prepared following a modified literature procedure.® A mixture of sodium
borodeuteride (1.0 eg., 420 mg, 10 mmol) and ammonium sulfate (1.0 eq., 1.32 g, 10 mmol) was cooled
to 0 °C and THF (10 mL) was added dropwise. Under vigorous stirring, D-O (0.5 eq., 0.1 mL, 5.0 mmol)
was added dropwise over a period of 5 min. After the addition, the cooling bath was removed, and the
mixture was stirred at room temperature for 16 h. The reaction mixture was filtered through Celite, and
the filter cake was rinsed with THF. The combined filtrates were concentrated under reduced pressure

to afford the title compound (206 mg, 6.1 mmol, 61%, > 78% D-incorporation) as a colourless solid.

IH NMR (400 MHz, CDsCN) & 3.74 — 3.28 (m, 3H), 1.70 — 0.90 (m, 0.66H). 1B NMR (128 MHz,
CD:CN) 5 —24.09 (s).

Data are consistent with those reported in the literature.®
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3) General considerations for biocatalytic reactions

Commercially available enzymes and cofactors

Alcohol dehydrogenases (ADH, freeze dried cell lysate), NAD, and NADP were obtained from Johnson
Matthey as part of their “C=0 Reduction” screening kit, kit number: KC120318. ADH 291 is available
from Johnson Matthey on request. Powder activity values (U/mg) were obtained directly from Johnson
Matthey and used without further verification. Powder activity test conditions: one unit will reduce
1.0 umol of 2,3-pentanedione at pH 7 at 25 °C in the presence of NADPH (0.1 mM). NADPH depletion

was measured spectrophotometrically at 340 nm, extinction coefficient is 6220 M~tcm™.

The ADH enzymes used in this work were ADH 291 and ADH 20 (Johnson Matthey ADH identifiers).

The following information about these enzymes was obtained from the suppliers:

Amino acid residue sequence for ADH 291

MVDRLKGKVAIVTGGTLGIGLSIVDLYLKEGAKVVETGRRENVGKKAYQDLGSPKNAKEVVHDAADEE
GWKKLFADTIAEFGKVDILVNNAGIPVVGNVENTDYAQWRQTMDVNLDGVYLGTHYGVINMKNPQSGD
ASTIINMSSIFGLVGDPNTFAYCATKGALRIMSKSAAIYCANQDYNLRINTIHPGPIKTPMMDKYQGAE
EMFSQRTKTPMGHVGVPDDIGWLAVYLGSEESKFATGAEFTVDGGEFTAQ

Two batches of ADH 291 were used in the following studies, with batch numbers: E17160 (reported
powder activity = 1.4 U/mg) and E17184 (reported powder activity = 2.8 U/mg).

ADH 20 (~27 kDa) is an engineered short-chain dehydrogenase. One batch was used in the following
studies, with batch number: E17205 (reported powder activity = 1.1 U/mg)

Plasmid generation, expression and purification of YcnD

The nucleotide sequence encoding YcnD within Bacillus subtilis (Uniprot: P94424) was synthesized
and subcloned into a pET151-D/TOPO plasmid bearing an N-terminal Hiss tag and a tobacco etch virus
(TEV) cleavage site (ENLYFQ) by Thermo Fisher. pET151-YcnD was transformed into Escherichia
coli T7 Express cells. Cultures were grown to ODgoo = 0.7 in LB media (37 °C), supplemented with
carbenicillin (100 pg/ml) and induced (0.2 mM IPTG) at 16 °C (16 h) before cell pellets were harvested
by centrifugation (6000 rpm, 10 min) and resuspended in buffer A (50 mM Tris-HCI, 500 mM Nacl,
10% (v/v) glycerol, pH 8.0) before storing at —20 °C.
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Harvested cells were sonicated and the soluble fraction was purified by immobilized metal affinity
chromatography (IMAC) via a HiTrap 5 ml HP Ni column (GE Healthcare). Protein was eluted using
a linear gradient from 6-100% of buffer B (50 mM Tris-HCI, 500 mM NaCl, 10% (v/v) glycerol,
800 mM imidazole, pH 8.0) as a yellow protein. Eluted protein was further purified by size exclusion
chromatography (SEC) using a HiPrep 26/60 Sephacryl S200 column (GE Healthcare) in buffer C
(25 mM Tris-HCI, 150 mM NaCl, pH 7.5, 1 mM DTT) before protein concentration to 730 uM.

Amino acid residue sequence for YcnD?®
MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTMNEVIKSLTDHRSIRSYTDEPVAQEQL
DQITIEAVQSAPSSINGQQVTVITVQDKERKKKISELAGGQPWIDQAPVFLLFCADEFNRAK
IALEDLHDFKMEITNGLESVLVGAVDAGIALGTATAAAESLGLGTVPIGAVRGNPQELIE
LLELPKYVFPLSGLVIGHPADRSAKKPRLPQEAVNHQETYLNQDELTSHIQAYDEQMSEY
MNKRTNGKETRNWSQSIASYYERLYYPHIREMLEKQGFKVEK

Biocatalytic reactions

Agueous sodium phosphate buffers (NaPi) of various concentrations and pH were prepared by
dissolving appropriate amounts of NaH.PO, and NaHPQO, in H,O. The pH was adjusted by addition of
small amounts of HCI (1 M) or NaOH (1 M) when necessary. Stock solutions of alcohol dehydrogenase
were freshly made every day using NaPi buffer as indicated and were kept on ice when not in use. Stock
solutions of NAD(P) were made using NaPi buffer as indicated and could be reused for up to 3 days if

stored at +4 °C in the dark when not in use.
All biocatalytic reactions were shaken in a vertical position at 300 rpm using an Eppendorf

Thermomixer or in a tilted position at 200 rpm using a New Brunswick Scientific Innova 44 shaking

incubator.
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4) HPLC Conditions and calibration curves

4.1) Calibration for the deracemization of la
CHIRALPAK® IK-3, 3 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table S3, A =
270 nm tr = (Sa)-1a, 7.8 min; (Ra)-1a, 8.1 min; 2-naphthol, 9.7 min; 2a, enantiomers and hemiacetal not

well separated so integrated over whole 10.1-11.0 min region.

Table S3 Gradient conditions for calibration curves for (Ss)-1a, (Ra)-1a, 2-naphthol, and 2a on CHIRALPAK®
IK-3, 1 mL/min, 20 min run.

Time (min) MeCN:H0 (0.5% Formic Acid)
0 30:70
1 30:70
16 95:5
17 95:5
18 30:70
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Figure S11 Calibration curves for compounds (A): (Sa)-1a; (B): (Ra)-1a; (C): 2-naphthol; (D1 and D2): 2a on
CHIRALPAK® IK-3 (reverse phase).

4.2) Normal phase calibration (operation of 3a)
HiChrom 100-5SIL 250-A, 5 um, 4.6 X 250 mm, hexane:IPA = 90:10, flow = 1 mL/min, A = 254 nm,
25 min run, tz = S3e, 8.2 min; S3g, 9.8 min; 4a, 12.7 min; 3a, 19.5 min.
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Figure S12 Calibration curves for compounds (A): 3a; (B): 4a; (C): S3e; (D): S3g on HiChrom 100-5SIL 250A
(normal phase).

4.3) Reverse phase calibration (operation of 3a)

Kromasil 100-5-C18, 5 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table S4, A =
270 nm, tr = S3k, 10.2 min; 3a, 10.7 min; S3j, 11.9 min; 4a, 13.2 min; S3e, 15.6 min; 2-naphthol,
16.2 min.

Due to difficulties in purifying S3k, the concentration of the resulting solution was determined by the
addition of 2-naphthol (2.69 mg, 18.7 umol) to a 700 pL aliquot of the reaction mixture derived from
the hydrolysis of S3d detailed above for the preparation of S3k. The ratio of 2-naphthol to S3k was
determined by *H NMR spectroscopy (400 MHz, 8 scans, D1 = 60 s), using the relative integrals of the
peaks of S3k and 2-naphthol at 6.25 ppm and 6.69 ppm, respectively. This solution was used for the
formulation of HPLC samples for the calibration of S3k. The concentrations of S3k were determined

from the peak area of 2-naphthol, which was quantified from its calibration curve (Figure S13, D), in
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combination with the ratio of 2-naphthol to S3k determined by *H NMR spectroscopy, allowing the
calibration of S3k (Figure S13, F).

Table S4 Gradient conditions for calibration curves for S3k, 3a, S3j, 4a, S3e, and 2-naphthol on Kromasil 100-
5-C18, 1 mL/min, 26 min run.

Time (min) MeCN:H0 (0.5% Formic Acid)
0 5:95
22 95:5
25 95:5
25.2 5:95
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Figure S13 Calibration curves for compounds (A): 3a; (B): 4a; (C): S3e; (D): 2-naphthol (internal standard);
(E): S3j; (F): S3k on Kromasil 100-5-C18 (reverse phase).
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5) Deracemization of la

5.1)  Optimisation of reaction conditions for the deracemization of l1a

ADH 291

C C
OH YenD (60 M), O, OH
F OH F. OH
H3N+-BHj; (100 mM, 10 equiv.)
NaPi 100 mM, pH

DMSO (10% v:v), T °C, 24 h
()-1a, 10 mM (Ro)-1a

Scheme S5 Screening of conditions for the optimization of the deracemization of 1a with ADH 291.

In a 2 mL Eppendorf vial were added ADH 291, NADPH oxidase (YcnD (60 uM)), NADP and NaPi
(100 mM) and HsN-BHs; (100 mM). To this solution was added substrate la (10 mM final
concentration) in DMSO (25 pL). The final volume was 250 pL. The vial was sealed, and the colourless
suspension was shaken at 30 or 40 °C. After 24 hours the reaction was treated with a dilutant solution
(2.0 mL; composition of dilutant solution: MeCN:H.0:AcOH:NaOAc (8.00:1.94:0.0600, NaOAc
(1.40 mg/mL), with a known concentration of 2-naphthol as an internal standard) and centrifuged for
2 minutes (14800 rpm). The supernatant was then subjected to HPLC analysis (CHIRALPAK® IK-3,
3 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table S3, A, =270 nm tg = 1a, 7.8 and
8.1 min; 2-naphthol, 9.7 min; 2a, 10.1-11.0 min) and yields of 1a were determined by converting the
observed absorbance values to concentration using the previously prepared calibration curves (see
Supplementary Information Section 4.1) and comparing the ratio of 1a : 2-naphthol in each solution.

Yield and enantiomeric excess data are provided in Table S5.

Table S5 Optimisation of deracemization of 1a with ADH 291.

Entry ADH 291 /U/mL  NADP/mM T/°C pH % vyield of 1a % ee of 1a
1 3.5 1 30 7.0 100 4
2 3.5 1 40 7.0 99 15
3 35 1 40 8.0 100 8
4 7 2 40 7.0 97 83
5 35 5 40 7.0 96 94
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5.2) Optimised conditions and evolution of enantiomeric excess and yield over time for the

deracemization of la

ADH 291 (35.0 U/mL)

O NADP (5 mM), YcnD (60 uM) O
OH H3N-BH; (100 mM, 10 equiv.), O, OH
F OH . S F OH
NaPi 100 mM, pH 7.0
DMSO (10% v:v), 40 °C, 48 h

(+)-1a, 10 mM (Ra)-1a,

95 + 1% yield,
93+ 1% ee

Scheme S6 Optimised conditions for the deracemization of 1a.

A separate reaction was conducted in triplicate for each timepoint. In a 2 mL Eppendorf vial were added
NaPi 100 mM pH 7.0, ADH 291 (35.0 U/mL), YcnD (60 pM), HaN-BH3 (100 mM), and NADP (5 mM).
To this solution was added substrate 1a (10 mM final concentration) in DMSO (25 pL). The final
volume was 250 pL. The vial was sealed, and the colourless suspension was shaken at 40 °C. After the
required time period (see Table S6 below), the reaction was treated with a dilutant solution (1.0 mL;
composition of dilutant solution: MeCN:H,O:AcOH:NaOAc (8.00:1.94:0.0600, NaOAc (1.40 mg/mL),
with a known concentration of 2-naphthol as an internal standard) and centrifuged for 2 minutes
(14800 rpm). The supernatant was then subjected to reverse phase HPLC analysis (CHIRALPAK® IK-
3, 3 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table S3, A = 270 nm, tr = (Sa)-14,
7.8 min; (Ry)-1a, 8.1 min; 2-naphthol, 9.7 min; 2a, 10.1-11.0 min), yields of 1a and 2a were determined
by converting the observed absorbance values to concentration using the previously prepared calibration
curves (see Supplementary Information Section 4.1) and comparing the concentration of 1a in each
reaction. Yield and enantiomeric excess data are provided in Table S6 and Figure S14 below and

corresponds to averages derived from experiments conducted in triplicate.

Table S6 Evolution of yield and enantiomeric excess of 1a over time during deracemization under
optimised conditions. Errors are derived from triplicate reactions, in which the error given is the
sample standard deviation between the triplicates.

Time % yield of 1a % yield of 2a % ee of 1a
1 99.2+0.8 0.30+0.01 184+1.8
2 99.7+£0.8 0.31+£0.01 385+04
5 97.7+£05 0.32+0.01 73.8+04
21 959+04 0.33+£0.01 942+0.7
29 95.7+£0.1 0.33+£0.01 928+1.6
48 948+12 0.32+0.01 934+14
96 946+0.1 0.32+£0.01 936+14
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Figure S14 Evolution of yield and enantiomeric excess of 1a over time during deracemization under optimised
conditions. Errors bars are derived from triplicate reactions, in which the error given is the sample standard
deviation between the triplicates.

For reference, the chiral reverse phase HPLC chromatogram for the 29 hour timepoint is provided in
Figure S15 (CHIRALPAK® IK-3, 3 um, 4.6 x 250 mm, eluent composition and gradient detailed in
Table S3, L =270 nm, tr = NADP, 3.0 min; (Sz)-1a,7.8 min; (Ra)-1a, 8.1 min (yield of 1a: 95.7%; 93%
ee); 2-naphthol, 9.7 min; 2a, 10.1-11.0 min (0.3%)).
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Figure S15 Chiral reverse phase HPLC chromatogram for the optimised deracemization of 1a at 29 h.

Figure S16 provides a chromatogram of 1a, potential oxidation products (S1a, 2a, S1b), and 2-napththol
recorded using the reverse phase HPLC protocol described above for analysis of the deracemization of
la (CHIRALPAK® IK-3, 3 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table S3, A
= 270 nm). The assignment of the peaks in the chromatogram was achieved by independent injections
of each component onto the HPLC. Formulation of the combined sample: 1a (< 1 mg), S1b (< 1 mg),
2a (<1 mg), S1b (< 1 mg) were added to a vial as pure compounds, and dissolved in DMSO (25 L),
NaPi 100 mM pH 8.0 (225 pL), dilutant solution (1 mL).
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Figure S16: Chromatogram containing la, potential oxidation products (S1a, 2a, S1b), and 2-naphthol.
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6) Oxidation of 3a

Optimisation of biocatalytic oxidation of 3a
ADH 291 (variable U/mL)
O NADP (1 mM, 10 mol%), O O O
HO OH  ycnD (variable uM), O, HO 20 Oy £Z0 HO 0
> + +
F OH , F OH F OH F o]
NaPi 100 mM, pH
DMSO (10% v:v), 40 °C, 47 h

3a, 10 mM 4a S3e S3g

Scheme S7 Further screening of conditions for the optimisation of the biocatalytic oxidation of 3a.

In a 2 mL Eppendorf vial were added ADH 291, NADPH oxidase (YcnD), NADP (1 mM) and NaPi
(100 mM). To this solution was added substrate 3a (10 mM final concentration) in DMSO (50 pL). The
final volume was 500 pL. The vial was sealed, and the colourless suspension was shaken at 40 °C. After
47 hours aliquots (70 pL) were taken. The aliquots were extracted with MTBE (2 x 300 uL). The
organic layers were combined and transferred to a HPLC vial for analysis.

Table S7 Further screening of conditions for the optimisation of the biocatalytic oxidation of 3a.

Entry ADH 291/ U/mL YcnD / pM pH % 3a? % 4a % S3e % S3g
1 7 12 8.0 62 37 1 0
2 7 12 7.0 64 36 1 0
3 35 60 7.0 42 56 2 0

2 9% composition of 3a, 4a, S3e, and S3g in MTBE extract as determined by HPLC. ® NADP (5 mM).
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7) Kinetic analysis

In order to display continuous directional rotary motion, the operation of 3a under the optimised
conditions of the cyclic redox reaction network must conform to the hierarchy of rates, renant > Freg >
Fox(Ra,sa)- 10 confirm this hierarchy, we determined each rate separately under conditions matching as

closely as possible the operating conditions of the motor, as detailed below.

7.1) Determination of the rate of oxidation rox(ra,sa)
The rate of oxidation rox(ra,sa) Was determined under the operating conditions of the cyclic redox
reaction network but in the absence of H3N-BHs (Scheme S8). The kinetic analysis of the oxidation of

3a was performed as follows:

ADH 291 (35 U/mL)

O NADP (5 mM, 50 mol%), O
HO OH YcnD (60 pM), O, HO 20
F OH NaPi 100 mM, pH 7.0 F OH
DMSO (10% v:v)

40 °C, time
3a, 10 mM 4a

Y

Scheme S8 Optimised conditions for the biocatalytic oxidation of 3a.

In a 2 mL Eppendorf vial were added preheated (40 °C) solutions of NaPi 100 mM pH 7.0, ADH 291
(35 U/mL), YcnD (60 uM), and NADP (5 mM). To this solution was added substrate (preheated 40 °C,
10 mM final concentration) in DMSO (50 uL). The final volume was 500 puL. The vial was sealed, and
the light-yellow suspension was shaken at 40 °C. Aliquots (either 40 UL or 50 pL) were taken at
different time points in the initial stages of the reaction and were immediately quenched with 200 pL
of diluent (composition detailed in Supplementary Information Section 5.1). Samples were centrifuged
for 5 minutes (14800 rpm), and the resulting supernatant was subjected to reverse phase HPLC analysis
(Kromasil 100-5-C18, 5 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table S4, A =
270 nm, tgr = 33, 10.7 min; 4a, 13.2 min; 2-naphthol, 16.2 min).

Conversion of triol 3a to aldehyde 4a over time was determined from the relative integrals of their

peaks in the corresponding HPLC traces. The total concentration of reaction components was assumed

to remain 10 mM where no further oxidation products (S3j, S3k, S3e, S3g) were observed.
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Figure S17 Initial evolution of concentration of 3a over time during biocatalytic oxidation under the optimised

conditions of motor operation. Concentration [3a] derived from HPLC assuming total concentration of all
components remains 10 mM.

The rate of the oxidation can be seen to be constant over the first 2 min of the oxidation hence the
gradient of a linear fit is taken as the rate of oxidation. In the initial stages of the reaction, we consider
that [3a] and [O] are constant and that [3a] >> [ADH]. The rate law thus becomes dependent on
constant concentrations only and can be reduced to a pseudo-zero order process.

initial rate = —K yyiqgation
where K'oxidation i the experimentally determined pseudo-zero order rate constant.

Table S8 Observed initial rates for the biocatalytic oxidation of 3a.

Initial rate (mM.s™) Corresponding half-life (s)

Run 1 5.60 x 107 8929

Run 2 5.15x 10 9709

Run 3 5.58 x 107 8961

Run 4 6.01 x 10 8319
Average 5.59 x 107 8945
Standard deviation 3.04 x10°° 493
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The average rate for the biocatalytic oxidation of 3a in the conditions presented in Scheme S8 is thus

lox(Ra,5a) = 5.59 x 10 mM.s ™. This corresponds to a half-life of oxidation of 2.48 h for a pseudo-zero
order process.

7.2) Determination of the rate of reduction rreq

The rate of reduction rq of aldehyde 4a was determined by reducing aldehyde 4a using a large excess
of HsN-BHj3 and monitoring the reaction using UV-Vis spectroscopy:

HO O £0 HaN*BH3 (excess) HO O OH

L

F OH NaPi 100 mM, pH 7.0 F OH
O DMSO (10% v:v) O
40 °C, time
4a, 0.25 mM 3a

Scheme S9 Reaction conditions for the reduction of 4a.

Solutions containing aldehyde 4a (0.25 mM) in NaPi 100 mM pH 7.0 and DMSO (50 uL) were
prepared. Each solution was transferred to a transparent 1 cm plastic cuvette and placed in the cuvette
port of a Denovix DS-11+ UV-Vis spectrometer pre-heated to 40 °C. The temperature was allowed to
equilibrate for at least 5 min before any measurement. Solutions containing a large excess of HsN-BH3

(at least 40 eq.) were added (final volume 500 pL), and the absorbance decay at 296 nm was monitored
over time.

0.6~
0.5+

——4a (0.25 mM)
0.4 3a (2.5 mM)

—— ammonia borane (50 mM)

absorbance (mAU)
o o
e

S
[N

0.0- T r .
200 400 600 800

wavelength (nm)

Figure S18 Measured UV Vis spectra of 4a, 3a and H3N-BHj3 at the indicated concentration. Respective Amax are
296 nm, 286 nm and 220 nm.
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Figure S19 Plots of absorbance at A = 296 nm as a function of concentration for (A): 4a; (B) 3a; (C) HsN-BHs.

Using the Beer-Lambert law and the plots from Figure S19, the molar absorption coefficients € at

A =296 nm could be determined for 4a, 3a and HsN-BHa:

€ 4aosnm) = 2.171 L.moltcm™
€ 3a (206 nmy = 0.07636 L.molt.cm™

€ Han-BH3 (296 nm) = 0.00003 L.molt.cm™

HsN-BH; does not absorb in the region of interest and is disregarded in the following analysis.

Concentrations determined from UV-Vis spectroscopic data using the Beer-Lambert law assuming that

the observed absorbance at 296 nm is the sum of the individual absorbance of all compounds:

A= €4q.1.Chq+ €34.1.C34 + Cyyintercepty, + CyyIntercepts,
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For the reduction of 4a:

Co = Caary + Cza(p
And thus:

A= €4q.1.Caq )y + €3a-1.(Co — Caq (1)) + Caq (r)(Intercepty, — Interceptsq)
+ Cy(Interceptszg,)

Rearranging gives, for [ = 1 cm:

A — €340y — CoIntercepts,

C =
ta(®) "¢ 4a — E£3q T Intercepty, — Intercepts,

Reduction kinetic analysis

The obtained absorbance data was converted to concentration using the Beer-Lambert law (Figure
S20A) and linearised to fit a pseudo-first order rate equation (Figure S20B).

In([aldehyde];) = —K'requction Xt + In([4a]y)
a) b)
AO.G- & linear fit for run 1
] linear fit for run 2
E —— linear fit for run 3
@ 0.41
Q
c
@©
2
_"‘E 02' R.sq:::::om I c?;:;f
© -0.0260
0.9957
Slope -0.0280
00 . : ; . . S : : ,
0 25 50 75 100 125 0 25 50 75 100 125
time (s) time (s)

Figure S20 (A) Absorbance as a function of time in the reduction of 4a when using 10 mM (40 eq.) HsN-BH3;
(B) Linearised plot of [4a] as a function of time when using 10 mM (40 eq.) HsN-BHs.

Varying the initial concentration of HsN-BHs led to different values for the observed pseudo-first order
rate constant:
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Table S9 Observed pseudo-first order rate constants k’ as a function of initial borane concentration.

[AB]o (mM) 10 25 375 50

0.0258 0.0670 0.0945 0.1104

Observed rate
0.0260 0.0692 0.0900 0.1081

constant k' (s)
0.0280 0.0673 0.0950 0.1119
Average k' (s™) 0.0266 0.0678 0.0932 0.1101
Standard deviation 0.0010 0.0010 0.0022 0.0016

Plotting these results as a function of the initial borane concentration gives a straight line whose slope

is the second order rate constant Krequction from the following rate equation:

Treda = —Kreduction X [H3N ' BHS] X [4‘1]
0.12 1
x
"» 0.094
x
E 0.06 - linear fit
[/2]
C
o
O
£ 0.034 <z
- | Slope 2.10E-3
| R-Square (COD) 0.977
0.00 T r T
0 15 30 45

[H3N-BH;] (mM)

Figure S21 Plot of apparent pseudo-first order rate constant k' as a function of HsN-BH; concentration in the
reduction of aldehyde 4a.

The calculated second-order rate constant is thus: Kreduction = 2.1 X 108 mM~1.s72.
The rate of reduction is: reg = 2.1 x 103 [H3N-BH3] - [4a] mM.s™.
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7.3) Determination of the rate of enantiomerization renant
Rotational energy barrier of 3a

The rotational energy barrier of 3a was estimated using the analogous desymmetrized derivative 5a.

HO O OH HO O oTBS
FIOH FIOH

3a (S,)-5a

Figure S22 Structures of biaryls 3a and (Sa)-5a.

An  enantioenriched  solution  of  (Sy)-2'-(((tert-butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-
(hydroxymethyl)-[1,1'-biphenyl]-2-ol 5a (72% ee) in toluene was heated to 100 °C. An aliquot of the
solution was taken at intervals, the toluene removed under reduced pressure and the resulting residue
taken up in 80:20 hexane:IPA and cooled to 0 °C. The samples were analysed immediately using HPLC
with a chiral stationary phase (Chiral Regis Whelk O1, 250 x 4.6 mm, 5 um, 99:1 hexane:IPA,
1.15 mL min™).

1001

0 500 1000 1500 2000 2500
time (min)

Figure S23 Evolution of enantiomeric excess of enantioenriched 5a over time upon heating to 100 °C

No racemization was observed after 2445 min at 100 °C. A reduction in ee to, for example, 60% over
this time period, would correspond to a rotational energy barrier of 136.4 kJ.mol™. Therefore, we can
conclude that AG*o:” 136.4 kJ.mol ™. The method used to determine this limiting value is explained in

the following paragraph.
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Racemization is a first-order kinetic process and therefore the ee of an enantioenriched sample will
decrease exponentially over time, as described by Equation A below. Rearranging Equation A to give
Equation B allows 1/In(ee) vs. time (s) to be plotted providing a straight line with a gradient = Kyac. From

Krac, Using Equations C—E, the parameters Kenant, t*%rac and AG¥r can also be calculated.°

Equation A: ee = ee;— e*ract

Equation B: (In—) = Kyact + In (

=)
€eet—g

Equation C: kyqc = 2kenant

Equation D: t1/2,,, = 22

lelC

Equation E: AG* = RTIn(—2)

kenanth

4.30-
linear fit
4.254
9 4.20 -
£
4.15-
Slope -1.243E-6 ’
4. 1 0 J R-Square (COD) 1

0 50000 100000 150000
time (s)

Figure S24 Linearised plot of enantiomeric excess of 5a as a function of time assuming a drop to 60% ee upon
heating in toluene to 100 °C.

Krac = 1.243 x 1078571

From this value of kv, a limiting value of AG*o = 136.4 kJ.mol™ is determined.

Rate of enantiomerization of 4a

Extensive attempts were made to determine the rotational energy barrier of 4a using HPLC methods,
but separation of the enantiomers could not be achieved using a range of chiral stationary phases and at
low temperatures. Furthermore, EXSY NMR analysis of 4a was precluded by the lack of resolution of

the diastereotopic benzylic protons. In view of these challenges, the rotational energy barrier of 4a was
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estimated using ester 6a (Figure S25), whose axial diastereoisomers show resolved signals by *H and

F NMR spectroscopy.

4a (S,S,)-6a

Figure S25 Structures of biaryls 4a and (S,Sa)-6a (Sa axial conformer drawn arbitrarily).

¥F EXSY NMR spectroscopy revealed exchange of the diastereoisomeric Ar—F signals arising from
rotation about the biaryl axis of 6a on the relaxation timescale of the NMR. The rate of exchange of the
Ar—F signals, and hence the energy barrier to rotation, was quantified using the procedure detailed
below, which was adapted from the literature.!

A VT ®F EXSY at 500 ms mixing time was taken using a sample of (2’-fluoro-6-formyl-6’-hydroxy-
[1,1’-biphenyl]-2-yl)methyl (2S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate 6a in 2:1 DMSO-

ds:D20 as well as a reference spectra at 5 ms, 30 °C.

Standard Bruker pulse sequences with the following parameters were used:
BE F-EXSY: Pulse program: noesygpphpp; Relaxation delay = 2.0 s, Acquisition time = 0.36 s, SW
=5ppm (F2), 5 ppm (F1), TD = 2048 (F2), 150 (F1), NS = 16, mixing time D8 = 5-500 ms.

The absolute integrals of the diagonal spots at —113.05 and —113.18 ppm and their corresponding
exchange spots were acquired using MestreNova. Mestrelab EXSY Calc software was used to calculate

forward and backward exchange rate constants (ki and k-1).

. kgT _AHtE ast
Equation F: k = —,€ FTeRr

. o,k —AHF1 kg | AS*
Equation G: I"F__R T+ln W TR

By plotting 1/T vs. In(k/T), using both the forward and backward exchange rate constants, AH* and AS?

can be calculated using Equations H and I:

$
Equation H: Gradient = —A%

$

Equation I: y intercept = lnkf + —A:

AG* can then be calculated at any temperature (T) using Equation J:
Equation J: AG* = AH* — TAS*
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Figure S26 °F EXSY of (2’-fluoro-6-formyl-6’-hydroxy-[1,1’-biphenyl]-2-yl)methyl (2S5)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate 6a in 2:1 DMSO:D,0, 500 ms mixing time, 40 °C.

Exchange spots between the Ar—F signals of the two diastereoisomers are observed and show that
chemical exchange is taking place on the mixing timescale of the EXSY experiment (Figure S26 &
S27). These exchange spots are not observed in the reference spectra at 5 ms mixing time (Figure S28).
At 500 ms mixing time, exchange spots are also observed between the Ar—F signals and the minor signal
at —111.7 ppm, which has been tentatively assigned to a minor hemiacetal isomer of 6a (Figure S26)

(see Supplementary Information Section 2.5).

EXSY data acquired at 30—40 °C at 500 ms mixing time of a freshly made sample of 6a in 2:1 DMSO-
ds: D0 are tabulated in Table S10 and are used to calculate the average rotational energy barrier for 6a,

as detailed below.

(It should be noted that samples of 6a left to stand in 2:1 DMSO-ds:D-0 over extended periods of time

appear to show altered exchange behaviour corresponding to higher rotational barriers.)
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Figure S27 1°F EXSY of (2’-fluoro-6-formyl-6’-hydroxy-[1,1’-biphenyl]-2-yl)methyl (2S)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate in 2:1 DMSO:D,0, 500 ms, 40 °C. Spots have been labelled according to
MestreLab EXSY Calc guidelines.
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Figure S28 Reference °F EXSY of (2’-fluoro-6-formyl-6’-hydroxy-[1,1’-biphenyl]-2-yl)methyl (25)-3,3,3-
trifluoro-2-methoxy-2-phenylpropanoate in 2:1 DMSO:D;0, 5 ms, 30 °C.
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Table S10 Kinetic parameters for the rotation of compound (S)-6a.

B

AB

BA

(°C) integral  integral  integral  integral k) ki@ TEK) T (K Inka/T Ink4/T
30 3093 2772 388 395 0.258 0.280 303.15 0.003298697 —7.0690 —6.9872
325 3160 2906 458 427 0.270 0.319 305.65 0.003271716 —7.0317 —6.8650
35 3087 2921 483 485 0.310 0.341 308.15 0.003245173 —6.9017 —6.8065
375 3062 2904 584 558 0.361 0.416 310.65 0.003219057 —6.7575 —6.6157
40 3008 2764 580 637 0.427 0.429 313.15 0.003193358 —6.5976 —6.5930
A B
-6.6 . -6.6 .
linear fit
t -6.8 linear fit t
X o -6.8
£ £
-7.0
- — ' 701 el 5
0.00320 0.00325  0.00330 0.00320 0.00325  0.00330
1/T(K") 11T (K"

Figure S29 Linearised plots of k/T as a function of 1/T for the (A) forward and (B) backward interconversion of
(S)-6a.

Forward reaction

AH* = 38354 J.mol ™

AS*=-130.2 J.mol 1K™

AG*=77.18 kl.mol™*at 25 °C

AG*=79.11 ki.mol™*at 40 °C

Backward reaction

AH* = 32777

AS*=-147.5J.mol t.K™?

J.mol™

AG*=76.75 kJ.mol™ at 25 °C

AG*=78.94 kJ.mol™ at 40 °C
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Average AG*=79.03 kJ.mol™? at 40 °C

We estimate the rate of enantiomerization of 4a at 40 °C, the operating temperature of the motor, Fenant,
from AG*=79.03 kJ.mol* calculated above for 6a.

The enantiomerization (interconversion) of aldehyde 4a is a first-order process,'® and the rate of

enantiomerization, renant, thus depends on the concentration of 4a, as per the following rate law:
Fenant = Kenant * [4a]

Kenant is then calculated from AG* by rearranging Equation E to give Equation K.

EQUatiOn K: kenant = <RAL;> /h

e RT

Therefore, at the operating temperature of the motor, renant = 4.2 x 1072 - [4a] mM.s*
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8) Autonomous operation

8.1) Reverse phase calibration (operation of 3a)

Waters Spherisorb S5 ODS2, 5 um, 4.6 x 250 mm, eluent composition and gradient detailed in Table
S11, 2 =270 nm, tg = S3K, 6.3 min; 3a, 7.1 min; S3j, 8.7 min; 4a, 11.0 min; S3e, 14.8 min; 2-naphthol,
15.3 min.

Due to difficulties in purifying S3k, the concentration of the resulting solution was determined by the
addition of 2-naphthol (2.69 mg, 18.7 umol) to a 700 pL aliquot of the reaction mixture derived from
the hydrolysis of S3d detailed above for the preparation of S3k. The ratio of 2-naphthol to S3k was
determined by *H NMR spectroscopy (500 MHz, 8 scans, D1 = 60 s), using the relative integrals of the
peaks of S3k and 2-naphthol at 6.25 ppm and 6.69 ppm, respectively. This solution was used for the
formulation of HPLC samples for the calibration of S3k. The concentrations of S3k were determined
from the peak area of 2-naphthol, which was quantified from its calibration curve (Figure S30, D), in
combination with the ratio of 2-naphthol to S3k determined by *H NMR spectroscopy, allowing the
calibration of S3k (Figure S30, F).

Table S11 Gradient conditions for calibration curves for S3k, 3a, S3j, 4a, S3e, and 2-naphthol on Waters
Spherisorb S5 ODS2, 1 mL/min, 22 min run.

Time (min) MeCN:H0 (0.5% Formic Acid)
0 20:80
10 40:60
15 60:40
16 95:5
18 95:5
19 20:80

Quantification of S3e was performed at both 20 pL injection volume, the standard injection volume for
HPLC analysis of the motor, and a higher (100 puL) injection volume. This allowed for determination
of the LOD for S3e to a lower concentration, since a prominent concentration of S3e would be

deleterious to the selectivity of the rotations of motor 3a.
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Figure S30 Calibration curves for compounds (Al and A2): 3a; (B1 and B2): 4a; (C1 and C2): S3e, 20 uL
injection volume; (D1 and D2): S3e, 100 uL injection volume; (E): 2-naphthol (internal standard); (F1 and F2):
S3j; (G1 and G2): S3k on Waters Spherisorb S5 ODS2, 5 um, 4.6 x 250 mm (reverse phase).
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8.2) Operation of 3a under the redox cyclic reaction network

ADH 291 (35 U/mL)

O NADP (5 mM, 50 mol%), YcnD (60 uM) O
HO OH H3N-BH5 (100 mM, 10 equiv.), O, HO OH

F. OH o F OH
NaPi 100 mM, pH 7.0
DMSO (10% v:v), 40 °C, 48 h

3a, 10 mM 3a

Scheme S10 Operation of 3a under the optimised conditions of the redox cyclic reaction network.

In a 2 mL Eppendorf vial were added NaPi 100 mM pH 7.0, ADH 291 (35 U/mL), YcnD (60 uM),
NADP (5 mM), and HsN-BHs (100 mM). To this solution was added substrate 3a (10 mM final
concentration) in DMSO (25 uL). The final volume was 250 pL. The vial was sealed, and the colourless
suspension was shaken at 40 °C for 48 hours. After this time, diluent (1000 pL, composition of dilutant
solution: MeCN:H.0:AcOH:NaOAc (8.00:1.94:0.0600, NaOAc (1.40 mg/mL), with a known
concentration of 2-naphthol as an internal standard) was added to each reaction vial, and each reaction
mixture was centrifuged for 5 minutes (14800 rpm). The resulting supernatant was subjected to reverse
phase HPLC analysis (Waters Spherisorb S5 ODS2, 5 um, 4.6 x 250 mm, eluent composition and
gradient detailed in Table S11, A = 270 nm, tr = S3K, 6.3 min; 3a, 7.1 min; S3j, 8.7 min; 4a, 11.0 min;
S3e, 14.8 min; 2-naphthol, 15.3 min). Reverse phase HPLC analysis confirmed that the reaction mixture
is composed of 3a and there is no evidence of formation of oxidation products 4a, S3e, S3g, S3j or S3Kk.
For reference, the reverse phase HPLC chromatograms of the reaction mixtures after 48 hours are
provided in Figure S31.
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Figure S31 Reverse phase HPLC chromatograms of: (A) reaction mixtures of triplicate runs of the operation of
3a under the redox cyclic reaction network after 48 h, (B) independently prepared chromatogram containing
S3k, 3a, S3j, 4a, S3e and 2-naphthol (internal standard) to showing retention times.

The yield of 3a in HPLC samples was determined by converting the observed absorbance values to
concentration using a previously prepared calibration curve (see Supplementary Information Section
8.1) and comparing the ratio of 3a : 2-naphthol in each reaction. The yield data from triplicate

experiments is provided in Table S12 below.
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Table S12 Yield data from operation of 3a under the redox cyclic reaction network after 48 h. [3a] was
calculated from the integral of the corresponding peak (tr = 7.1 min) in HPLC traces using a previously
prepared calibration curve (see Supplementary Information Section 8.1); analysis using reverse phase HPLC
(Waters Spherisorb S5 ODS2, 5 um, 4.6 x 250 mm). The error given is the sample standard deviation between
the triplicates.

Run Yield 3a (%)
1 99.8
2 100.5
3 99.6
Average 99.9
Standard deviation 0.47

8.3) Evolution of deuterium content over time

In the following experiment, HsN-BH3; was replaced by HsN-BDs. We postulated that this substitution
would allow us to confirm that 3a was a substrate for the cyclic redox reaction network, as incorporation
of deuterium at the benzylic positions of 3a can arise only if 3a was subject to cycles of oxidation and
reduction.

ADH 291 (35 U/mL)

O NADP (5 mM, 50 mol%), YenD (60 M) O
HO OH  HyN-BDs (100 mM, 10 equiv.), O, HO, o OH pmmemmmmmmmm oo :

F OH o F OH :
NaPi100mM,pH7.0 YZ O = treeeeeeeeeeeeeeeeees :
DMSO (10% v:v), 40 °C, 48 h

3a, 10 mM D,-3a

Scheme S11 Operation of 3a under the cyclic redox reaction network with HsN-BDs in place of HsN-BHs.

In a 2 mL Eppendorf vial were added NaPi 100 mM pH 7.0, ADH 291 (35 U/mL), YcnD (60 puM),
NADP (5 mM), and HsN-BDs; (100 mM). To this solution was added substrate 3a (10 mM final
concentration) in DMSO (50 pL). The final volume was 500 pL. The vial was sealed, and the colourless
suspension was shaken at 40 °C. Aliquots (70 uL) were taken at different time points. The aliquots were
extracted twice with 300 uL MTBE. The organic layers were dried over Na,SO., filtered, and the
volatiles were removed under reduced pressure. Each aliquot was then analysed by *H NMR (600 MHz,
32 scans, D1 = 30 s) to determine the deuterium incorporation at the benzylic position (Figures S32 and
S33).
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Figure S32 'H NMR of the reaction mixture after 48 h showing a decrease in the integration of the benzylic
methylene signals, indicating deuterium incorporation.
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Figure S33 Deuterium incorporation at benzylic positions of 3a when 3a is subjected to the redox cyclic
reaction network with HsN-BD3 in place of HsN-BHa.

The same experiment was repeated with additional pulses of the following reagents added at 43 h and

the deuterium incorporation at the benzylic position was determined by *H NMR (Figures S34).

- pulse of ADH 291 (~35 U/mL, added as a solid)
- pulse of NADP (~5 mM, added as a solid)
- pulse of YenD (~60 pM)
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- pulse of all the above
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Figure S34 Deuterium incorporation at benzylic positions of 3a when 3a is subjected to the redox cyclic
reaction network with HsN-BDs in place of HsN-BHs. A pulse of the indicated reagent(s) was added after 43 h.

140

o

These results confirm that both ADH 291 and YcnD are still operational at 43 h and that sufficient
HsN-BDj is still present at 43 h for the cyclic redox reaction network to remain operational.
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8.4) Pulsed H3;N-BHj3; experiment
In the following experiment, sub-stoichiometric pulses of HsN-BHs fuel were added at 24 h intervals to

investigate the viability of the oxidation system over extended periods of time (at least 96 h).

HO O 20 Ox O .0
O ADH 291 (35 U/mL) F oH T F OH
NADP (5 mM, 50 mol%) O O
HO OoH YenD (60 uM), O, _

F oH T MNBHs 4a S3e
O (~02eq)  NaPi100 mM, pH 7.0

DMSO (10% v:v), 40 °C, time
3a, 10 mM O .0
HO,C HO,C
F l OH + F.
S3j

Scheme S12 Operation of 3a under the cyclic redox reaction network but with HsN-BHs introduced in sub-
stoichiometric pulses at 24 h intervals.

T

OaW

S3k

In a 2 mL Eppendorf vial were added NaPi 100 mM pH 7.0, ADH 291 (35 U/mL), YcnD (60 uM), and
NADP (5 mM). To this solution was added substrate 3a (10 mM final concentration) in DMSO (50 pL).
The final volume was 500 uL. The vial was sealed, and the pale yellow solution was shaken at 40 °C.
Pulses of HsN-BH3 (10 uL of a 0.1 mM solution, ~0.2 eq. each time) were added after 24, 48, 72 and
95 h total reaction time. Aliquots (20 puL) were taken at different time points and were immediately
guenched with 200 pL of diluent (composition detailed in Supplementary Information Section 5.1).
Samples were centrifuged for 5 minutes (14800 rpm), and the resulting supernatant was subjected to
reverse phase HPLC analysis (Kromasil 100-5-C18, 5 um, 4.6 x 250 mm, eluent composition and
gradient detailed in Table S4, A =270 nm, tr = S3k, 10.2 min; 3a, 10.7 min; S3j, 11.9 min; 4a, 13.2 min;
S3e, 15.6 min; 2-naphthol, 16.2 min).

Yields of triol 3a and the oxidation products aldehyde 4a, dialdehyde S3e, carboxylic acid S3j, and
dicarboxylic acid S3k over time were determined from the relative integrals of their peaks in the HPLC
traces and previously prepared calibration curves (see Supplementary Information Section 4.3). Yield
data is provided in Table S13 and Figure S35 below and corresponds to averages derived from
experiments conducted in triplicate. The total concentration of reaction components was assumed to

remain 10 mM as no further oxidation products were observed by reverse phase HPLC.

For reference, Figure S36 provides a chromatogram of 3a, potential oxidation products (4a, S3e, S3g,

S3j, S3k), and 2-napththol recorded using the reverse phase HPLC protocol described above for

analysis of the pulsed fuelling of 3a (Kromasil 100-5-C18, 5 um, 4.6 x 250 mm, eluent composition

and gradient detailed in Table S4, A =270 nm). The assignment of the peaks in the chromatogram was
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achieved by independent injections of each component onto the HPLC. Formulation of the combined
sample: 3a (< 1 mg), 4a (<1 mg), S3e (< 1 mg), S3g, (<1 mg), S3j (<1 mg), S3k (< 1 mg) were added
to a vial as pure compounds, and dissolved in DMSO (25 pL), NaPi 100 mM pH 7.0 (225 L), and
dilutant (1 mL).

Table S13 Yield of 3a to oxidation products 4a, S3e, S3j, and S3k under the cyclic redox reaction network with
HsN-BHjs introduced in sub-stoichiometric pulses at 24 h intervals; analysis using reverse phase (Kromasil 100-
5-C18); the total concentration of reaction components was assumed to remain 10 mM as no further oxidation
products (for example, S3g) were observed; <LOD below the limit of detection; 2total yield of oxidation
products is the sum of yields of 4a, S3e, S3j and S3k; yellow highlight indicates timepoints taken immediately
before the addition of H3N-BHa. For the yields of 3a, 4a, S3e, S3j, and S3K, the error given is the sample
standard deviation between the triplicates; for the total yield of oxidation products, the error given is the

Supplementary Information

population standard deviation between the triplicates.

Entry Time Yield 3a Yield 4a Yield S3e  Yield S3j  Yield S3k  Total yield oxidation
(h) (%) (%) (%) (%) (%) products (%)
1 0 98.7+0.3 1.3+£0.3 <LOD <LOD <LOD 1.3+0.2
2 6 823+55 16.1+45 0908 07+0.2 <LOD 17.7+3.8
3 24 552+14 348+13 3.7x05 53+0.2 09+16 448 +1.7
4 25 839+55 106+45 0.7+038 48+0.2 <LOD 16.1+0.7
5 30 679+05 233+03 22+0.1 55+0.1 1.2+0.2 321+£0.3
6 48 493+15 33.7+12 4008 109+04 21+%0.3 50.7+1.7
7 49 81.1+1.1 77104 04+0.6 8.3+0.1 25+0.8 18.9+0.9
8 54 65.7+09 20.6+0.3 1.9+0.1 9.2+0.6 25+0.8 34.3+0.8
9 72 496+09 297+03 39%0.1 136+£06 3.1+08 50.4+1.3
10 73 82.1+05 5303 <LOD 88+04 3.7+03 179+0.5
11 77 69.4+08 16.9+0.2 1.6+0.1 9.4+0.7 28+0.2 30.6+0.6
12 95 508+14 286+09 3.7%03 135+04 33102 49.2+0.9
13 96 86.1+19 19+1.1 22+1.9 6.1+0.9 3.7+0.2 13.9+2.0
14 167 521+09 222+0.1 27+0.1 16.9+0.9 6.2+0.2 47.9+0.8
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Figure S35 Conversion of 3a to all observed oxidation products (4a, S3e, S3j, and S3K) over time during
biocatalytic oxidation of 3a with the addition of intermittent pulses of HsN-BHs; conversion of 3a to oxidation
products 4a, S3e, S3j, and S3k was determined by the relative integrals of their respective peaks in reverse
phase HPLC traces where no further oxidation products (for example, S3g) were observed.
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Figure S36 Chromatogram containing 3a, potential oxidation products (4a, S3e, S3g, S3j, S3k), and 2-
naphthol.

The results from this delayed fuelling experiment confirm that the oxidation system (ADH 291, YcnD
and NADP) remains viable for at least 96 h.
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8.5) Analysis of the Fuel-to-Waste Reaction

The fuel-to-waste reaction (HsN-BH3 to B(OH)3) was studied by monitoring the in situ formation of
B(OH); using a quantitative !B NMR spectroscopy method based on a study conducted by Frenich and

Fernandez.?

8.5.1) Calibration Curves

Solutions of H3N-BHs and B(OH)s3 at varying concentrations were prepared independently of each other
in NaPi (100 mM, pH 7.0). The standard solutions were transferred to thin wall quartz NMR tubes and
analysed by B NMR (128 MHz) using the following parameters:

FID data points (TD) = 16384, Relaxation delay = 0.1 s, Acquisition time = 0.64 s, SW = 200 ppm, NS

= 400, Fixed receiver gain (RG) = 50. Auto-gain and gradient shimming were turned off.

The spectra were imported into MestreNova and automatic phase and baseline correction were
performed (Figures S37 & S39 below). The absolute integrals of the !B NMR signals for either
HsN-BH; or B(OH); were taken and plotted versus concentration (mM) to obtain calibration curves, as
detailed in Figures S38 and S40 below.

_—~-23.93
— -24.64
— -25.35
~ -26.07

BAl

T T T T T T T T T T T T T T T
10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60
Chemical shift (ppm)

Figure S37 !B NMR (128 Hz) spectrum of HsN-BH; (100 mM) in NaPi (100 mM, pH 7.0).
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Figure S38 Calibration curves for H3N-BHs in NaPi (100 mM, pH 7.0) using B NMR spectroscopy.
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Figure S39 !B NMR (128 Hz) spectrum of B(OH)3 (60 mM) in NaPi (100 mM, pH 7.0).
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Figure S40 Calibration curves for B(OH)3 in NaPi (100 mM, pH 7.0) using !B NMR spectroscopy.

8.5.3) Analysis of the Fuel-to-Waste Reaction for the Operation of 3a

ADH 291 (35 U/mL) and NaPi (100 mM, pH 7.0) were added to a 1.5 mL Eppendorf vial and shaken
at the stated temperature for 2 min. 3a (10 mM final concentration) in DMSO (10% v:v), YcnD (60 pM)
and H3;N-BHs (100 mM) were added consecutively, followed by NADP (5 mM). The final volume was
600 pL. The vial was sealed and shaken at 40 °C and 300 rpm for 48 h. After this time, the reaction
mixture was directly transferred to a thin wall quartz NMR tube and analysed by !B NMR (128 MHz)
to determine the absolute concentrations of HzN-BH3; and B(OH); using the calibration curves in Figures
S38 and S40 above (see Scheme S13 and Table S14 below). In these experiments, the high
concentrations of ADH 291 freeze dried cell lysate result in the formation of a heterogeneous solution,
and reaction mixtures were centrifuged for 10 min (14800 rpm) prior to being transferred to NMR tubes

for analysis.
ADH 291 (35 U/mL)
O NADP (5 mM, 50 mol%), YcnD (60 pM) O
HO OH HsN*BH5 (100 mM, 10 equiv.), O, HO OH

F. OH o F OH
NaPi 100 mM, pH 7.0
DMSO (10% v:v), 40 °C, 48 h

3a, 10 mM 3a

Scheme S13 Optimized conditions for the operation of 3a under the cyclic redox reaction network.
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Table S14 Absolute concentration of HsN-BHsand B(OH)s after 48 hours under optimized conditions for the
operation of 3a under the cyclic redox reaction network in the presence and absence of 3a. For experiments in
the absence of 3a, DMSO (60 pL) added to ensure DMSO (10% v:v).

Entry  3a/10mM  [H3N-BHs]/mM  [B(OH)s]/ mM
1 no 41.30 + 1.27 42.21+0.63
2 yes 34.46 £ 4.92 50.56 + 3.86

Under the optimized conditions for the operation of 3a under the cyclic reaction network (HzN-BHs
(100 mM), ADH 291 (35 U/mL), YcnD (60 uM), NADP (5 mM), pH 7.0, 40 °C), the presence of biaryl
3a increased the rate of formation of B(OH)z over a 48 h time period (Table S14, Entries 1 and 2) from

42.21 +0.63 mM to 50.56 + 3.86 mM .
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9) Determining the directionality of the rotation

Confirmation that 3a undergoes continuous directional rotation under the conditions of the cyclic redox
reaction network requires evidence that the oxidation of 3a proceeds stereoselectively, i.e., that
Fox(sa)/Tox®a)# 1. This information cannot be provided by direct observation of enantiomeric enrichment
in either starting material or product, because 3a is achiral, and (R.)-4a and (Si)-4a racemise too fast
for analysis of the enantiomeric ratio. The enantioselectivity of the oxidation of motor candidate 3a can
nonetheless be deduced from the fate of isotopic labels within its benzylic methylene groups. The
selectivities of oxidations of enantiopure isotopomers (Sa)-D2-3a and (Ra)-D2-3a are detailed in this
section, and our interpretation of the results is validated by comparison with equivalent experiments
using S8e for which enantioselectivity may also be determined by independent methods, i.e., chiral
HPLC.

9.1) Biocatalytic oxidation of deuterated and enantioenriched (Sa.)-D»-S8e, (R.)-D.-S8e and
unlabelled S8e

O ADH 20 (5.5 U/mL)
NADP (1 mM, 10 mol%) o 0 O o o O .
HO0% OH YenD (12 uM), O, . OH  HOS, = > Z
> + +
NaPi 100 mM, pH 7.0
DMSO (10% v:v)
(

30°C,24h
(Sa)-Do-S8e, 10 mM (Sa)-D4-S8b R,)-D,-S8b (Sa)-D4-S8a
0 ADH 20 (5.5 U/mL)
NADP (1 mM, 10 mol%) 0 o o O o O 0
HOS, o YenD (12 1M), 0, 1O Z D " %2 Z
> + +
NaPi 100 mM, pH 7.0
DMSO (10% v:v)
30°C,24h
(R,)-D,-S8e, 10 mM (S,)-D,-S8b (R,)-D4-S8b (R,)-D4-S8a
O ADH 20 (5.5 U/mL)
NADP (1 mM, 10 mol%) O 0 1) O 0 O 0
HO OH YenD (12 uM), O, HO Z S OH °x Z
+ +
NaPi 100 mM, pH 7.0
DMSO (10% v:v)
30°C,24h
S8e, 10 mM (S,)-S8b (R,)-S8b S8a

Scheme S14 Biocatalytic oxidation of deuterated and enantioenriched (Sz)-D2-S8e, (Ra)-D2-S8e and unlabelled
S8e.
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In six separate 2 mL Eppendorf vials were added NaPi 100 mM pH 7.0, ADH 20 (5.5 U/mL), YcnD
(12 uM), and NADP (1 mM). Either (Si)-D»-S8e, (Ra)-D2-S8e or non-labelled S8e (10 mM final
concentration) in DMSO (40 uL) were added. The final volume was 400 pL. The vials were sealed, and
the colourless suspensions were shaken at 30 °C for 24 h. Each reaction mixture was extracted with
MTBE (3 x 1000 pL). The combined organic layers were dried over Na;SOs, filtered, and transferred
to a HPLC vial for analysis of the crude mixture (Chiralpak 1A, 250 x 4.6 mm, 5 um, 1 mL/min, eluent
composition and gradient detailed in Table S15, A = 254 nm, tr = S8a, 8.4 min; (R.)-S8b, 40.1 min;
(Sa)-S8b, 42.9 min; S8e, 55.5 min).

Table S15 Gradient conditions for the analysis of mixtures of S8e, S8b and S8a on Chiralpak 1A, 1 mL/min,

70 min run.
Time (min) hexane:IPA
0 98:2
30 98:2
45 95:5
50 80:20
60 80:20
62 98:2
70 98:2

Table S16 Conversion of S8e to S8b and S8a as measured by HPLC.

Entry Substrate % remaining S8e % S8b % S8a
1 (S2)-D2-S8e 32 64 4
2 (S2)-D2-S8e 32 64 4
3 (Ra)-D2-S8e 13 86 1
4 (Ra)-D2-S8e 11 88 1
5 S8e 10 87 3
6 S8e 10 86 3

The lower conversion of (S.)-D»-S8e (Table S16, Entries 1 and 2) compared to (R.)-D»-S8e (Table S16,
Entries 3 and 4) and unlabelled S8e (Table S16, Entries 5 and 6) is a consequence of a kinetic isotope
effect: ADH 20 preferentially attacks the pro-S. benzylic alcohol (see below), which contains the
deuterium label in the case of (S.)-D2-S8e, but not (Ra)-D.-S8e and unlabelled S8e.
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After HPLC analysis, each sample was purified by column chromatography on silica gel (CH:Cl,) to
afford monoaldehyde S8b as a colourless solid (yields undetermined). S8b was analysed by *H NMR
(600 MHz, 32 scans, D1 = 30 s) (Figure S41).
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Figure S41 (a)-(b) *H NMR spectra (in CDCl3) of monoaldehyde S8b from the biocatalytic oxidation of (Sa)-D2-
S8e. (c)-(d) *H NMR spectra of monoaldehyde S8b from the biocatalytic oxidation of (R.)-D2-S8e. (e)-(f) H
NMR spectra of monoaldehyde S8b from the biocatalytic oxidation of unlabelled S8e. The green stripe
highlights the aryl signal that was used as an internal reference for integration (set to 1.00). The red stripe
highlights the aldehyde signal. The blue stripe highlights the benzylic alcohol signal.

In each of the NMR spectra above, the relative integration of the aldehyde signal (highlighted in red)
gives the ratio of CHO to CDO aldehyde, indicating the ratio of (R.)-D»-S8b to (S,)-D;-S8b formed
from diol (S.)-D2-S8e and the ratio of (Si)-D2-S8b to (R.)-D1-S8b formed from diol (R.)-D2-S8e. In
addition, in each of the NMR spectra above, the relative integration of the benzylic alcohol signal
(highlighted in blue) gives the ratio of CD,OH to CH,OH aldehyde, which indicates the ratio of (RJ)-
D»-S8b to (Sa)-D1-S8b formed from diol (Sa)-D2-S8e and the ratio of (Sa)-D2-S8b to (Ra)-D1-S8b formed
from diol (R.)-D»-S8e.

Validation of the method described above for the accurate determination of enantioselectivity is

achieved by independent determination of the enantiomeric ratios of these biocatalytic oxidations using

HPLC on a chiral stationary phase, as detailed in Table S17 and Figure S42 below.
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Table S17 Integrations of the aldehyde and benzylic alcohol signals in the *H NMR spectra of (deuterated)
monoaldehyde S8b. Enantiomeric ratio of product S8b measured by HPLC (Chiralpak IA, 250 x 4.6 mm, 5 um,
1 mL/min, eluent composition and gradient detailed in Table S15, A = 254 nm, tgr = S8a, 8.4 min; (R,)-S8b,

40.1 min; (Sa)-S8b, 42.9 min; S8e, 55.5 min).

'H NMR of monoaldehyde S8b HPLC
Aldehyde Aldehyde Alcohol Alcohol
Entry Substrate signal CHO/CDO signal CD,0 / CH,0 el O_f 580
integration ratio integration ratio (Ra):(5%)
1 (Sa)-D2-S8e 0.25 25:75 1.64 18:82 20.5:79.5
2 (Sa)-D2-S8e 0.25 25:75 1.64 18:82 21:79
(R2)-D2-S8e 0.95 95:5 0.08 96:4 2:98
4 (R:)-D,-S8e 0.97 97:3 0.07 96.5:3.5 1.5:98.5
5 S8e 0.97 - 1.99 - 6:94
6 S8e 0.98 - 1.98 - 6:94
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Figure S42 (a)-(b) HPLC spectra of monoaldehyde S8b from the biocatalytic oxidation of (Ss)-D2-S8e. (¢)-(d)
HPLC spectra of monoaldehyde S8b from the biocatalytic oxidation of (Ra)-D2-S8e. (e)-(f) HPLC spectra of
monoaldehyde S8b from the biocatalytic oxidation of unlabelled S8e. Enantiomeric ratio of product S8b
measured by HPLC (Chiralpak 1A, 250 x 4.6 mm, 5 um, 1 mL/min, eluent composition and gradient detailed in
Table S15, A = 254 nm, tr = S8a, 8.4 min; (R,)-S8b, 40.1 min; (S,)-S8b, 42.9 min; S8e, 55.5 min).

As can be seen from Table S17, the enantiomeric ratios determined by this method of using NMR to
guantify ratios of isotopomers, and those determined from chiral HPLC, are in close agreement.

The lower enantioselectivity observed for the oxidation of (S,)-D»-S8e (Table S17, Entries 1 and 2)
compared to unlabelled S8e (Table S17, Entries 5 and 6) is a consequence of a kinetic isotope effect:
ADH 20 preferentially attacks the pro-Sa benzylic alcohol, which contains the deuterium label in the

case of (Sa)-D»-S8e. This leads to a decrease in enantioselectivity, as the ratio Koxs) / Koxr) decreases.
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In addition, the higher enantioselectivity observed for the oxidation of (Ra)-D2-S8e (Table S17, Entries
3 and 4) compared to unlabelled S8e (Table S17, Entries 5 and 6) is a consequence of a kinetic isotope
effect: ADH 20 preferentially attacks the pro-S, benzylic alcohol, which does not contain the deuterium
label in the case of (Ra)-D»-S8e. This leads to an increase in enantioselectivity, as the ratio Koxs) / Koxr)

increases.

The enantioselectivity of the biocatalytic oxidation on the unlabelled diol S8e (Table S17, Entries 5 and

6) sits within the range of the two deutero-enantiomers.

This experiment demonstrates that the *H NMR spectroscopy method described above can be used to
determine directly the enantioselectivity of biaryl diol desymmetrisation reactions. Its application to 3a,
whose oxidation product is configurationally unstable, is described in Supplementary Information

Section 9.2 below.
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9.2) Biocatalytic oxidation of deuterated and enantioenriched (S.)-D.-3a, (Ra)-D.-3a and

unlabelled 3a
O ADH 291 (7.0 U/mL)
NADP (1 mM, 10 mol%) O o o O o O o
HO ~-OH venD (12 iM), O, HO. < S ~-OH S <
> + +
F OH NaPi 100 mM, pH 7.0 F OH F. OH F OH
DMSO (10% v:v)
40°C, 48 h
(Sa)-Do-3a, 10 mM Ds-4a D,-4a D;-S3e
O ADH 291 (7.0 U/mL)
NADP (1 mM, 10 mol%) o 0 O o o O o
HO o OH YenD (12 M), O, S o OH HO 4 S 4
- + +
R OH NaPi 100 mM, pH 7.0 F OH F OH R OH
DMSO (10% v:v)
40°C, 48 h
(Ra)-Do-3a, 10 mM D,-4a Ds-4a D,-S3e
O ADH 291 (7.0 U/mL)
NADP (1 mM, 10 mol%) O o o O
HO OH yenD (12 uM). O, HO. P S OH
- +
F OH NaPi 100 mM, pH 7.0 F OH F OH
DMSO (10% v:v)
40°C,48h
3a, 10 mM 4a S3e

Scheme S15 Biocatalytic oxidation of deuterated and enantioenriched (Sz)-D--3a, (Ra)-D2-3a and unlabelled 3a.

In nine separate 2 mL Eppendorf vials were added NaPi 100 mM pH 7.0, ADH 291 (7.0 U/mL), YcnD
(12 uM), and NADP (1 mM). Either (S.)-D»-3a, (Ra)-D2-3a or non-labelled 3a (10 mM final
concentration) in DMSO (40 pL) were added. The final volume was 400 pL. The vials were sealed, and
the colourless suspensions were shaken at 40 °C for 48 h. Each reaction mixture was extracted with
MTBE (3 x 1000 uL). The combined organic layers were dried over Na;SOs, filtered, and transferred

to a HPLC vial for analysis of the crude mixture.
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Table S19 Conversion of 3a as measured by HPLC.

Entry Substrate % remaining 3a % 4a % S3e

1 (Sa)-D2-3a 76 23 1

2 (Sa)-D2-3a 76 23 1

3 (Sa)-D2-3a 76 23 1

4 (Ra)-D2-3a 55.5 44 0.5
(Ra)-D2-3a 54 45 0.5

6 (Ra)-D2-3a 55 445 0.5

7 3a 60 39 1

8 3a 59 40 1

9 3a 60 39 1

The lower conversion of (Sa)-D.-3a (Table S19, Entries 1-3) compared to (R.)-D»-3a (Table S19,
Entries 4-6) and unlabelled 3a (Table S19, Entries 7-9) is a consequence of a kinetic isotope effect:
ADH 291 preferentially attacks the pro-S, benzylic alcohol (see below), which contains the deuterium
label in the case of (Sa)-D2-3a, but not (Ra)-D2-3a and unlabelled 3a.

After HPLC analysis, each sample was purified by column chromatography on silica gel

(hexane:EtOAc, 70:30) to afford monoaldehyde 4a as a colourless solid (yields undetermined). 4a was
analysed by *H NMR (600 MHz, 32 scans, D1 = 30 s) (Figure S43).
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Figure S43 (a)-(c) *H NMR spectra (in (CD3)2CO) of monoaldehyde 4a from the biocatalytic oxidation of (Sa)-
D.-3a. (d)-(e) *H NMR spectra of monoaldehyde 4a from the biocatalytic oxidation of (Ra)-D.-3a. (g)-(i) *H
NMR spectra of monoaldehyde 4a from the biocatalytic oxidation of unlabelled 3a. The green stripe highlights
the aryl signal that was used as an internal reference for integration (set to 1.00). The red stripe highlights the
aldehyde signal. The blue stripe highlights the benzylic alcohol signal.

In each of the NMR spectra above, the relative integration of the aldehyde signal (highlighted in red)
gives the ratio of CHO to CDO aldehyde, indicating the ratio of D,-4a to D;-4a. In addition, in each of
the NMR spectra above, the relative integration of the benzylic alcohol signal (highlighted in blue)
gives the ratio of CD,OH to CH,OH aldehyde, indicating the ratio of D,-4a to D;-4a.

The ratios obtained from the integration of either the aldehyde or the benzylic signal should be the same
and are presented in Table S20. These ratios represent the enantioselectivities of the biocatalytic
oxidations of (S;)-D2-3a and (Ra.)-D.-3a (Table S21), even though the oxidation product 4a racemises
rapidly.
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Table S20 Integrations of aldehyde and benzylic alcohol signals in the *H NMR spectra of (deuterated) 4a.

'H NMR of monoaldehyde 4a
] Aldehyde _ Alcohol
Aldehyde signal Alcohol signal
Entry  Substrate ] ] CHO/CDO _ } CD,O/CH0
integration ) integration ]
ratio ratio
1 (Sa)-D2-3a 0.10 10:90 1.86 7:93
2 (Sa)-D2-3a 0.10 10:90 1.93 35:96.5
3 (Sa)-D2-3a 0.09 9:91 1.93 35:96.5
4 (Ra)-D2-3a 0.96 96:4 0.13 93.5:6.5
5 (Ra)-D2-3a 0.96 96:4 0.13 93.5:6.5
6 (Ra)-D2-3a 0.96 96:4 0.13 93.5:6.5
7 3a 0.96 - 2.02 -
8 3a 0.96 - 2.04 -
9 3a 0.98 - 2.07 -

Table S21 Calculated enantiomeric ratios and excesses obtained in the biocatalytic oxidation of 3a to
monoaldehyde 4a. The errors given are the sample standard deviation.

) Corresponding ) Corresponding | Average Overall %Standard
Entry  Ratio Ratio o
%ee Y%ee Y%ee average deviation
1 10:90 80 7:93 86 83
85.7% ee
2 10:90 80 3.5:96.5 93 86.5 6.1
(or 7:93e.r.)
3 9:91 82 3.5:96.5 93 87.5
4 96 :4 92 935:6.5 87 89.5
89.5% ee
5 9% :4 92 935:6.5 87 89.5 2.7
(or95:5e.r)
6 9% :4 92 935:6.5 87 89.5

The results in Tables S20 and S21 confirm that the *H NMR integrations of the aldehyde and benzylic

alcohol signals are in close agreement.

By analogy with the experiments performed on model S8e (Supplementary Information Section 9.1),
the slightly lower enantioselectivity observed for the oxidation of (S,)-D»-3a (Table S21, Entries 1-3)
compared to (Ra)-D2-3a (Table S21, Entries 4-6) is a consequence of a kinetic isotope effect: ADH 291
preferentially attacks the pro-S, benzylic alcohol, which contains the deuterium label in the case of (Sa)-

D»-3a but not (Ra)-D2-3a. This leads to a decrease in enantioselectivity when starting from (Sa)-D--3a,
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as the ratio Koxs) / Kox(r) decreases but leads to an increase in enantioselectivity when starting from (Ra)-

D»-3a, as the ratio Koxs) / Kox(r) increases.

By analogy with the experiments performed on model S8e (Supplementary Information Section 9.1),
the enantioselectivity of the biocatalytic oxidation of unlabelled 3a (Table S20, Entries 7-9) to 4a must
sit within the range defined by the two deutero-enantiomers, i.e. 85.7-89.5% ee (Table S21). An
averaged value of 87.6% ee (93.8% in er) is used for the simulation of rotational outcomes in a
statistically relevant population of 3a, as described in Supplementary Section S11.

This experiment demonstrates that the biocatalytic oxidation of 3a is enantioselective, even though 4a

racemises rapidly. The experiment thus confirms that the expression roxesay/foxras) # 1 is true, and hence
provides the first direct evidence of directional motion in an operational single bond rotary motor.
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10) Mean number of 360° rotations after 48 hours of operation

To calculate the mean number of 360° rotations after 48 h of operation, the half-life of the slowest step
(oxidation), the selectivity of both the oxidation and the reduction reactions, the probability of rotation
after oxidation, the timeframe of operation, and the number of oxidation reactions that occur in the
oxidation half-life are required. The Poisson distribution (Figure S44) provides the probability that n

number of events occur within a fixed timeframe, here oxidation events per half-life.t®

P(r=n) = 1—76"1

Figure S44: The Poisson probability function of a number of events in the same time interval, P = probability, r
= number of events, A = expected value.™®

By definition, the probability of one molecule undergoing zero oxidation events (r = 0) is 0.5 (P = 0.5).
From this we can determine A (derivation shown Figure S45), the average number of oxidation events
per molecule per half-life, as A = In(2) =~ 0.693.

P(r=0)=05= e =e therefore 1 = In (2)

Figure S45: The Poisson probability function for zero oxidation events (r = 0) per half-life.

From this result we can calculate the probability that a molecule of 3a undergoes any number of

oxidation events (e.g., r =0, 1, 2 ...) per half-life (Figure S46).

P(r=mn)

Figure S46: The probability that a molecule will undergo n number of oxidation events per half-life.

— (lnglz!))n e In(2)

To calculate the mean rotation in a given timeframe, t, the following general expression can be used
(Figure S47).

. Trac t
mean rotatlon(°) =AX (Pdesiredox - Pundesiredox) X ( ) X (Pdirectional_red) x 180° x
Trac T Tred t1/2

Figure S47: General expression for the calculation of the mean rotation in a given timeframe, t. A = expectation
value, Pgesired ox = probability of undergoing the desired enantioselective oxidation, Pundesired_ox = probability of
undergoing the undesired enantioselective oxidation, rrc = rate of racemization, req = rate of reduction,
Puirectional_red = probability of undergoing a directional reduction, 180° to convert to degrees, t = operation
timeframe, ty2 = half-life of the slowest step (the oxidation of 3a to 4a).

Using the following values: A = In(2) (see Figure S45); Pdesired ox = 0.938, Pundesired ox = 0.062 (See
Supplementary Information Section 9.2); rate of racemization rrac = 2renant = 8.4 x 107! - [4a] mM.s*

(see Supplementary Information Section 7.3); rate of reduction req = 2.1 x 102 - [HsN-BH3] - [4a]
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mM.s where [HsN-BHs] = 100 mM (see Supplementary Information Section 7.2); Plirectional_rea = 0.5
(the reduction is unselective); t = 48 h; oxidation half-life t1/2 = 2.48 h (see Supplementary Information

Section 7.1), allows us to calculate the mean rotation over a 48 h period as 846°, which is 2.35 full 360°

rotations (Figure S48).

0.84[4a) X 0.5 X 180° X o = 846°
(0.84[4a] + 0.21[4a]) = 248

mean rotation(®) = In(2) X 0.876 X

Figure S48: Calculation of the mean rotation after 48 h of operation. A = In(2); Pgesired_ox - Pundesired_ox = 0.876; Irac
= 2renant = 0.84[4a]; rved = 0.21[4a] ([HsN-BH3] = 100 mM]); Pairectional_red = 0.5; 180° to convert to degrees; t =
48 h; typ = 2.48 h.
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11) Code for simulating rotations

The following code was used to simulate the rotational outcome of a population of 10’ molecules of 3a
after 48 h. The code was run using Python 3.7.12 in a Jupyter notebook, with the libraries numpy and

matplotlib.24"-

The code works by first defining the functions to determine how many oxidation events (3a to 4a) each
molecule of 3a in the 107 population undergoes per half-life, where the half-life is the time at which
exactly half of the population has undergone zero oxidation events (the experimental value of 2.48 h
for the half-life of the oxidation of 3a to 4a is provided in Section 7.1). The oxidation events per
molecule of 3a are simulated using a Poisson distribution, where the function is termed
‘poisson_prob(r)’ in the code, with variable ‘r’ being the number of times a molecule is oxidised per
half-life.

The function, ‘drop_random_poisson(arr, drop_prob)’ is defined with the variables ‘arr’ and
‘drop_prob’. The function takes the input array and removes elements based on the probability given,
outputting two arrays, one with the dropped elements removed, and the other an array of the dropped

elements.

A number of desired variables may then be set, such as time (48 h), oxidation rate (half-life = 2.48 h,
Supplementary Information Section 7.1), enantioselectivity (0.938; Supplementary Information Section
9.2), reduction selectivity (unselective = 0.5), [HsN-BH3] (100 mM), the rate of racemization (0.84 s%;
Supplementary Information Section 7.3), the rate of reduction (2.1 x 102 x [H3N-BH3] s&;
Supplementary Information Section 7.2), and population size (107). The rate of racemization and
reduction are both given as relative values: the [4a] term cancels, as shown in Supporting Information
Section 10.

A working array of zeros called ‘pop’ is created, with the defined population size. The elements of this
array are the molecules being simulated. The number of half-lives was derived by dividing the time by
the length of the half-life; in the code, this number is handled as an integer value plus the remainder.
The probability a molecule will undergo racemization in an oxidation event is calculated. The selectivity
of the oxidation, reduction, and probability of racemisation are used to create a list for the probabilities
of each rotation occurring per oxidation event, with the order set as forwards rotation, no rotation and
backwards rotation. The probability of a 0° rotation occurring per oxidation event is 50% since we are

working with a non-selective reduction.
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The rotation each molecule has undergone per half-life is then simulated, inside a loop. The drop
probability is calculated from the probability given by the Poisson distribution (detailed in Supporting
Information Section 10 with A = In(2)), multiplied by the initial population over the remaining
population. This gives the probability a molecule would be dropped from the remaining population at
this number of oxidation events. When the number of oxidation events is greater than 0, the probabilities
given by the oxidation and reduction selectivities are used to simulate the final rotation state of the
population of molecules. The array is split in two using the ‘drop_random_poisson’ function, outputting
a now smaller remaining ‘pop’ array, used for later oxidation events up to r = 20, and the removed
population ‘popped_this_cycle’. The rotational values in ‘popped this cycle’ are added to the list
‘popped_values’. The rotational values appearing in the ‘popped_values’ list are then counted, returning
their final rotational values as the array ‘unique values’ and the frequency of these rotational values as
‘counts’. The ‘counts’ are then normalised, giving the probability for each final rotational value per

half-life in the array ‘normalized_probabilities’.

The array ‘pop’ is replaced with another array filled with zeros of size 107. The elements of this array
are the simulated molecules undergoing the reaction. The array ‘pop’ goes through a loop simulating
the oxidations occurring in each half-life with the rotational value and probability of undergoing that
rotational value given by the array ‘unique values’ and ‘normalized probabilities’, respectively. The

results from each half-life are gathered in a further array called ‘samples’, which are then added to array

B

‘pop’.

Any half-life remainder is then simulated. To represent this remainder, the probabilities of all rotational
values in array ‘normalized probabilities’ are multiplied by the value of the half-life remainder, and the
probability of 0° is set to 0. The sum of the resulting probability array ‘partial cycle probs’ is calculated
and the probability of 0° is set to [1 — ‘partial cycle probs.sum()’], and the array is normalised. The
molecules then undergo the rotation corresponding to the half-life remainder, and this is added to the

array ‘pop’.

A histogram is then generated (Fig. 4c of the manuscript and Figure S49 below), using the final ‘pop’
array generated as a result of these iterations, to give the plot for the simulated rotation for the 10’
molecules of 3a. The rest of the code sets the y-axis to a % of the total, instead of the population at that
rotation, and for formatting and adding visual aids to the chart. Due to the nature of probabilities extreme

cases (+3780, —900) may appear/disappear from the x-axis which may affect the formatting.

The code outputs the following histogram and summary. The mean rotations can vary slightly

depending on the random sampling hence the large population size:
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The mean rotation of simulated molecules in 48 h: 846°.

Figure S49: Output of the code, including a histogram illustrating the distribution of the net rotational values of
107 simulated molecules of 3a after 48 h of operation.

For this simulation the mean rotation of the simulated molecules after 48 h of operation is 846°, which
is in agreement with the calculated mean rotation of 846°, as described in Supporting Information
Section 10.

The code to plot the histogram is included below, and is also available at GitHub
(https://github.com/NODbristol/Nature-manuscript-2024-02-03159B)

import numpy as np

import matplotlib.pyplot as plt

from matplotlib.ticker import FuncFormatter
from math import exp, factorial, log

#Poisson probability formula
def poisson_prob(r):
return (exp(-log(2)) * log(2) ** r) / factorial(r)

#Array sampler

def drop_random_poisson(arr, drop_prob):
num_to_drop = min(int(drop_prob * len(arr)), len(arr))
drop_indices = np.random.choice(len(arr), size=num_to_drop, replace=False)
return np.delete(arr, drop_indices), arr[drop_indices]

# Constants

time, half_life = 48, 2.48

oxidation_selectivity, reduction_selectivity = 0.938, 0.5
AB_conc = 100 #mM

r_rac, r_red = 0.84, 0.0021*AB_conc

pop_size = 10**7

num_cycles = time / half_life

integer_cycles, partial cycle = int(num_cycles), num_cycles % 1

# Probabilities
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rotation_prob = r_rac/(r_rac+r_red)

forwards_prob = reduction_selectivity * oxidation_selectivity * rotation_prob
backwards_prob = (1-reduction_selectivity) * (1 - oxidation_selectivity) *
rotation_prob

prob_per_oxidation = [forwards_prob, 1 - forwards_prob - backwards_prob,
backwards_prob]

# Working out rotations per half-life
pop = np.zeros(pop_size, dtype=int)
popped_values = []

mean_samples = []

for r in range(20):
drop_prob = poisson_prob(r) * (pop_size / len(pop))
if r > 0:
pop += np.random.choice([180, 0, -180], size=len(pop),
p=prob_per_oxidation)
pop, popped_this_cycle = drop_random_poisson(pop, drop_prob)
popped_values.extend(popped_this_cycle)

# Normalize probabilities
unique_values, counts = np.unique(popped_values, return_counts=True)
normalized_probabilities = counts / counts.sum()

# Full cycles
pop = np.zeros(pop_size, dtype=int)
for _ in range(integer_cycles):
samples = np.random.choice(unique_values, size=pop_size,
p=normalized probabilities)
pop += samples

# Partial cycle
if partial_cycle > 0:
partial_cycle probs = normalized probabilities * partial_cycle
partial cycle_probs[unique_values == 0] = 0@
partial_cycle_probs[unique_values == @] = 1 - partial_cycle_probs.sum()
samples = np.random.choice(unique_values, size=pop_size,
p=partial_cycle_probs)
pop += samples

# Plot results

bin_edges = np.arange(pop.min() - 90, pop.max() + 90, 180)

plt.hist(pop, bins=bin_edges, color="#333333")

plt.xlabel('Rotation (°)', fontsize=20)

plt.ylabel('Population (%)', fontsize=20)

plt.xticks(np.arange(pop.min(), pop.max() + 360, 360), fontsize=16, rotation=60)
plt.gca().yaxis.set_major_formatter(FuncFormatter(lambda x, _: f'{int(x * 100 /
pop_size)}'))

plt.gca().tick_params(axis="y', labelsize=16)

plt.axvline(x=0, color='black', linestyle='--', linewidth=2)
plt.axhline(y=1832000, xmin=.05, xmax=.95, color='black', linewidth=2)
plt.axvspan(min(pop), ©, color="#E18B8A', alpha=0.5)

plt.axvspan(©, max(pop), color="#97D57D', alpha=0.5)

plt.annotate('clockwise', xy=(0, @), xytext=(min(pop)/2, 1750000), fontsize=16,
ha='center', va='top', rotation=45)

plt.annotate('anticlockwise ', xy=(0, @), xytext=(max(pop)*(8.8/9), 1750000),
fontsize=16, ha='right', va='top', rotation=45)
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plt.annotate('\u2190', xy=(@, 0), xytext=(min(pop)+180, 1825000), fontsize=25,

ha="center', va='center')

plt.annotate('\u2192', xy=(0, @), xytext=(max(pop)-180, 1825000), fontsize=25,

ha="center', va='center')
plt.ylim(0,1900000)
plt.xlim(min(pop), max(pop))

print(f"The mean rotation of simulated molecules in 48 h:{np.mean(pop):

plt.show()
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13) NMR spectra

1-Fluoro-10-methyl-6H-benzo[c]chromen-6-one (S1a) (*H NMR, 400 MHz, CDCls)
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1-Fluoro-10-methyl-6H-benzo[c]chromen-6-one (S1a) (*C NMR, 101 MHz, CDCls)

)

Q

a
S @n o o
TRN®R © o
O N - @® o
G inis ki N oo
ﬁﬁﬁﬁﬁ R (NN
NEY v

|

|
o A Muil ! kY J i ino o binfiy
N W i il el UL L W kA

T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Chemical Shift (ppm)

S102



Supplementary Information

1-Fluoro-10-methyl-6H-benzo[c]chromen-6-one (S1a) (**F NMR, 376 MHz, CDCls)
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6-Fluoro-2'-(hydroxymethyl)-6'-methyl-[1,1'-biphenyl]-2-ol (1a) (*C NMR, 101 MHz, CDs;0D)
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6-Fluoro-2'-(hydroxymethyl)-6'-methyl-[1,1'-biphenyl]-2-ol (1a) (**F NMR, 376 MHz, CDs;0D)

115.69
115.71
115.73

<

D on

¢

T T T T T T T T T T T T T T T T
50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240
Chemical Shift (ppm)

S104



Supplementary Information

2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carbaldehyde (2a) (*H NMR, 400 MHz, CDs0D)
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2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carbaldehyde (2a) (}C NMR, 101 MHz, CD3;0D)
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2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carbaldehyde (2a) (**F NMR, 377 MHz, CD3;0D)
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2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carboxylic acid (S1b) (*H NMR, 600 MHz,
CDs0D)
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2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carboxylic acid (S1b) (**C NMR, 151 MHz,
CDs0D)
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2'-Fluoro-6'-hydroxy-6-methyl-[1,1'-biphenyl]-2-carboxylic acid (S1b) (**F NMR, 565 MHz,
CDs0D)
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2'-Fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3a) (*H NMR, 400 MHz, CDCls)
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2'-Fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3a) (**C NMR, 126 MHz, CDCls)
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2'-Fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3a) (**F NMR, 377 MHz, CDCls)
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2'-Fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylic acid (S3b) (*H NMR, 400 MHz, (CD3).CO)

o
4
@
o
I
M NS HRENONO R AANT DDA ® p:
o QeenANINNRRRNNNNRRQQYY © 2
BB NNNNRRNNNGGG6G6G666G6666 66 o q
Voo N N ettt —
HO,C CO,H
F i NG
|
| |
| i I
W
A H.JL) Ak
T i Z
~ 4 3 ] -

T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Chemical Shift (ppm)

S109



Supplementary Information

2'-Fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylic acid (S3b) (*C NMR, 126 MHz, (CD3),CO)
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2'-Fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylic acid (S3b) (**F NMR, 377 MHz, (CD3),CO)
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Dimethyl 2'-fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylate (S3c) (*H NMR, 500 MHz,
CDCls)
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Dimethyl 2'-fluoro-6'-methoxy-[1,1'-biphenyl]-2,6-dicarboxylate (S3c) (**F NMR, 377 MHz,
CDCls)
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Methyl 1-fluoro-6-oxo-6H-benzo[c]chromene-10-carboxylate (S3d) (**C NMR, 151 MHz,
(CD3).CO)
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Methyl 1-fluoro-6-oxo0-6H-benzo[c]chromene-10-carboxylate (S3d) (**F NMR, 377 MHz,
(CD3).CO)
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-diyl)dimethanol (3a) (*H NMR, 600 MHz, (CDs).CO)
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-diyl)dimethanol (3a) (**F NMR, 376 MHz, (CD3),CO)
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400 MHz, CD3;0D)
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2'-Fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carbaldehyde ~ (4a) (*C NMR,
101 MHz, CD3;0D)
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3e) (*H NMR, 500 MHz, THF-ds)
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3e) (**C NMR, 126 MHz, THF-ds)
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2'-Fluoro-6'-hydroxy-[1,1'-biphenyl]-2,6-dicarbaldehyde (S3e) (**F NMR, 471 MHz, THF-ds)
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Methyl 1-fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylate (S3i) (*H NMR, 400 MHz, THF-
ds)
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Methyl 1-fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylate (S3i) (**C NMR, 101 MHz,
THF-ds)
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1-Fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylic acid (S3j) (*H NMR, 600 MHz, THF-ds)
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1-Fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylic acid (S3j) (**C NMR, 151 MHz, THF-ds)
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1-Fluoro-6-hydroxy-6H-benzo[c]chromene-10-carboxylic acid (S3j) (**F NMR, 565 MHz, THF-ds)
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Lithium 2'-fluoro-6'-oxido-[1,1'-biphenyl]-2,6-dicarboxylate (S3k’) (**C NMR, 151 MHz,
D,O/THF-ds)
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(2S)-3,3,3-trifluoro-2-methoxy-2-

(2'-Fluoro-6-formyl-6'-hydroxy-[1,1'-biphenyl]-2-yl)methyl
phenylpropanoate (6a) (*H NMR, 500 MHz, (CD3),SO)
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phenylpropanoate (6a) (*C NMR, 126 MHz, (CD3;),SO)
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(2'-Fluoro-6-formyl-6'-hydroxy-[1,1'-biphenyl]-2-yl)methyl (2S)-3,3,3-trifluoro-2-methoxy-2-
phenylpropanoate (6a) (**F NMR, 376 MHz, (CDs).SO)
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Methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylate (S3f) (*H NMR,
400 MHz, CDs0D)
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Methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylate (S3f) (**C NMR,
101 MHz, CDs0OD)
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Methyl 2'-fluoro-6'-hydroxy-6-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylate (S3f) (**F NMR,
376 MHz, CD3;0D)
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Methyl  2'-fluoro-6'-hydroxy-6-(hydroxymethyl-d2)-[1,1'-biphenyl]-2-carboxylate ~ (D»-S3f)
(*H NMR, 400 MHz, CDs;0D)
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1-Fluoro-10-(hydroxymethyl)-6H-benzo[c]chromen-6-one (S3g) (*H NMR, 400 MHz, CDCls)
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1-Fluoro-10-(hydroxymethyl)-6H-benzo[c]chromen-6-one (S3g) (**C NMR, 101 MHz, CDCls)
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1-Fluoro-10-(hydroxymethyl)-6H-benzo[c]chromen-6-one (S3g) (**F NMR, 377 MHz, CDCls)
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1-Fluoro-10-(hydroxymethyl-d,)-6H-benzo[c]chromen-6-one (D,-S3g) (*H NMR, 400 MHz,
CDCls)
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10-(((tert-Butyldimethylsilyl)oxy)methyl)-1-fluoro-6H-benzo[c]chromen-6-one (S3h) (*H NMR,
400 MHz, CDCls)
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10-(((tert-Butyldimethylsilyl)oxy)methyl)-1-fluoro-6H-benzo[c]chromen-6-one (S3h) (**C NMR,
101 MHz, CDCls)
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10-(((tert-Butyldimethylsilyl)oxy)methyl)-1-fluoro-6H-benzo[c]chromen-6-one (S3h) (**F NMR,
377 MHz, CDCls)
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10-(((tert-Butyldimethylsilyl)oxy)methyl-d,)-1-fluoro-6H-benzo[c]chromen-6-one (D2-S3h)
(*H NMR, 400 MHz, CDCls)

o

o

o

5]
MMM NS ORI AR N NI MO I ANN IR OO MmO ® g
MOMAT T gROTITTITINNNNNNGEeQCecgaR 9 g
BB BBBBBONNNNNNNNNNRNNNNNRNRNNNN N NN E 4
L (P N ettt e

—

0.081
9.03-x

T T T T T T T T T T T T
11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical shift (ppm)
2'-(((tert-Butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-(hydroxymethyl)-[1,1'-biphenyl]-2-ol  (5a)
(*H NMR, 400 MHz, CDs;0OD)
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Supplementary Information

2'-(((tert-Butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-(hydroxymethyl)-[1,1'-biphenyl]-2-ol ~ (5a)
(*C NMR, 101 MHz, CD30D)
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2'-(((tert-Butyldimethylsilyl)oxy)methyl)-6-fluoro-6'-(hydroxymethyl)-[1,1'-biphenyl]-2-ol  (5a)
(*F NMR, 377 MHz, CD;0D)
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Supplementary Information

2'-(((tert-Butyldimethylsilyl)oxy)methyl-d2)-6-fluoro-6'-(hydroxymethyl)-[1,1'-biphenyl]-2-ol
(D2-5a) (*H NMR, 400 MHz, CD;0D)
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(Sa)-6-Fluoro-2'-(hydroxymethyl)-6'-(hydroxymethyl-d,)-[1,1'-biphenyl]-2-ol ((Sa)-D2-3a)
(*H NMR, 400 MHz, CDs;0OD)
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((Ra)-D2-32)

Supplementary Information

(Ra)-6-Fluoro-2'-(hydroxymethyl)-6'-(hydroxymethyl-d,)-[1,1'-biphenyl]-2-ol

(*H NMR, 400 MHz, CDs0OD)
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2-(Naphthalen-1-yl)isophthalaldehyde (S8a) (*H NMR, CDCls, 400 MHz)
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Supplementary Information

3-(Hydroxymethyl)-2-(naphthalen-1-yl)benzaldehyde (S8b) (*H NMR, 400 MHz, CDCls)
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Supplementary Information

3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde (S8c) (*C NMR,
126 MHz, CDCls)
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3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)benzaldehyde-d: (D:-S8¢) (*H NMR,
400 MHz, CDCls)
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Supplementary Information

(3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)phenyl)methanol (S8d) (*H NMR,
500 MHz, CDCls)
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(3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)phenyl)methanol (S8d) (*C NMR,
126 MHz, CDCls)
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Supplementary Information

(3-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(naphthalen-1-yl)phenyl)methan-d2-ol (D.-S8d) (*H

NMR, 400 MHz, CDCls)
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(Sa)-(3-(Hydroxymethyl)-2-(naphthalen-1-yl)phenyl)methan-d,-ol (D.-S8¢) (*H NMR, 400 MHz,

CDCls)
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Supplementary Information

(Ra)-(3-(Hydroxymethyl)-2-(naphthalen-1-yl)phenyl)methan-d.-ol (D»-S8e) (*H NMR, 400 MHz,
CDCls)
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Ammonia trideuteroborane (HsN-BDz3) (*H NMR, 400 MHz, CDsCN)
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Supplementary Information

Ammonia trideuteroborane (HsN-BDs3) (B NMR, 128 MHz, CDsCN)
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