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Supplementary Figure S1. (a) QM modeling of the iron-oxo heme group. The P450 protein-bound
porphyrin complex coordinated with iron, and containing an Fe=0O moiety is known as compound I (cI).
In our computational model for compound I substituents at the periphery of the porphyrin moiety were
replaced with hydrogen atoms. Additionally, the axial Fe—SCys bond in compound I was modeled as a
Fe—SCH3 bond. For these heme systems, the spin-state energetics, and activation barriers are highly
dependent upon both the level of theory employed, as well as the approximation chosen to model
compound I (1, 2). In agreement with previous work, our model of compound I shows almost degenerate
doublet and quartet states, the sextet state being significantly higher in energy. The quartet C-H
abstraction transition-states were calculated to be consistently lower in energy than the doublet spin
states. Hence, all the reported activation free-energies (AGY correspond to C—H abstraction on the
quartet potential energy surface. (b) Model menthol substrate. An acetyl group was used to replace the
different anchoring groups employed experimentally. The different C—H abstraction sites are labeled.




Supplementary Figure S2: QM transition-states for C—H abstraction of (a) primary, (b) secondary
and (c) tertiary carbons from the model menthol substrate calculated at the B3LYP/6-
311G(d,p)+LanL2DZ(Fe)//B3LYP/6-31G(d)+ LanL2DZ(Fe) in the quartet spin state.




Supplementary Table S1. Energies, enthalpies, free energies, and entropies of the QM structures calculated for the heme iron-

catalyzed H-abstraction.”

E, E(¢ E,* ZPE° H correction® S¢ G correction® | Lowest freq.’

Structure (Hartree) (Hartree)' (Hartree)' /;I;Iri;zf:)i,g /;I:::;zf;ef,h (ca;l(fnl)(}:l 1 /;I;Iri:zf;ef,h (cm™)
cl —1625.429856 | -1625.588831 | -1625.092550 | 0.317697 0.341284 158.5 0.265983 46.1

1' —621.1914961 | 621.2682711 | -620.750481 | 0.326652 0.343590 128.1 0.282717 28.8

‘ts2 —2246.589006 | -2246.848654 | -2245.834605 | 0.638415 0.679460 241.7 0.564639 —1812.5
53 —2246.591242 | -2246.847873 | -2245.833509 | 0.638093 0.679081 243.7 0.563277 —1725.3
4ts3eql —2246.588585 | -2246.841288 | -2245.811992 | 0.637641 0.678977 245.9 0.562154 —1789.2
Y54y —2246.593458 | -2246.846869 | -2245.830985 | 0.638267 0.679340 247.4 0.561769 -1717.3
4ts4eql —2246.592847 | -2246.843426 | -2245.827675 | 0.638330 0.679468 246.8 0.562198 —-1668.2
4ts5 —2246.592876 | -2246.848492 | -2245.820121 | 0.637831 0.679099 244.1 0.563116 —1826.0
56,y —2246.588444 | 2246.844157 | -2245.828430 | 0.638336 0.679265 243.0 0.563797 -1757.8
4ts6eql —2246.585981 | -2246.840738 | -2245.825359 | 0.638040 0.678981 242.6 0.563715 —1747.4
‘ts7 —2246.589755 | -2246.849199 | -2245.835225 | 0.638607 0.679370 240.4 0.565164 —1803.3
‘ts8 —2246.589756 | -2246.849199 | -2245.835225 | 0.638512 0.679251 245.6 0.562568 -1651.3
‘ts10 —2246.590098 | -2246.838515 | -2245.822824 | 0.638410 0.679327 247.6 0.561669 —1644.1

*Except for the model menthol substrate (1', singlet), all species correspond to quartet spin states; all species are neutral.
®Energy obtained from single-point calculations with B3LYP/6-311+G(d,p)+LANL2DZ(Fe).
¢ Energy obtained from single-point calculations with B3LYP-D3/6-311+G(2d,p)+LANL2DZ(Fe).
Energy obtained from single-point calculations with M06/6-311+G(2d,p)+SDD(Fe).
¢ Vibrational, thermal and entropic corrections obtained from frequency calculations on geometries optimized at the B3LYP/6-31G(d) level.
"1 Hartree = 627.51 kcal mol .
£ Zero-point energy obtained from vibrational frequencies.

" Thermal corrections at 298.15 K.




Supplementary Table S2. Energies, enthalpies, free energies, and entropies of the QM structures

calculated for the estimation of the BDE of various C—H bonds in menthol.

Eo® ZPE* H correction® S G correction® | Lowest freq.
a —1

T et | PR et | K| fpandgss | )
1 —467.341795 | 0.288358 0.301842 107.8 0.250604 47.2
H —0.499810 0.000000 0.002360 27.4 —0.010654

2 —466.672915 | 0.273805 0.287692 111.8 0.234572 52.5
3 —466.674067 | 0.273394 0.287455 113.0 0.233766 459
4 —466.672024 | 0.274335 0.288074 112.8 0.234502 19.7
5 —466.668688 | 0.273950 0.287649 110.4 0.235206 38.3
6 —466.668687 | 0.273927 0.287624 110.1 0.235291 44.6
7 —466.669666 | 0.273630 0.287408 110.4 0.234969 51.8
8 —466.669668 | 0.273649 0.287412 110.1 0.235080 57.3
9 —466.671031 | 0.273337 0.287158 110.6 0.234617 45.7
10 —466.671040 | 0.273388 0.287187 110.4 0.234754 49.2
11 —466.667896 | 0.273072 0.286884 110.2 0.234510 63.6
12 —466.666649 | 0.273132 0.287008 111.1 0.234233 47.5

* Except for the model menthol substrate (singlet), all species correspond to doublet spin states; all species are

neutral

®Energy obtained from single-point calculations with SCS-MP2/cc- pVTZ.

¢ Vibrational, thermal and entropic corrections obtained from frequency calculations on geometries optimized at

the B3LYP/6-31G(d) level.
41 Hartree = 627.51 kcal mol .
¢ Zero-point energy obtained from vibrational frequencies.

f Thermal corrections at 298.15 K.




Supplementary Figure S3: Salt bridges between (—)-menthol derivatives 21, 25 and 26 in PikCwr
monitored throughout MD simulations. The distance (in angstroms) between the center of mass of the
two carboxylate oxygen atoms of Asp/Glu residues and the nitrogen atom of the dimethylamonium atom

of the anchoring group is represented.
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Supplementary Figure S4: Salt bridges between (—)-menthol derivatives 21, 25 and 26 in PikCpson
monitored throughout MD simulations. The distance (in angstroms) between the center of mass of the
two carboxylate oxygen atoms of Asp/Glu residues and the nitrogen atom of the dimethyl ammonium

moiety of the anchoring group is represented.
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Supplementary Figure SS5: Salt bridges between (+)-menthol derivatives 21, 25 and 26 in PikCwr
monitored throughout MD simulations. The distance (in angstroms) between the center of mass of the
two carboxylate oxygen atoms of Asp/Glu residues and the nitrogen atom of the dimethyl ammonium
moiety of the anchoring group is represented.
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Supplementary Figure S6: Salt bridges between (+)-menthol derivatives 21, 25 and 26 in PikCpson
monitored throughout MD simulations. The distance (in angstroms) between the center of mass of the
two carboxylate oxygen atoms of Asp/Glu residues and the nitrogen atom of the dimethyl ammonium
moiety of the anchoring group is represented.
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Supplementary Figure S7: Salt bridges between (—)-menthol derivatives 21, 25 and 26 in
PikCpsonni176Qr2464 monitored throughout MD simulations. The distance (in angstroms) between the
center of mass of the two carboxylate oxygen atoms of Asp/Glu residues and the nitrogen atom of the

dimethyl ammonium moiety of the anchoring group is represented.
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Supplementary Figure S8: Salt bridges between (+)-menthol derivatives 21, 25 and 26 in
PikCpsonni176Qr2464 monitored throughout MD simulations. The distance (in angstroms) between the
center of mass of the two carboxylate oxygen atoms of Asp/Glu residues and the nitrogen atom of the

dimethyl ammonium moiety of the anchoring group is represented.
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Supplementary Figure S9: Representative (a) open and (b) closed conformations in PikC derived
from MD simulations. The distance (in angstroms) between the Ca of A185 and M394 was selected to
represent the width of the active site channel and the deviation from the catalytically active closed
conformation. (c-e) Evolution of the active site channel in PikC variants in the presence and absence of
substrates. The closed conformation is more frequently sampled in the PikCpsonpi760E246a mutant even in
the apo state.
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Supplementary Figure S10: Stereoselectivity in the C4-H abstraction catalyzed by PikCpson.
Orientation of H4.q (in green) and H4,, (in orange) of (—)-menthol (substrates 21, 25 and 26) relative to
the iron-heme oxo group in PikCpson, derived from 500 ns MD trajectories. Deviations of the distances
(x axis) and angles (y axis) from the quantum mechanically optimized transition structure (in blue) with
a hypothetical model heme catalyst are shown.
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Supplementary Figure S11: Stereoselectivity in the C4-H abstraction catalyzed by PikCpson.
Orientation of H4.q (in green) and H4., (in orange) of (+)-menthol (substrates 21, 25 and 26) relative to
the iron-heme oxo group in PikCpson, derived from 500 ns MD trajectories. Deviations of the distances
(x axis) and angles (y axis) from the quantum mechanically optimized transition structure (in blue) with
a hypothetical model heme catalyst are shown.
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Supplementary Figure S12: Stereoselectivity in the C4-H abstraction catalyzed by
PikCpsonp176QE246a. Orientation of H4., (in green) and H4,, (in orange) of (—)-menthol (substrates 21, 25
and 26) relative to the iron-heme oxo group in PikCpsonpi76Qr246a, derived from 500 ns MD trajectories.
Deviations of the distances (x axis) and angles (y axis) from the quantum mechanically optimized
transition structure (in blue) with a hypothetical model heme catalyst are shown.
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Supplementary Figure S13: Stereoselectivity in the C4-H abstraction catalyzed by
PikCpsonni176Qr246a. Orientation of H4.q (in green) and H4., (in orange) of (+)-menthol (substrates 21,
25 and 26) relative to the iron-heme oxo group in PikCpsonpi7eqr246a, derived from 500 ns MD
trajectories. Deviations of the distances (x axis) and angles (y axis) from the quantum mechanically
optimized transition structure (in blue) with a hypothetical model heme catalyst are shown.

PikCpson + (+)-21 PikCpgoy + (+)-25 PikCpson + (+)-26
180 180 180
150 150 150
Ei E E;
€120 2 120 120
et - = Ha,,
6 - -
\ g 9
Z 9 Z 9 I 9
€ 60 S 50 2 60
>3 2 D .
-1 -1 = Hd,, *
30 30 30
0 .TSQM 0 m oM HEEE L
o 1 2 3 4 5 & 7 o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
dev[Oy,,,—H4] (A) dev[Oy,,—H4] (A) Aev[Oye—HA] (A)

15



Supplementary Figure S14: Protocol for concurrent protein and substrate engineering guided by
molecular dynamics (MD) simulations. The wild-type protein and a substrate candidate are subjected
to MD in order to identify suitable positions for mutation. The beneficial or detrimental effect of these
mutations in both substrate binding and protein structure is re-evaluated through MD. The improved
mutants are tested against a modified version of the substrate. Only those candidates with enhanced
substrate binding that preserve the protein closed conformation are subjected to experimental evaluation
of their catalytic activity; in the positive cases, stereoselectivity is determined by combination of
experimental and theoretical (QM, MD) techniques.
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Part II: Substrate synthesis

General Protocols

All reagents were used as received unless otherwise noted. Solvents were purified under nitrogen using a
solvent purification system (Innovative Technology, inc., Model # SPS-400-3 and PS-00-3. Reactions
were monitored by thin layer chromatography using SiliCycle silica gel 60 F254 precoated plates (0.25
mm) which were visualized using UV light, p-anisaldehyde, KMnO4, PMA or CAM stain. Flash column
chromatography was performed using Kieselgel 60 (23001400 mesh) silica gel. Eluent mixtures are
reported as v:v percentages of the minor constituent in the major constituent. All compounds purified by
column chromatography were sufficiently pure for use in further experiments unless otherwise
indicated. "H and "C spectra were obtained in CDCl; at rt (25 °C), unless otherwise noted, on Varian
nmrs (500 MHz or 700 MHz), Varian MR400 or Varian Unity 500 MHz. Chemical shifts of 'H NMR
spectra were recorded in parts per million (ppm) on the d scale from an internal standard of residual
chloroform (7.26 ppm). Chemical shifts of >C NMR spectra were recorded in ppm from the central peak
of CDCl; (77.0 ppm) on the 6 scale. Low resolution electrospray mass spectra were obtained on a
Micromass LCT spectrometer and high resolution electrospray mass spectra were obtained on a
Micromass AutoSpec Ultima spectrometer at the University of Michigan Mass Spectrometry
Laboratory.

Synthesis of menthol substrates:

(o)

. “,

“NMe,
0
r

iP
(-)-21

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl dimethylglycinate, (-)-21

A flame-dried round-bottom flask was charged with (0.42 g) N,N-dimethylamino glycinesHCl (1.5
equiv), 0.62 g DCC (1.5 equiv), and 0.37 g DMAP (1.5 equiv). The contents of the flask were
suspended in 20 mL of CH,Cl, and allowed to stir for ~5 min. 0.47 mL of distilled triethylamine (1.7
equiv) was added dropwise and the reaction was allowed to stir for an additional 5 min before 0.31 g of
(-)-menthol (1.0 equiv) was added. The reaction was stirred for 7 d and was then filtered through a
cotton plug. The solvent was removed by under reduced pressure, and 1 M HCIl was added to the
resulting yellow residue until the pH was between 2 and 3. The aqueous solution was extracted 3x with
25 mL of 30% EtOAc/hexanes, and the remaining aqueous layer was adjusted to pH 8-9 with a saturated
aqueous sodium bicarbonate solution. The solution was extracted 3x with 30 mL of CH,Cl,. The
resulting organic layers were combined, dried over sodium sulfate, and filtered. The solvent was
removed under reduced pressure to afford the crude material, which was purified by column
chromatography (the column was packed with 5% EtOAc, 5% triethylamine, and 90% hexanes and run
on a gradient of 30% EtOAc/hexanes to 7:2:1 EtOAc: MeCN: MeOH) to yield 0.28 g (57%) of the title
compound as a clear oil. 'H NMR (500 MHz, CDCl3) & 4.77 (td, J = 10.9, 4.4 Hz, 1H), 3.14 (s, 2H),
2.34 (s, 6H), 2.04 — 1.94 (m, 1H), 1.92 — 1.78 (m, 1H), 1.76 — 1.61 (m, 2H), 1.58 — 1.44 (m, 1H), 1.43 —
1.34 (m, 1H), 1.12 — 0.95 (m, 2H), 0.93 — 0.81 (m, 7H), 0.76 (d, J = 6.9 Hz, 3H); °C NMR (126 MHz,
CDCl3) 6 170.2, 74.4, 60.8, 46.9, 45.3, 40.9, 34.2, 31.4, 26.3, 23.3, 22.0, 20.7, 16.2; HRMS (ESI) m/z
calculated for [M+H]" 242.2115, found 242.2112.

17



O\H/\/NMez
\O: o
‘iPr

(—)-22

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 3-(dimethylamino)propanoate, (-)-22

Following the procedure wused to synthesize (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl
dimethylglycinate, (—)-menthol (0.31 g), 3-(N,N-dimethylamino)propionic acid*HCI (0.46 g), DCC
(0.62 g), DMAP (0.37 g), and triethylamine (0.47 mL) was employed to give 0.096 g (19%) of the title
compound as a clear oil after purification by column chromatography (SiO,, packed with 5% EtOAc, 5%
triethylamine, and 90% hexanes and run on a gradient of 30% EtOAc/hexanes to 7:2:1 EtOAc: MeCN:
MeOH). "HNMR (401 MHz, CDCls) § 4.69 (td, J = 10.9, 4.4 Hz, 1H), 2.83 —2.70 (m, 2H), 2.67 — 2.51
(m, 2H), 2.36 (s, 6H), 2.03 — 1.92 (m, 1H), 1.92 — 1.78 (m, 1H), 1.75 — 1.61 (m, 2H), 1.56 — 1.42 (m,
1H), 1.42 — 1.30 (m, 1H), 1.13 — 0.93 (m, 2H), 0.93 — 0.79 (m, 8H), 0.75 (d, J = 7.0 Hz, 3H); °C NMR
(126 MHz, CDCl3) & 172.1, 74.2, 54.8, 47.0, 45.2, 40.9, 34.3, 33.3, 31.4, 26.2, 23.4, 22.0, 20.8, 16.3;
HRMS (ESI) m/z calculated for [M+H]" 256.2271, found 256.2274.

(o)
. _O
’iPr
(

-)-23

(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-(dimethylamino)butanoate, (—)-23
(-)-(IR,2S,5R)-menthol (200 mg, 1.28 mmol), 3-N,N-dimethylaminobutyric acid hydrochloride (325
mg, 1.92 mmol), triethylamine (304 pL, 2.18 mmol), DCC (400 mg, 1.92 mmol) and DMAP (237 mg,
1.92 mmol) were dissolved in 12.5 mL of CH,Cl, and stirred at rt for 4 d, then the reaction mixture was
filtered through cotton and evaporated to dryness in vacuo. The crude residue was transferred to a
separatory funnel by washing the flask with 0.1 M HCI and 30% EtOAc in hexanes. The acidified
aqueous phase was extracted three times with 30% EtOAc in hexanes. Then, the aqueous layer was
basified with saturated aqueous NaHCOj solution until it reached a pH of approximately 8-9, measured
by pH paper. The aqueous layer was extracted three times with EtOAc. The EtOAc layers were
combined, dried over anhydrous sodium sulfate, filtered, and evaporated to dryness in vacuo. The crude
residue was chromatographed over silica gel (gradient from 30% EtOAc in hexanes to 20% MeCN, 10%
MeOH in EtOAc) to yield 168 mg (49% yield) of the desired ester derivative as a colorless oil. 'H NMR
(400 MHz, CDCls) 6 4.67 (ddd, J = 10.8, 10.8, 4.4 Hz, 2H), 2.35 — 2.24 (m, 4H), 2.22 (s, 6H), 2.06 —
1.93 (m, 1H), 1.91 — 1.74 (m, 3H), 1.72 — 1.62 (m, 2H), 1.54 — 1.42 (m, 1H), 1.41 — 1.31 (m, 1H), 1.11 —
0.80 (m, 9H), 0.75 (d, J = 6.8 Hz, 3H); °C NMR (175 MHz, CDCl3) § 173.1, 74.0, 58.9, 47.0, 45.4,
40.9, 34.2, 32.4, 31.3, 26.2, 23.4, 23.1, 22.0, 20.7, 16.3; IR (thin film, cm™) 2925, 2865, 2812, 2764,
1728, 1456; HRMS (ESI) m/z calculated for [M+H]" 270.2433, found 270.2431.

UOY\/\/B’
v, O
’iPr

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl S-bromopentanoate, S1
Following the procedure used to synthesize (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 6-
bromohexanoate, (—)-menthol (0.23 g), DCC (0.46 g), DMAP (0.027 g), 5-bromovaleric acid (0.45 g),
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and CH,Cl, (23 mL) were employed. 0.48 g of the title compound was obtained after purification by
column chromatography (SiO,, 5% EtOAc/hexanes to 10% EtOAc/hexanes). 'H NMR (400 MHz,
CDCl;3) 6 4.68 (td, J = 10.9, 4.4 Hz, 1H), 3.42 (t, J = 6.6 Hz, 2H), 2.32 (t, J = 7.2 Hz, 2H), 2.02 — 1.94
(m, 1H), 1.94 — 1.73 (m, 4H), 1.72 — 1.63 (m, 2H), 1.56 — 1.42 (m, 1H), 1.41 — 1.32 (m, 1H), 1.12 -0.93
(m, 2H), 0.93 — 0.80 (m, 7H), 0.75 (d, J = 6.9 Hz, 3H); "“C NMR (126 MHz, CDCl;) & 172.6, 74.2,
47.0, 40.9, 34.2, 33.7, 33.0, 32.0, 31.4, 26.3, 23.6, 23.5, 23.4, 22.0, 20.7, 16.3; HRMS (ESI) m/z
calculated for [M+Na]" 341.1087, found 341.1082.

(o) \[I/\/\/NMEZ
U o
‘iPr

(-)-24

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 5-(dimethylamino)pentanoate, (—)-24

Following the procedure to  synthesize (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl  6-
(dimethylamino)hexanoate, (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 5-bromopentanoate (0.16 g),
40% w/w aqueous dimethylamine (0.32 mL) and DMF (2.2 mL) was employed to give 0.12 g (88%) of
the desired product after purification by column chromatography (SiO, 30% EtOAc/hexanes to
98%CH,Cl,, 2%, Et;N). 'H NMR (400 MHz, CDCl3) & 4.68 (td, J = 10.9, 4.4 Hz, 1H), 2.36 — 2.16 (m,
10H), 2.03 — 1.93 (m, 1H), 1.93 — 1.78 (m, 1H), 1.75 — 1.57 (m, 4H), 1.56 — 1.41 (m, 3H), 1.41 — 1.30
(m, 1H), 1.13 — 0.92 (m, 2H), 0.92 — 0.78 (m, 7H), 0.75 (d, J = 7.0 Hz, 3H); °C NMR (126 MHz,
CDCl) 6 173.1, 73.9, 59.4, 47.0, 45.5, 41.0, 34.6, 34.3, 31.4, 27.2, 26.3, 23.4, 23.0, 22.0, 20.8, 16.3;
HRMS (ESI) m/z calculated for [M+H]" 284.2584, found 284.2595.

(o}
Oy

o
iPr

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 6-bromohexanoate, S2

A flame-dried round-bottom flask was charged with 0.62 g of dicyclohexylcarbodiimide (DCC) (3.0
mmol), 0.037 g 4-dimethylaminopyridine (DMAP) (0.30 mmol), and 0.58 g of 6-bromohexanoic acid
(3.0 equiv). The contents of the flask were suspended in 21 mL of CH,Cl,, and allowed to stir for 10
min. Then, 0.31 g of (—)-menthol (2.0 mmol) was added and the reaction was allowed to stir until all of
the (—)-menthol was consumed as judged by TLC. The reaction mixture was filtered through a cotton
plug and the solvent was removed under reduced pressure to afford a white residue. The crude material
was purified by column chromatography (SiO,, gradient 5% EtOAc/hexanes to 10% EtOAc/hexanes) to
yield 0.66 g (99%) of the title compound as a clear oil. "H NMR (401 MHz, CDCl3) & 4.68 (td, J = 10.9,
4.4 Hz, 1H), 3.40 (t, J = 6.8 Hz, 2H), 2.30 (t, /= 7.4 Hz, 2H), 2.02 — 1.93 (m, 1H), 1.93 — 1.78 (m, 3H),
1.75 - 1.59 (m, 4H), 1.55 - 1.42 (m, 3H), 1.41 — 1.31 (m, 1H), 1.12 - 0.93 (m, 2H), 0.93 — 0.79 (m, 6H),
0.75 (d, J= 6.9 Hz, 3H); °C NMR (126 MHz, CDCl;) & 173.0, 74.0, 47.0, 40.9, 34.4, 34.2, 33.5, 32.4,
31.4,27.6,26.3,24.2,23.4,22.0, 20.8, 16.3; HRMS (ESI) m/z calculated for [M+Na]" 355.1243, found
355.1240.
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., O
‘iPr
(-)-25
(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 6-(dimethylamino)hexanoate, (-)-25
A flame-dried round-bottom flask was charged with 0.16 g of (1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl 6-bromohexanoate (0.47 mmol). (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 6-
bromohexanoate was suspended in 2.2 mL DMF and allowed to stir for ~5 min, followed by addition of
0.31 mL of 40% w/w aqueous dimethylamine (2.5 mmol). The mixture was stirred until all of the
starting material was consumed as monitored by TLC analysis. The reaction was quenched with 6 mL
of saturated sodium bicarbonate solution and extracted with EtOAc (3 x 15 mL). The resulting organic
layers were combined, dried with sodium sulfate, filtered and concentrated under reduced pressure. The
resulting clear oil was chromatographed (SiO», 30% EtOAc/Hex to 99% CH,Cl,, 1% Et;N) to yield 0.13
g (90%) of the title compound as a clear oil. "H NMR (401 MHz, CDCl;) 6 4.67 (td, J=10.9, 4.4 Hz,
1H), 2.34 — 2.15 (m, 10H), 2.02 — 1.93 (m, 1H), 1.93 — 1.77 (m, 1H), 1.75 — 1.58 (m, 4H), 1.48 (quint, J
= 7.8 Hz, 3H), 1.41 — 1.26 (m, 3H), 1.15 - 0.93 (m, 2H), 0.93 — 0.79 (m, 7H), 0.75 (d, J = 6.9 Hz, 3H);
C NMR (126 MHz, CDCl;) & 173.3, 73.9, 59.6, 47.0, 45.5, 40.9, 34.7, 34.3, 31.4, 27.4, 27.0, 26.2,
23.4,22.0,20.8, 16.3; HRMS (ESI) m/z calculated for [M+H]" 298.2741, found 298.2747.

: o
‘e, O
’iPr

(-)-26

(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-((dimethylamino)methyl)benzoate, (—)-26

Following the procedure wused to synthesize (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl
dimethylglycinate, (-)-(/R,2S,5R)-menthol (100 mg, 0.640 mmol), 172 mg of 4-
((dimethylamino)methyl)benzoic acid (0.960 mmol, 1.50 equiv), 200 mg of dicyclohexylcarbodiimide
(0.960 mmol, 1.5 equiv) and 118 mg 4-dimethylaminopyridine (0.960 mmol, 1.5 equiv) were employed
to yield 166 mg (82%) of the desired ester derivative as a colorless oil after chromatography over silica
gel (gradient from 30% EtOAc in hexanes to 100% EtOAc). '"H NMR (700 MHz, CDCls) & 7.99 (d, J =
8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 4.93 (ddd, /= 11.2, 11.2, 4.2 Hz, 1H), 3.47 (s, 2H), 2.25 (s, 6H),
2.12 (d, J=11.9 Hz, 1H), 1.96 (sept-d, J = 7.0, 2.8 Hz, 1H), 1.75 — 1.70 (m, 2H), 1.61 — 1.53 (m, 2H),
1.14 (td, J=13.7, 3.2 Hz, 1H), 1.09 (t, J = 12.0 Hz, 1H), 0.97 — 0.88 (m, 7H), 0.79 (d, J = 7.0 Hz, 3H);
C NMR (125 MHz, CDCls) § 166.0, 144.1, 129.6, 129.5, 128.8, 74.7, 64.0, 47.2, 45.3, 41.0, 34.3, 31 .4,
26.5, 23.6, 22.0, 20.8, 16.5; IR (thin film, cm™) 2923, 2856, 2767, 1712, 1611, 1454; HRMS (ESI) m/z
calculated for [M+H]" 318.2433, found 318.2420.

NMe,
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(-)-27

(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl 3-((dimethylamino)methyl)benzoate, (—)-27

Following the procedure wused to synthesize (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl
dimethylglycinate, (-)-(/R,2S,5R)-menthol (160 mg, 1.02 mmol), 154 mg of 3-
((dimethylamino)methyl)benzoic acid (1.54 mmol, 1.50 equiv), 320 mg of dicyclohexylcarbodiimide
(1.54 mmol, 1.50 equiv) and 190 mg 4-dimethylaminopyridine (1.54 mmol, 1.50 equiv) to yield 105 mg
(33%) of the desired ester derivative as a colorless oil after chromatography over silica gel (gradient
from 30% EtOAc in hexanes to 100% EtOAc). '"H NMR (400 MHz, CDCl;) § 7.97 — 7.92 (m, 2H), 7.52
(d, J=17.5Hz, 1H), 7.40 (d, J = 7.5 Hz, 2H), 4.94 (ddd, J=11.0, 11.0, 4.5 Hz, 1H), 3.49 (d, /= 13.0 Hz,
1H), 3.45 (d, /= 13.0 Hz, 1H), 2.25 (s, 6H), 2.11 (dtd, J = 11.5, 3.5, 2.0 Hz, 1H), 1.96 (sept-d, J = 7.0,
2.5 Hz, 1H), 1.73 — 1.69 (m, 2H), 1.63 — 1.52 (m, 2H), 1.18 — 1.06 (m, 2H), 0.92 (t, J = 6.5 Hz, 6H),
0.79 (d, J= 7.5 Hz, 3H); C NMR (175 MHz, CDCl;) & 166.0, 139.2, 133.3, 130.8, 130.0, 128.3, 128.2,
74.7, 63.9, 47.1, 45.2, 40.9, 34.2, 31.4, 26.4, 23.6, 22.0, 20.7, 16.4; IR (thin film, cm™) 2949, 2864,
2815, 2767, 1711, 1455, 1360; HRMS (ESI) m/z calculated for [M+H]" 318.2433, found 318.2440.

N
‘iPr NMe,

(-)-28

(IR,2S,5R)-2-isopropyl-5-methylcyclohexyl 2-((dimethylamino)methyl)benzoate, (—)-28

2-((dimethylamino)methyl)benzoic acid (57 mg, 0.32 mmol) was dissolved in 1 mL CH,Cl,. To this
mixture was added one drop of N,N-dimethylformamide followed by oxalyl chloride (33 pL, 0.38
mmol). The reaction was allowed to stir at rt for 1.5 h before the solvent was evaporated and the crude
acid chloride was resuspended in 1 mL CH,Cl,. The acyl chloride suspension was added dropwise to an
ice cooled solution of (—)-(/R,2S,5R)-menthol (100 mg, 0.64 mmol), DMAP (0.16 mmol, 20 mg) and
triethylamine (180 pL, 1.3 mmol) in 3.4 mL CH,Cl,. The reaction mixture was allowed to stir as it was
warmed to rt. After 12 h, the reaction was quenched by the addition of saturated sodium bicarbonate
solution. The aqueous phase was washed with EtOAc (3x), dried over sodium sulfate, filtered and
concentrated. The crude residue was transferred to a separatory funnel by washing the flask with 0.1 M
HCI and 30% EtOAc in hexanes. The acidified aqueous phase was extracted three times with 30%
EtOAc in hexanes. Then, the aqueous layer was basified with saturated aqueous NaHCOj3 solution until
it reached a pH of approximately 8-9, measured by pH paper. The basic aqueous layer was extracted
three times with EtOAc. The EtOAc organic layers were combined, dried over anhydrous sodium
sulfate, filtered, and evaporated to dryness in vacuo. The crude residue was chromatographed over silica
gel (gradient from 5% EtOAc in hexanes to 100% EtOAc) to yield 44 mg (44%) of the desired ester as a
colorless oil. '"H NMR (500 MHz, CDCl3) § 7.70 (d, J = 8.0 Hz, 1H), 7.48 (d, J= 7.5 Hz, 1H), 7.42 (t,J
=7.5Hz, 1 H), 7.29 (t, J = 7.5 Hz, 1H), 4.91 (ddd, J = 11.0, 11.0, 4.5 Hz, 1 H), 3.80 (d, J = 14.0 Hz,
1H), 3.65 (d, J=13.5 Hz, 1H), 2.22 (s, 6H), 2.17 (d, /= 11.5 Hz, 1H), 2.02 (sept-d, /= 7.0, 2.5 Hz, 1H),
1.77 - 1.69 (m, 2H), 1.62 — 1.47 (m, 2H), 1.18 — 1.05 (m, 2H), 0.98 — 0.86 (m, 7H), 0.82 (d, 6.5 Hz, 3H);
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BC NMR (175 MHz, CDCl3) & 167.8, 139.9, 132.0, 130.8, 130.0, 129.3, 126.6, 76.8, 74.6, 61.2, 47.2,
45.2,40.9, 34.2, 31.4, 26.2, 23.4, 22.1, 20.8, 16.3; IR (thin film, cm™) 2951, 2868, 2815, 2765, 1715,
1454, 1366; HRMS (ESI) m/z calculated for [M+H]" 318.2433, found 318.2436.

NMe,

Acimm
AcO
(BR,4S,6R)-4-(dimethylamino)-6-methyltetrahydro-2H-pyran-2,3-diyl diacetate, S3
Following the literature procedure (5), 7.0 g (9.5 mmol) of erythromycin was added to a round bottom
flask followed by 50 mL of EtOH. 125 mL of a 6 N HCI solution was added, and the mixture was
heated at reflux at 100 °C for 4 h. The reaction mixture was transferred to a separatory funnel and
extracted with CHCI3 (3 x 50 mL). The organic layer was discarded, and the solvent was removed from
the red/orange aqueous layer.  After vacuum drying overnight, crude 4-(dimethylamino)-6-
methyltetrahydro-2H-pyran-2,3-diol was obtained as a red/orange solid and was carried on to the next
step without further purification. The crude compound was transferred to a round bottom flask and
suspended in 50 mL Ac,O. 2 mL of concentrated sulfuric acid was added at 0 °C. The resulting mixture
was stirred overnight at rt. The reaction mixture was poured into ice water and neutralized with solid
sodium bicarbonate and extracted with EtOAc. The combined organic layers were concentrated and
purified by column chromatography (80% EtOAc 20% Hexanes to 2% MeOH in EtOAc) to afford 4-
(dimethylamino)-6-methyltetrahydro-2H-pyran-2,3-diyl diacetate (1.5 g, 5.7 mmol, 60 % over 2 steps)
as a yellow oil. Spectral data of the compound was identical with that previously reported (5).

NMe2

AcO (0] Me

F

(2R,3R,4S,6R)-4-(dimethylamino)-2-fluoro-6-methyltetrahydro-2H-pyran-3-yl acetate, S4

To a stirring solution of HF pyridine (7.2 mL) in a dry polyethylene vial at 0 °C was added 1.2 g (4.4
mmol) of 4-(dimethylamino)-6-methyltetrahydro-2H-pyran-2,3-diyl diacetate as a solution in toluene
(4.8 mL). The reaction was allowed to stir at 0 °C for 2.5 h. The reaction mixture was diluted with 10
mL of a brine solution and quenched with a saturated sodium bicarbonate solution. The mixture was
extracted with EtOAc and dried over Na,SQ,, filtered, and concentrated. The crude material was
chromatographed (100% EtOAc) to yield 0.48 g (2.2 mmol) of the a-anomer of 4-(dimethylamino)-2-
fluoro-6-methyltetrahydro-2H-pyran-3-yl acetate as a clear oil. Spectral data of the compound was
identical with that previously reported (3).

AcO NMe,
Me
“ ipr

(2S,3R,4S,6R)-4-(dimethylamino)-2-(((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)-6-
methyltetrahydro-2H-pyran-3-yl acetate, S5

A suspension of (—)-menthol (0.038 g, 0.24 mmol), 4-(dimethylamino)-2-fluoro-6-methyltetrahydro-2H-
pyran-3-yl acetate (0.026 g, 0.12 mmol), and molecular sieves (44, 0.15 g) in 2 mL CH,Cl, was allowed
to stir for 30 min at rt under an N, atmosphere. The suspension was cooled to 0 °C and BF;*OEt; 0.060
mL (0.48 mmol, freshly distilled) was added. The reaction was allowed to stir at 0 °C until the starting
material was consumed as judged by TLC. The reaction was quenched with a solution of saturated
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sodium bicarbonate and extracted with EtOAc. The resulting organic layers were combined, dried over
NaySOq, filtered, concentrated, and purified by chromatography (5% MeOH in CH,Cl,) to yield 0.028 g
(65%) of the title compound as a clear oil. "H NMR (401 MHz, CDCls) § 4.77 (dd, J = 10.5, 7.6 Hz,
1H), 4.32 (d, /= 7.6 Hz, 1H), 3.63 — 3.42 (m, 1H), 3.32 (td, 1H), 2.77 (s, 1H), 2.41 — 2.18 (m, 7H), 2.06
(s, 3H), 2.01 — 1.91 (m, 1H), 1.80 — 1.69 (m, 1H), 1.69 — 1.55 (m, 2H), 1.45 — 1.13 (m, 8H), 1.03 — 0.77
(m, 9H), 0.74 (d, J= 6.9 Hz, 3H).

HO NMe,
\O”\ZO\Q
Me
" ipr

(2S,3R,4S,6R)-4-(dimethylamino)-2-(((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)-6-
methyltetrahydro-2H-pyran-3-ol, S6

To a solution of 2-((1R,2S,5R)-(-)-menthol)-4-(dimethylamino)-6-methyltetrahydro-2H-pyran-3-yl
acetate 0.028 g (0.079 mmol) in 1.60 mL of MeOH was added 0.044 g of K,CO; (0.32 mmol). The
reaction was allowed to stir at rt until all starting material was consumed as judged by TLC. The
reaction was diluted with brine and extracted with EtOAc. The organic layers were combined, dried
over Na,SO4, concentrated, and purified by chromatography (10% MeOH in CH,Cl) to yield 0.023g
(95%) of the title compound. 'H NMR (401 MHz, CDCls) § 4.29 (d, J = 7.3 Hz, 1H), 3.59 — 3.39 (m,
2H), 3.27 (dd, J=10.2, 7.3 Hz, 1H), 2.63 (ddd, /= 12.3, 10.2, 4.1 Hz, 1H), 2.35 (s, 7H), 2.14 — 2.00 (m,
1H), 1.84 — 1.70 (m, 1H), 1.70 — 1.56 (m, 2H), 1.36 — 1.20 (m, 7H), 1.03 — 0.80 (m, 9H), 0.76 (d, /= 6.9
Hz, 3H); >C NMR (126 MHz, CDCl;) § 101.0, 76.6, 69.6, 69.1, 65.3, 47.6, 40.7, 40.3, 34.3, 31.5, 29.4,
24.9,22.9,22.1,21.0,20.9, 15.3; HRMS (ESI) m/z calculated for [M+H]" 314.2690, found 314.2696.

Synthesis of (+)-menthol derivatives: The parallel set of (+)-menthol substrates were synthesized in an
analogous manner to yield products matching the characterization data for the (—)-menthol enantiomer.

o
NM

(R)-2-(4-methylcyclohex-3-en-1-yl)propan-2-yl 6-(dimethylamino)hexanoate, S7

A flame-dried round bottom flask was charged with 0.771 g (5.00 mmol) of (+)-a-terpineol, 1.545 g
(7.50 mmol) of DCC, and 0.122 g (1.00 mmol) of DMAP. The contents of the flask were suspended in
25 mL of DCM and allowed to stir for 5 minutes before 1.460 g (7.50 mmol) of 6-bromohexanoic acid.
Upon completion, the reaction was filtered through a plug of cotton and the solvent removed. The crude
material was purified by chromatography to yield the ester.

A round bottom flask was charged with 0.404 g (1.22 mmol) of the ester. The contents of the flask were
suspended in DMF and cooled to 0 °C. 0.289 g (6.42 mmol) of dimethylamine solution (40 wt. % in
H,0) was then added. Upon completion, the reaction was quenched with ethyl acetate and a solution of
sat’d sodium bicarbonate. The organic layer was extracted twice with a solution of sat’d sodium
bicarbonate and once with a solution of brine. The solvent was removed from the organic layer and the
resulting residue was suspended in 1 M HCI until pH ~2. The aqueous layer was extracted three times
with diethyl ether and then basified to pH ~8 with a solution of sat’d sodium bicarbonate. The aqueous
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solution was extracted thrice with DCM, the organic layers combined, dried over sodium sulfate, and the
solvent removed to yield 0.292 g (81%) of the desired product.'H NMR (400 MHz, CDCl5): & 5.38-5.32
(m, 1H), 2.29-2.16 (m, 11H), 2.07-1.92 (m, 4H), 1.85-1.73 (m, 2H), 1.63-1.54 (m, 4H), 1.52-1.45 (m,
2H), 1.42 (s, 3H), 1.40 (s, 3H), 1.35-1.25 (m, 3H); C NMR (100 MHz, CDCls): & 173.0, 133.9,
120.283, 84.6, 59.6, 45.4 (2C), 42.7, 35.6, 30.9, 27.3, 26.9, 26.3, 25.0, 23.8, 23.3, 23.3, 23.1; HRMS
(ESI) m/z calculated for [M+H]" 296.2584, found 296.2582.

NMEZ
(0]
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(1R,25,5R)-5-methyl-2-(prop-1-en-2-yl)cyclohexyl 4-((dimethylamino)methyl)benzoate, S8

A flame-dried round bottom flask was charged with 0.462 g (3.00 mmol) of (-)-Isopulegol, 0.927 g (4.50
mmol) of DCC, and 0.073 g (0.60 mmol) of DMAP. The contents of the flask were suspended in 15 mL
of DCM and allowed to stir for 5 minutes before 0.675 g (4.50 mmol) of 4-formylbenzoic acid. Upon
completion, the reaction was filtered through a plug of cotton and the solvent removed. The crude
material was purified by chromatography to yield the ester.

A flame-dried round bottom flask was charged with 0.772 g (2.70 mmol) of the ester and 0.284 g (3.51
mmol) of dimethylamine hydrochloride. The contents of the flask were suspended in DCM and cooled
to 0 °C. 0.859 g (4.05 mmol) of sodium triacetoxyborohydride was then added over half an hour. Upon
completion, the reaction was quenched with ethyl acetate and a solution of sat’d sodium bicarbonate.
The organic layer was extracted twice with a solution of sat’d sodium bicarbonate and once with a
solution of brine. The solvent was removed from the organic layer and the resulting residue was
suspended in 1 M HCI until pH ~2. The aqueous layer was extracted three times with diethyl ether and
then basified to pH ~8 with a solution of sat’d sodium bicarbonate. The aqueous solution was extracted
thrice with DCM, the organic layers combined, dried over sodium sulfate, and the solvent removed to
yield 0.587 g (69%) of the desired product.'H NMR (400 MHz, CDCls): & 7.94 (d, J = 8.0 Hz, 2H), 7.36
(d, J= 8.0 Hz, 2H), 5.01 (td, J = 10.9, 4.4 Hz, 1H), 4.78-4.75 (m, 1H), 4.71-4.67 (m, 1H), 3.47 (s, 2H),
2.33-2.20 (m, 7H), 2.19-2.11 (m, 1H), 1.90-1.55 (m, 6H), 1.53-1.40 (m, 1H), 1.13 (q, J = 11.8 Hz, 1H),
1.07-0.97 (m, 1H), 0.95 (d, J = 6.5 Hz, 3H); °C NMR (100 MHz, CDCl3): § 165.9, 146.1, 143.7, 129.7,
129.6, 128.8, 111.9, 74.2, 64.0, 50.9, 45.4 (2C), 40.5, 34.2, 31.4, 30.5, 22.0, 19.5; HRMS (ESI) m/z
calculated for [M+H]" 316.2271, found 316.2276.

o
o

(R)-1,2,3,4-tetrahydronaphthalen-1-yl 4-((dimethylamino)methyl)benzoate, S9
A flame-dried round bottom flask was charged with 0.217 g (1.46 mmol) of (R)-1,2,3,4-
tetrahydronaphthalen-1-ol, 0.453 g (2.20 mmol) of DCC, and 0.036 g (0.29 mmol) of DMAP. The
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contents of the flask were suspended in 10 mL of DCM and allowed to stir for 5 minutes before 0.330 g
(2.20 mmol) of 4-formylbenzoic acid. Upon completion, the reaction was filtered through a plug of
cotton and the solvent removed. The crude material was purified by chromatography to yield the ester.

A flame-dried round bottom flask was charged with 0.381 g (1.40 mmol) of the ester and 0.143 g (1.78
mmol) of dimethylamine hydrochloride. The contents of the flask were suspended in DCM and cooled
to 0 °C. 0.445 g (2.10 mmol) of sodium triacetoxyborohydride was then added over half an hour. Upon
completion, the reaction was quenched with ethyl acetate and a solution of sat’d sodium bicarbonate.
The organic layer was extracted twice with a solution of sat’d sodium bicarbonate and once with a
solution of brine. The solvent was removed from the organic layer and the resulting residue was
suspended in 1 M HCl until pH ~2. The aqueous layer was extracted three times with diethyl ether and
then basified to pH ~8 with a solution of sat’d sodium bicarbonate. The aqueous solution was extracted
thrice with DCM, the organic layers combined, dried over sodium sulfate, and the solvent removed to
yield 0.333 g (77%) of the desired product. 'H NMR (400 MHz, CDCl3) § 7.99 (d, J = 8.2 Hz, 2H), 7.40
—7.31 (m, 3H), 7.29 — 7.20 (m, 1H), 7.16 (m, 2H), 6.23 (t, J=4.5 Hz, 1H), 3.45 (s, 2H), 2.96 — 2.86 (m,
1H), 2.85 — 2.74 (m, 1H), 2.22 (s, 6H), 2.15 — 1.98 (m, 3H), 1.87 (m, 1H); °C NMR (100 MHz, CDCl;)
0166.2,144.1, 138.0, 134.7, 129.7, 129.5, 129.5, 129.0, 128.8, 128.0, 126.0, 70.5, 64.0, 45.4, 29.2, 29.0,
19.1; HRMS (ESI) m/z calculated for [M+H]" 310.1802, found 310.1808.

0]
0

@& NMGZ

(8)-2,3-dihydro-1H-inden-1-yl 4-((dimethylamino)methyl)benzoate, S10

A flame-dried round bottom flask was charged with 0.200 g (1.50 mmol) of (S)-2,3-dihydro-1H-inden-
1-0l, 0.464 g (2.25 mmol) of DCC, and 0.027 g (0.225 mmol) of DMAP. The contents of the flask were
suspended in 16 mL of DCM and allowed to stir for 5 minutes before 0.338 g (2.25 mmol) of 4-
formylbenzoic acid. Upon completion, the reaction was filtered through a plug of cotton and the solvent
removed. The crude material was purified by chromatography (Hexanes to 20% ethyl acetate in
hexanes) to yield 0.323 g (81%) of the desired product. "H NMR (700 MHz, CDCls) & 10.09 (s, 1H),
8.19 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 8.4 Hz, 2H), 7.50 (d, /= 7.5 Hz, 1H), 7.36 — 7.31 (m, 2H), 7.29 —
7.23 (m, 1H), 6.48 (dd, J = 7.1, 3.8 Hz, 1H), 3.21 (ddd, J = 15.3, 8.4, 6.2 Hz, 1H), 2.97 (ddd, J = 16.0,
8.6, 4.9 Hz, 1H), 2.69 —2.61 (m, 1H), 2.31 —2.23 (m, 1H); °C NMR (176 MHz, CDCl3) & 191.6, 165.5,
144.5, 140.7, 139.1, 135.5, 130.3, 129.4, 129.2, 126.8, 125.7, 124.9, 79.7, 32.4, 30.3; IR (thin film, cm
') 2933, 2841, 1709, 1264.

A flame-dried round bottom flask was charged with 0.283 g (1.06 mmol) of (S)-2,3-dihydro-1H-inden-
1-yl 4-formylbenzoate and 0.112 g (1.38 mmol) of dimethylamine hydrochloride. The contents of the
flask were suspended in DCM and cooled to 0 °C. 0337 g (1.59 mmol) of sodium
triacetoxyborohydride was then added over half an hour. Upon completion, the reaction was quenched
with ethyl acetate and a solution of sat’d sodium bicarbonate. The organic layer was extracted twice
with a solution of sat’d sodium bicarbonate and once with a solution of brine. The solvent was removed
from the organic layer and the resulting residue was suspended in 1 M HCI until pH ~2. The aqueous
layer was extracted three times with diethyl ether and then basified to pH ~8 with a solution of sat’d
sodium bicarbonate. The aqueous solution was extracted thrice with DCM, the organic layers
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combined, dried over sodium sulfate, and the solvent removed to yield 0.232 g (74%) of the desired
product. 'H NMR (500 MHz, CDCl3) & 8.03 — 7.96 (m, 2H), 7.49 (d, J = 7.5 Hz, 1H), 7.36 (d, J = 8.0
Hz, 2H), 7.33 — 7.30 (m, 2H), 7.28 — 7.21 (m, 1H), 6.45 (dd, J = 7.1, 4.1 Hz, 1H), 3.46 (s, 2H), 3.18
(ddd, J=15.9, 8.5, 5.9 Hz, 1H), 2.95 (ddd, J = 16.0, 8.6, 5.2 Hz, 1H), 2.68 — 2.59 (m, 1H), 2.28 — 2.19
(m, 7H); °C NMR (176 MHz, CDCl3) & 166.5, 144.4, 144.3, 141.2, 129.7, 129.3, 128.9, 128.8, 126.7,
125.7, 124.8, 78.8, 64.0, 45.4, 32.5, 30.3; IR (thin film, cm™) 2941, 2878, 2816, 2767, 1711, 1456, 1264;
HRMS (ESI) m/z calculated for [M+H]" 296.1645, found 296.1646.

Me

Me NMez

Me o

(0]
(1R,2R,45)-1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl 4-((dimethylamino)methyl)benzoate, S11
A flame-dried round bottom flask was charged with 1.000 g (6.50 mmol) of (+)-fenchol, 2.060 g (10.0
mmol) of DCC, and 0.159 g (1.30 mmol) of DMAP. The contents of the flask were suspended in 30 mL
of DCM and allowed to stir for 5 minutes before 1.500 g (10.00 mmol) of 4-formylbenzoic acid. Upon
completion, the reaction was filtered through a plug of cotton and the solvent removed. The crude
material was purified by chromatography to yield the ester.

A flame-dried round bottom flask was charged with 0.530 g (1.85 mmol) of the ester and 0.195 g (2.41
mmol) of dimethylamine hydrochloride. The contents of the flask were suspended in DCM and cooled
to 0 °C. 0.588 g (2.78 mmol) of sodium triacetoxyborohydride was then added over half an hour. Upon
completion, the reaction was quenched with ethyl acetate and a solution of sat’d sodium bicarbonate.
The organic layer was extracted twice with a solution of sat’d sodium bicarbonate and once with a
solution of brine. The solvent was removed from the organic layer and the resulting residue was
suspended in 1 M HCI until pH ~2. The aqueous layer was extracted three times with diethyl ether and
then basified to pH ~8 with a solution of sat’d sodium bicarbonate. The aqueous solution was extracted
thrice with DCM, the organic layers combined, dried over sodium sulfate, and the solvent removed to
yield 0.414 g (71%) of the desired product. '"H NMR (400 MHz, CDCls) § 8.01 (d, J = 8.1 Hz, 2H), 7.40
(d, J = 8.1 Hz, 2H), 4.62 (s, 1H), 3.48 (s, 2H), 2.26 (s, 6H), 1.99 — 1.88 (m, 1H), 1.77 (d, J = 9.0 Hz,
2H), 1.67 (d, J = 11.7 Hz, 1H), 1.49 (s, 1H), 1.27 (s, 2H), 1.18 (s, 3H), 1.11 (s, 3H), 0.84 (s, 3H); °C
NMR (126 MHz, CDCl3) & 166.8, 129.5, 128.9, 86.6, 64.0, 48.6, 48.4, 45.4, 41.5, 39.8, 29.8, 26.9, 25.9,
20.3, 19.5; HRMS (ESI) m/z calculated for [M+H]"316.2271, found 316.2268.
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I11. Biochemistry

Preparation of PikC(DS0ND176QE246A)-RhFRED: Using previously prepared pET28b-
PikC(D50N)-RhFRED as a template, iterative site-directed mutagenesis was performed with the
primers: (D176Q)  5’-ccgccttccgegtectggaccCAGgcecttegtettececggacgatc-3°  and  (E246A) 5°-
catcctgetegtcgeggggcacGCGaccacggtcaatctgatcgecaacgg-3°.

Expression and purification of PikC-RhFRED variants: Protein expression and purification followed
a previously described procedure (6).

PikC,,-RhFRED analytical-scale enzymatic reactions: The standard assay contained 5 pM PikCyy-
RhFRED, 1 mM substrate, | mM NADP+, 0.05 units of glucose-6-phosphate dehydrogenase, and 5 mM
glucose-6-phosphate for NADPH regeneration in of reaction buffer (50 mM NaH,PO4, pH 7.3, 1 mM
EDTA, 0.2 mM dithoerythritol, and 10% glycerol) total volume 50 pL. The reaction was carried out at
30 °C for 3 h and quenched by addition of 150 uL. MeOH. The resulting mixture was briefly vortexed
and centrifuged at 10,000 x g for 10 min. The subsequent liquid chromatography mass spectrometry
(LC-MS) analysis was performed on an Agilent Q-TOF HPLC-MS (Department of Chemistry,
University of Michigan) equipped with an high resolution electrospray mass spectrometry (ESI-MS)
source and a Beckmann Coulter reverse-phase HPLC system using an Waters XBridge C18 3.5 um,
2.1x150 mm under the following conditions: mobile phase (A = deionized water + 0.1% formic acid, B
= acetonitrile + 0.1% formic acid), 10% to 100% B over 15 min, 100% B for 4 min; flow rate, 0.2
mL/min. Reactions were scanned for [M+16] (monohydoxylation) and [M+32] (dihydroxylation). The
percent conversion was determined as outlined in Li et al. (7). Briefly, the percent conversion was
calculated with AUC gl products/(AUCotat products T AUCunreacted substrate) by assuming ionization efficiency of
substrate and hydroxylated products are the same, because the ionization site of this series of compounds
should be the dimethylamino group (7).

Determination of total turnover number (TTN): Total turnover number was determined by analyzing
(# of moles of starting material consumed)/(# of moles of enzyme) under the following conditions: 5 uM
PikCpson-RhFRED, 1 mM substrate, | mM NADP+, 0.05 units of glucose-6-phosphate dehydrogenase,
and 5 mM glucose-6-phosphate for NADPH regeneration in 50 pL of reaction buffer (50 mM NaH,POs,
pH 7.3, 1 mM EDTA, 0.2 mM dithoerythritol, and 10% glycerol). The reaction was carried out at 30 °C
for 24 h and quenched by addition of 150 uL. MeOH. The resulting mixture was briefly vortexed and
centrifuged at 10,000 x g for 10 min. The subsequent liquid chromatography mass spectrometry (LC-
MS) analysis was performed on an Agilent Q-TOF HPLC-MS (Department of Chemistry, University of
Michigan) equipped with an high resolution electrospray mass spectrometry (ESI-MS) source and a
Beckmann Coulter reverse-phase HPLC system using an Waters XBridge C18 3.5 um, 2.1x150 mm
under the following conditions: mobile phase (A = deionized water + 0.1% formic acid, B = acetonitrile
+ 0.1% formic acid), 10% to 100% B over 15 min, 100% B for 4 min; flow rate, 0.2 mL/min. Assuming
equal ionization efficiencies of the starting material and product, the percent conversion of the reaction
was calculated with AUCl products/(AUCwotal products T AUCunreacted substrate) (7). All reactions were
performed and analyzed in triplicate.
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PikCpson-RhFRED preparative-scale enzymatic reactions:

Preparative —scale enzymatic reactions were conducted on 20 mg of each substrate under the following
conditions: 5 puM PikCpson-RhFRED, 1 mM substrate, | mM NADP+, 1 U/mL glucose-6-phosphate
dehydrogenase, and 5 mM glucose-6-phosphate for NADPH generation in reaction buffer (50 mM
NaH,PO4, pH 7.3, 1 mM EDTA, 0.2 mM dithoerythritol, and 10% glycerol). The reaction mixture was
divided into 50 mL conical tubes in 7 mL aliquots. Each conical tube was loosely capped and transferred
to a shaking incubator. The reaction was carried out at 30 °C for 12 h at 160 rpm. After 12 h, a 50 pL
aliquot was removed and processed in an identical manner to the analytical-scale reactions described
above to access the outcome of the reaction. The remaining reaction mixture was diluted with acetone (2
x total reaction volume) and cooled to 4 °C for two h. The mixture was then filtered through celite and
concentrated under reduced pressure until the acetone had been removed. The remaining solution was
adjusted to pH 12, brined and extracted with EtOAc (3 x 200 mL). The organic layers were combined,
dried over Na,SO4 and concentrated to afford a crude yellow oil. The crude oil was purified through
silica flash column chromatography (column conditions from the starting material purification) to afford
the mixture of hydroxylated products.
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Supplementary Figure S15: Hydroxylation of (—)-21 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S16: Hydroxylation of (-)-22 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S17: Hydroxylation of (-)-23 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S18: Hydroxylation of (-)-24 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S19: Hydroxylation of (-)-25 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S20: Hydroxylation of (-)-26 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S21: Hydroxylation of (-)-27 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S22: Hydroxylation of (-)-28 by PikC-RhFRED variants, LC-MS traces

and HRMS of the starting material (A) and product (B).
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Supplementary Figure S23: Hydroxylation of (+)-21 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S24: Hydroxylation of (+)-22 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S25: Hydroxylation of (+)-23 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S26: Hydroxylation of (+)-24 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S27: Hydroxylation of (+)-25 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S28: Hydroxylation of (+)-26 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S29: Hydroxylation of (+)-27 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S30: Hydroxylation of (+)-28 by PikC-RhFRED variants, LC-MS traces
and HRMS of the starting material (A) and product (B).
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Supplementary Figure S31: Hydroxylation by PikCpsonpi176Qr246a-RhFRED, LC-MS traces and
HRMS of the starting material (A) and product (B).
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Supplementary Figure S32: Hydroxylation by PikCpsonpi76Qe246a-RhFRED, LC-MS traces and

HRMS of the starting material (A) and product (B).
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Supplementary Figure S33: Hydroxylation by PikCpsonpi176Qe246a-RhFRED, LC-MS traces and
HRMS of the starting material (A) and product (B).
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Supplementary Figure S34: Hydroxylation by PikCpsonpi176Qr246a-RhFRED, LC-MS traces and
HRMS of the starting material (A) and product (B).
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Supplementary Figure S35: Hydroxylation by PikCpsonpi76Qe246a-RhFRED, LC-MS traces and
HRMS of the starting material (A) and product (B).
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IV. Product Characterization

General protocol for anchoring group cleavage

A flame-dried round bottom flask was charged with lithium aluminium hydride (5.0 eq). Under Ny, the
contents of the flask were suspended in 2 mL of THF and cooled to 0 °C. The solution of product from
P450 oxidation in THF (1 mL) was then added dropwise via cannula. The reaction mixture was warmed
to room temperature and stirred overnight, at which point H,O (0.1 mL), 15% NaOH in H,O (0.1 mL)
and H,O (0.2 mL) were added sequentially to quench the reaction. The mixture was diluted with EtOAc
(10 mL), filtered to remove aluminum salts and the filtrate was concentrated. The residue obtained was
purified by column chromatography to yield the product.

UOH
HO"" “pr

(8)
'H NMR (400 MHz, CDCl3): & 3.47 (td, J = 10.5, 4.4 Hz, 1H), 3.19 (ddd, J = 10.9, 9.7, 4.3 Hz, 1H),
2.19-2.10 (m, 1H), 1.96 (dt, J= 12.7, 4.1 Hz, 1H), 1.85 (ddd, J = 12.6, 4.3, 3.4 Hz, 1H), 1.47-1.23 (m,
4H), 1.17-1.04 (m, 2H), 1.03 (d, J = 6.5 Hz, 3H), 0.94 (d, J= 7.0 Hz, 3H), 0.83 (d, J = 6.9 Hz, 3H); °C
NMR (176 MHz, CDCl): & 76.0, 70.7, 48.5, 42.5, 38.3, 32.3, 25.8, 21.0, 18.2, 15.9; IR (neat, cm™):
3230.0, 2926.2, 1456.0, 1095.8, 1026.9. (8)

OH
HO

(R)-2-(4-(hydroxymethyl)cyclohex-3-en-1-yl)propan-2-ol, S12

"H NMR (400 MHz, CDCls): § 5.72-5.66 (m, 1H), 4.01 (t, J = 2.6 Hz, 2H), 2.22-2.01 (m, 3H), 2.00-1.93
(m, 1H), 1.92-1.80 (m, 1H), 1.60-1.50 (m, 1H), 1.35 — 1.25 (m, 3H), 1.20 (s, 3H), 1.19 (s, 3H); "°C
NMR (100 MHz, CDCLs): & 137.5, 122.4, 72.7, 67.1, 45.1, 27.4, 26.6, 26.5, 26.4, 23.6; HRMS (ESI) m/z
calculated for [M+H]" 171.1380, found 188.1645.

OH
o

(1S5,28,4R,55)-2-methyl-5-(prop-1-en-2-yl)cyclohexane-1,4-diol, S13

'H NMR (400 MHz, CDCls): & 4.94-4.90 (m, 1H), 4.87-4.84 (m, 1H), 3.52 (td, J = 10.5, 4.3 Hz, 1H),
3.31-3.21 (m, 1H), 2.13-2.00 (m, 2H), 1.92 (dt, J = 12.7, 3.9 Hz, 1H), 1.86-1.80 (m, 1H), 1.74-1.69 (m,
3H), 1.54-1.37 (m, 3H), 1.19-1.09 (m, 1H), 1.06 (d, J = 6.5 Hz, 3H); °C NMR (100 MHz, CDCl3): &
145.2, 113.6, 75.3, 69.6, 52.5, 40.3, 38.2, 38.0, 19.0, 18.2; HRMS (ESI) m/z calculated for [M+H]"
171.1380, found 188.1654.
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NM92

OH

(1R,4R)-4-hydroxy-1,2,3,4-tetrahydronaphthalen-1-yl 4-((dimethylamino)methyl)benzoate, 33

'H NMR (400 MHz, CDCl3) & 7.98 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 7.4 Hz, 1H), 7.41 — 7.33 (m, 4H),
7.30 (t,J=7.4 Hz, 1H), 6.26 (t, J = 4.8 Hz, 1H), 4.92 (t, J = 4.7 Hz, 1H), 3.46 (s, 2H), 2.51 — 2.41 (m,
1H), 2.41 —2.31 (m, 1H), 2.23 (s, 6H), 2.09 — 1.99 (m, 1H), 1.99 — 1.92 (m, 1H); >C NMR (100 MHz,
CDCl) 6 166.1, 144.3, 139.4, 134.4, 129.7, 129.4, 129.2, 128.9, 128.8, 128.6, 128.3, 70.0, 67.5, 64.0,
45.4, 28.4, 25.0; IR (thin film, cm™) 3398, 2940, 2776, 1708, 1453, 1263; HRMS (ESI) m/z calculated
for [M+H]" 326.1751, found 326.1753.

0

(j@ NMGZ

OH

(15,39)-3-hydroxy-2,3-dihydro-1H-inden-1-yl 4-((dimethylamino)methyl)benzoate, 34

'H NMR (500 MHz, CDCl3) & 7.97 (d, J = 8.1 Hz, 2H), 7.53 (d, J = 7.5 Hz, 1H), 7.50 (d, J = 7.5 Hz,
1H), 7.43 (t, J= 7.4 Hz, 1H), 7.37 (m, 3H), 6.56 (dd, J= 6.7, 2.9 Hz, 1H), 5.56 (t, J= 5.7 Hz, 1H), 3.48
(s, 2H), 2.74 — 2.64 (m, 1H), 2.53 — 2.42 (m, 1H), 2.25 (s, 6H); °C NMR (126 MHz, CDCl;) § 166.4,
145.9, 140.6, 129.8, 129.0, 128.9, 126.2, 124.4, 76.7, 74.4, 63.9, 45.3, 43.5; IR (thin film, cm™) 3388,
2932, 1712, 1611, 1459, 1268, 1175; HRMS (ESI) m/z calculated for [M+H]" 312.1594, found
312.1598.

HO Me

Me
OH

(1S,2R,4S5,5R)-1,3,3-trimethylbicyclo[2.2.1]heptane-2,5-diol, S14 (9)

"H NMR (500 MHz, CDCl;) & 4.17 — 4.13 (m, 1H), 3.23 (d, J= 1.6 Hz, 1H), 2.18 (ddd, J = 13.8, 6.7,
2.5 Hz, 1H), 1.70 (s, 1H), 1.56 (dd, J = 10.6, 1.6 Hz, 1H), 1.37 (d, J = 10.6 Hz, 1H), 1.20 (d, /= 6.2 Hz,
1H), 1.12 (s, 3H), 1.03 (s, 3H), 0.84 (s, 3H); °C NMR (126 MHz, CDCls) & 83.5, 71.5, 55.6, 48.5, 38.8,
38.1, 36.5, 30.6, 19.5, 18.9; IR (thin film, cm™) 3341, 2944, 1277, 1071; LRMS (EI) m/z calculated for
[M] 170.1, found 170.0.

Me
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Cartesian coordinates of geometries optimized at the B3LYP/6-31G(d)+LanL2DZ(Fe) level

cIl H -0.80550033 -0.95267287 -1.44902700
Fe 0.41589650 1.09981514 0.00000000 H -0.41045333 -1.84851187 0.02319700
N 2.19058150 0.16054114 0.22062100 H 0.48959767 0.16340913 1.07849600
N -0.51485050 -0.69090486 0.10021600 H -1.79196933 2.92045413 -0.23286200
N 1.33155650 2.87973314 0.23742200 H -1.40402333 2.00564113 1.21623600
N -1.37604350 2.02335714 0.07190000 H -0.19695933 1.53721713 -1.55989500
c 3.42552250 0.75268714 0.31712100 H -2.04916933 -0.51088287 1.31335700
C -1.87079750 -0.92002686 0.03413100 0] 1.55943467 -0.16672687 -0.66009500
c 2.42378450 -1.18819686 0.15783900 c 2.41427167 -0.97854787 0.00440200
c 0.07979250 -1.93484486 0.06179000 0] 2.20826867 -1.43079787 1.11018800
c 2.67838850 3.10369214 0.33603800 c 3.65463067 -1.23347287 -0.82239700
C -2.60957150 1.43461514 -0.01282000 H 4.16462667 -0.28864387 -1.03804000
c 0.74493050 4.11658014 0.20167900 H 4.32433367 -1.89960987 -0.27744900
C -1.60206550 3.37836814 0.04717900 H 3.38158267 -1.68245087 -1.78295800
c 4.46248450 -0.25114686 0.32544400 H -2.69065433 0.88039213 -1.33006300
C -2.13481950 -2.33731786 -0.01233600 H -3.50023033 1.16122113 0.20870500
c 3.84060350 -1.45646986 0.22022600 c 1.00909667 2.65660713 -0.18433600
C -0.92726650 -2.96427886 -0.00058100 c 0.71405467 3.97707613 -0.91457800
c 2.95086550 4.52067714 0.37369500 H -0.16770333 4.48344313 -0.50400900
C -3.64331350 2.43929014 -0.08028800 H 1.55937467 4.66853813 -0.81759800
c 1.74794550 5.15101414 0.28667700 H 0.53860367 3.81316213 -1.98486700
C -3.01689550 3.64713714 -0.04357000 C -3.17534833 -1.57867987 -0.16855100
H 5.52187950 -0.04161186 0.40073000 H -2.88564133 -2.57493287 0.18595400
H -3.12278450 -2.77744986 -0.05989100 H -4.15480333 -1.34028187 0.26305300
H 4.28188550 -2.44459786 0.19376400 H -3.29598533 -1.63418887 -1.25815800
H -0.71871950 -4.02604586 -0.03269300 H 1.93462567 2.25237413 -0.61416000
H 3.93848450 4.95663914 0.45384700 c 1.27178867 2.91561513 1.30889100
H -4.70335450 2.22979914 -0.14707300 H 1.52752467 1.99932613 1.85281000
H 1.54011550 6.21341814 0.28166300 H 2.11165067 3.61004513 1.42940000
H -3.45536450 4.63648814 -0.07396700 H 0.40371867 3.36846613 1.80254900
c 3.65746950 2.11817114 0.38561000
C -2.84742850 0.06356414 -0.01567800 ‘ts2
C -0.62082350 4.35639614 0.11113100 Fe 0.36656891 -0.33724340 0.00000000
c 1.44391450 -2.17016986 0.07208700 N 1.37260391 0.72411860 1.40179400
H 4.68969550 2.44524914 0.46521300 N 1.28897491 -2.03004540 0.66672400
H -3.88088750 -0.26296686 -0.08147600 N -0.62290709 1.31945360 -0.56192100
H -0.94553350 5.39222414 0.08911400 N -0.78474009 -1.44421540 -1.21530200
H 1.77376350 -3.20348386 0.02852800 c 1.29990991 2.07839960 1.59910100
0] 0.49916550 1.14308714 -1.61897600 c 1.10774191 -3.30009240 0.18583700
S 0.30495350 0.66143514 2.59038600 c 2.29562691 0.25322960 2.30375600
C -1.38147850 0.98705614 3.17989500 c 2.22592191 -2.12817040 1.66647900
H -2.07221350 0.29558114 2.68152400 C -0.41071009 2.59397260 -0.10769500
H -1.42990250 0.80356814 4.25734700 C -0.67597609 -2.79415140 -1.44942700
H -1.69476150 2.00905814 2.95184600 C -1.61365709 1.40958560 -1.50186000

C -1.75738209 -0.98606240 -2.06780700

10 c 2.19784991 2.47493160 2.65706500
c 0.30827067 0.18045113 0.00000000 c 1.96267391 -4.22725140 0.89062500
C -0.74383133 -0.87441287 -0.35375800 c 2.81293891 1.34198660 3.09585700
C -2.13038433 -0.52485187 0.21475200 c 2.65105791 -3.50022240 1.81356800
C -2.53660733 0.88607213 -0.24015500 C -1.28483309 3.52068260 -0.79358600
C -1.47342133 1.93348913 0.12188500 C -1.62043609 -3.19911440 -2.46232400
C -0.08680533 1.59065913 -0.46500000 C -2.03311409 2.78504260 -1.65754300
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