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Activity of Mitragyna Alkaloids at Human Opioid Receptors
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Figure S1. Activity of Mitragyna alkaloids and 7-hydroxymitragynine (7-OH) at the human mu-opioid receptor
(hMOR). hMOR was co-expressed with Goog-RLuc8, f1, and mVenus-y2 to assay G protein activation. Curves
represent the average of n>3, with error bars representing +SEM. (A) Agonist activity at h(MOR, positive control =
[D-Ala?, N-Me-Phe*, Gly-ol*]-enkephalin (DAMGO); (B) Competitive inhibition of DAMGO, positive control =
naloxone. In antagonist experiments, the agonist was used at 5x its ECso concentration.
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Figure S2. Activity of Mitragyna alkaloids and 7-OH at the human kappa-opioid receptor (hKOR). hKOR was co-
expressed with Goog-RLuc8, B1, and mVenus-y2 to assay G protein activation. Curves represent the average of n>3,
with error bars representing £SEM. (A) Agonist activity at hKOR, positive control = U-50,488; (B) Competitive
inhibition of U-50,488, positive control = nor-binaltorphimine (nor-BNI). In antagonist experiments, the agonist was
used at 5x its ECso concentration.
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Figure S3. Activity of Mitragyna alkaloids and 7-OH at the human delta-opioid receptor (hDOR). hDOR was co-
expressed with Goog-RLuc8, B1, and mVenus-y2 to assay G protein activation. Curves represent the average of n>3,
with error bars representing £SEM. (A) Agonist activity at hDOR, positive control = [D-Pen(2,5)]enkephalin
(DPDPE); (B) Competitive inhibition of DPDPE, positive control = TIPP-psi. In antagonist experiments, the agonist
was used at 5x its ECso concentration.
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Figure S4. Antagonism of mitragynine at hKOR. hKOR was co-expressed with Gaog-RLuc8, f1, and mVenus-y2 to
assay G protein activation. Curves represent the average of n>3, with error bars representing =SEM. (A)
Competitive inhibition of U-50,488 with increasing concentrations of mitragynine; (B) Schild plot from (A) showing
pA>= 1.4+ 0.4 pM (apparent Ky).
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Figure S5. Antagonism of 7-OH at hKOR; hKOR was co-expressed with Gaog-RLuc8, f1, and mVenus-y2 to assay
G protein activation. Curves represent the average of n>3, with error bars representing +SEM. (A) Competitive
inhibition of U-50,488 with increasing concentrations of 7-OH; (B) Schild plot from (A) showing pA, = 0.490 +
0.131 pM (apparent Kg).
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Activity of Mitragyna Alkaloids at Rodent Opioid Receptors: Interspecies Variation
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Figure S6. Activity of mitragynine and 7-OH at the mouse mu-opioid receptor (nMOR); mMOR was co-expressed
with Gaog-RLuc8, f1, and mVenus-y2 to assay G protein activation. Curves represent the average of n>3, with error
bars representing +SEM. (A) Agonist activity at mMOR, positive control = DAMGO; (B) Competitive inhibition of
DAMGO with increasing concentrations of mitragynine; (C) Schild plot from (B) showing pA, = 0.807 £ 0.573 uM
(apparent Kg).
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Table S1. Functional Activity of Mitragynine and 7-OH at Rodent Opioid
Receptors as Determined in G Protein BRET Assays

ECso = SEM (Enmyy)” or [ICs) = SEM (pA2)[” (uM)

Compound mMOR rKOR mDOR
mitragynine [(0.81)] [>10] X
0.0383 + 0.0247 0.664 + 0.435
7-0H (23%) >10] (16%)

“Agonist activity indicated by ECso values, maximal efficacy (Emax) relative to [D-
Ala?, N-Me-Phe, Gly-ol’]-enkephalin (DAMGO) for mMOR or [D-
Pen(2,5)]enkephalin (DPDPE) for mDOR, *Antagonist activity indicated by ICsg
values, pA, determined from Schild analysis in parentheses; All data points
represent mean = SEM (uM) of n > 3; X indicates inactive at 100 uM in both
agonist and antagonist mode; mMOR = mouse MOR, mDOR = mouse DOR, rKOR
=rat KOR.

Table S2. Binding Affinities of Mifragyna Alkaloids at Mouse Opioid

Receptors
Ki £ SEM (uM)*
Compound mMOR mKOR mDOR
mitragynine 0.230 £0.047 0.231 £0.021 1.01 £ 0.05

paynantheine 0.666 = 0.083  0.888+0.294  4.25+0.73

speciogynine 0.578 £0.064  2.90 £ 0.49 7.95 +0.95

. +
speciociliatine Ooﬂgf 39 0.649 £ 0.169 1.16 £ 0.23
0.0366 + 0.0906 =
_ +0.
7-OH 0.0041 0.132 £ 0.007 0.0085

“All data points represent mean + SEM (uM) of n > 3.

Interspecies Variation. Surprisingly, when we studied the activity of the Mitragyna
alkaloids in the same BRET assays employing rodent (mouse or rat) opioid receptors, we found

that none of the natural alkaloids possessed any agonist activity at concentrations up to 100 uM.



S8

Mitragynine was instead found to be a competitive antagonist at mouse MOR (mMOR) (Figure
S6, ICso = 1.1 uM; pA> = 807 = 573 nM), fully inhibiting the activation induced by the reference
agonist [D-Ala?, N-Me-Phe*, Gly-ol’]-enkephalin (DAMGO). The other isolated natural
products, paynantheine, speciogynine, and speciociliatine, showed no notable agonist or
antagonist activity at any of the rodent opioid receptors. Interestingly, some interspecies
variation was also observed in the activity of 7-OH, as while it acted as a competitive antagonist
at human DOR (hDOR) (Figure S3B), it was instead a weak agonist of mouse DOR (mDOR)
(Table S1, ECso = 664 + 435 nM, Emax = 16%).

Considering the accepted view that mitragynine acts as an MOR agonist, the variable
results obtained here, according to species, lead to some uncertainty in interpreting the literature
that has been directed towards understanding the analgesic properties of Mitragyna alkaloids
using animal models. Although the partial hMOR agonist activity of mitragynine is likely to
explain its analgesic effects in humans, the interpretation of studies reporting analgesic effects
elicited by this compound in rodent models is no longer clear, given the solely antagonistic effect
of mitragynine at rodent opioid receptors observed in vitro. One potential explanation is that the
receptor-level functional assays used here are of insufficient sensitivity to detect very low
efficacy (<10% of DAMGO Emax) partial agonist activity, which may in turn have a larger than

expected effect in vivo due to downstream signal amplification.
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Svnthesis of 7-Hydroxvmitragynine and Desmethyl Analog 1 (9-Hydroxycorvnantheidine)

Scheme S1. Preparation of Semi-Synthetic Analogs
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1 = 9-hydroxycorynantheidine
Preparation of Semi-Synthetic Analogs. Mitragynine was easily oxidized to 7-

hydroxymitragynine (7-OH) by the literature procedure' employing the hypervalent iodine
species [bis(trifluoroacetoxy)iodo]benzene (PIFA), but this reaction produced numerous
byproducts and was low yielding. It was also found that the same transformation could be
performed cleanly using singlet oxygen generated by irradiation with visible light in the presence
of rose bengal, under air or pure O atmosphere, but yields were still modest (Scheme S1A).
Interestingly, it was also found that this photooxidation reaction could take place at room
temperature under sunlight illumination, with no need for the addition of an external reducing
agent, albeit in low yield (8% by NMR). Therefore, it is conceivable that a similar process occurs
in the plant itself, or more likely, in dry leaf material that has been exposed to air for

considerable periods of time, with strongly colored phytochemicals (e.g. porphyrins) serving as a
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substitute for rose bengal. This phenomenon may account for the observation of 7-OH in some
samples of Mitragyna speciosa, but not in those analyzed in the present report. Starting from
mitragynine, we also prepared the demethylated, phenolic analog (1 = 9-
hydroxycorynantheidine) via demethylation of mitragynine under nucleophilic conditions

(Scheme S1B).



Svnthesis of Starting Materials

Scheme S2. Synthesis of Starting Materials
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Synthesis of Starting Materials. The required 3,4-dihydro-p-carboline (4) was prepared

in a six step sequence starting from commercially available 4-methoxyindole (Scheme S2A).

The indole was formylated and the resulting aldehyde condensed with nitromethane and reduced

to provide tryptamine S3. Reaction with neat ethyl formate then provided formyltryptamine S4.

Initially, we cyclized S4 directly and then attempted to install the N-tosyl group. However,

tosylation of the 3,4-dihydro-B-carboline proved to be very low yielding. Therefore, the reaction

order was reversed, first tosylating the formyltryptamine, and then cyclizing. Unfortunately,

tosylated tryptamine S5 provided only modest yields in the Bischler-Napieralski reaction under

standard conditions employing POClz. After some optimization however, POBr; was identified

as a more active dehydrating agent, and good yields of the desired B-carboline 4 were obtained.
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The required enone 5 was synthesized according to previously described procedures (Scheme
S2B).2 Briefly, methyl 2-ethyl-3-oxobutanoate was protected and reduced, and the resulting

alcohol S7 was deprotected and eliminated with iodine to provide the desired enone S.
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Svnthesis of Desethylmitragynine Analog 3

Scheme S3. Synthesis of Desethylmitragynine
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Synthesis of Desethylmitragynine. The desethylmitragynine analog 3, was prepared by
an approach analogous to that applied for the synthesis of mitragynine. First, B-carboline 4 was
treated with methyl vinyl ketone in the presence of D-proline to provide ketone S8 in moderate
yield and good ee. Since there was no need to control the stereochemistry of the ethyl group, the
Horner-Wadsworth-Emmons (HWE) reaction was conducted with trimethyl phosphonoacetate,
to provide ene-ester S9 without the complication of transesterification. Unfortunately, on
reduction with magnesium, this material provided the undesired isomer S11 as the major
product. Presumably, with no axial ethyl group to hinder the upper face, the reductant
preferentially approaches from above, yielding the undesired stereochemistry. Nonetheless, a
significant quantity of the desired ester S10 was also obtained, which was successfully
formylated to provide enol S12. Unfortunately, methylation of this compound via the same
procedure used in the mitragynine synthesis provided an extremely low yield of the desired

desethylmitragynine product 3. This failure presumably results from competing methylation of
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the amine to provide a quaternary ammonium salt, a difficulty that has also been encountered in
the synthesis of related alkaloids. In contrast, during methylation of enol 10 (in the mitragynine
synthesis, Scheme 2), the axial ethyl group confers a significant steric shielding effect,

decreasing the reactivity of the nitrogen lone pair.
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Table S3. Ligand-Receptor Interactions Between Mitragyna Alkaloids and MOR as Calculated Using

PyPLIF.
Residues | . tr;-g);'nine i trg;)):nine i trgfg)):nine 7-OH paynantheine | speciogynine | speciociliatine
Y7513 - - - - apolar apolar --
T120%3¢ - apolar -- - -- - -
Q124260 apolar apolar apolar apolar apolar apolar apolar
N127%63 apolar apolar apolar apolar apolar apolar -
W133FCLt apolar apolar apolar apolar apolar apolar -
V143328 apolar apolar apolar - - - -
11443 apolar apolar apolar apolar - - apolar
e | | mem | oo | s s |y
electrostatic electrostatic electrostatic | electrostatic electrostatic electrostatic electrostatic
Y1483 apolar apolar apolar apolar apolar apolar ?1%(())133’
M15133¢ apolar apolar apolar apolar apolar apolar apolar
C2178C12 - apolar - apolar - - apolar
T218ECL2 - - - - - - apolar
L219%ECL2 - - - - - - apolar
V23654 -- -- -- -- apolar - apolar
W293648 apolar apolar apolar apolar apolar apolar apolar
12965 apolar apolar apolar apolar apolar apolar apolar
H2976% apolar - apolar apolar apolar apolar apolar
V300535 apolar - apolar apolar - - -
H31973¢ - - - - apolar apolar --
13227% apolar apolar apolar apolar apolar apolar -
Y3264 apolar apolar apolar apolar apolar apolar apolar




Figure S7. Top-scored docking pose of (-)-mitragynine (green) compared with
agonist BU72 (brown) bound to active MOR crystal structure. Only residue side
chains within 4 A of BU72 are reported. Polar interactions are depicted as dotted
lines. Crystal waters are shown as red sphere. TM helices are shown in cartoon
representation (in gray). ECL2 and part of TM5 have been omitted for clarity.
Residues are labeled using one-letter amino acid code and Ballesteros and
Weinstein’s generic numbering scheme.*

Figure S8. Docking of (+)-mitragynine and speciociliatine to the active MOR crystal structure. Top-
scored binding poses of (A) (+)-mitragynine and (B) speciociliatine. Only residue side chains within 4 A
of the ligand are reported. Polar interactions are shown as dotted lines. TM helices are shown in cartoon
representation (in gray). ECL2 and part of TM5 have been omitted for clarity. Residues are labeled using
one-letter amino acid code and Ballesteros and Weinstein’s generic numbering scheme.*

S16
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Synthetic Procedures

General Considerations. Reagents and solvents were obtained from commercial sources
and were used without further purification unless otherwise stated (including anhydrous
solvents). All reactions were performed in flame-dried glassware under an argon atmosphere
unless otherwise stated, and monitored by TLC using solvent mixtures appropriate to each
reaction. All column chromatography was performed on silica gel (40-63um). For compounds
containing a basic nitrogen, EtsN was often used in the mobile phase in order to provide better
resolution. In these cases, TLC plates were pre-soaked in the EtsN-containing solvent and then
allowed to dry briefly before use in analysis, such that an accurate representation of Ry was
obtained. Nuclear magnetic resonance spectra were recorded on 400 or 500 MHz instruments as
indicated. Chemical shifts are reported as § values in ppm referenced to CDCl3 (‘H NMR = 7.26
and C NMR = 77.16) or (CD3),SO ('"H NMR = 2.50 and '*C NMR = 39.52). Multiplicity is
indicated as follows: s (singlet); d (doublet); t (triplet); q (quartet); dd (doublet of doublets); dt
(doublet of triplets); td (triplet of doublets); m (multiplet); br (broad). In some cases, spectra are
complicated by the presence of multiple conformers, resulting in peak broadening or additional
splitting. As a result of these effects, multiple peaks may correspond to the same proton group or
carbon atom. When possible, this is indicated by an "and" joining two listed peaks or spectral
regions. All carbon peaks are rounded to one decimal place unless such rounding would cause
two close peaks to become identical. In these cases, two decimal places are retained. Low-
resolution mass spectra (LRMS) were recorded on a quadrupole mass spectrometer (ionization
mode: APCI+ or ESI+). High-resolution mass spectra (HRMS) were recorded on a quadrupole

time-of-flight mass spectrometer (ionization mode: ESI+).
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Isolation of Mitragyna speciosa Alkaloids. Dry, finely powdered Mitragyna speciosa
leaves (186 g) (Thai strain, Arena Ethnobotanicals, Del Mar, CA) were extracted repeatedly with
boiling MeOH (4 x 500 mL), vacuum filtering the solids thoroughly between each extraction.
The combined extracts were concentrated to provide a dark green-black solid (56.19 g). This
material was crushed and extracted twice with room temperature 10% aqueous AcOH (2 x 300
mL), filtering each extract through celite (slow). The combined, coffee-colored acidic extracts,
were washed with hexanes (2 x 150 mL) and carefully basified (with ice cooling) to pH 8-9
using concentrated aqueous NaOH (thick tan precipitate forms). The basic mixture was then
extracted thoroughly with CHCIl3 (6 x 200 mL, emulsions), shaking vigorously with each
extraction (not all solids dissolve). The combined organics were washed with water (2 x 400
mL), dried over Na,SO4, and concentrated to yield the crude alkaloid fraction as a foamy brown
solid (3.62 g, 1.9 mass%). TLC analysis of this material revealed four distinct spots
(mitragynine, paynantheine, speciogynine, and speciociliatine in order of increasing polarity), in
addition to baseline. The crude alkaloid mixture was separated by column chromatography (8:2
— 7:3 — 6:4 — 1:1 hexanes:EtOAc + 2% EtN, 2 column volumes each) to provide fractions
containing pure mitragynine (1.38 g), mitragynine + minor paynantheine and speciogynine (0.25
g), paynantheine and speciogynine + minor mitragynine and speciociliatine (0.61 g),
speciociliatine + minor paynantheine and speciogynine (0.20 g), and speciociliatine + minor
impurities (0.20 g). These mixed fractions were further separated by repeated column
chromatography (gradients of hexanes:EtOAc mixtures, with or without 2% Et:N) to provide
additional mitragynine (190 mg), along with pure samples of paynantheine (46 mg),
speciogynine (12 mg), and speciociliatine (148 mg). The total yield of isolated mitragynine was

1.57 g (0.84 mass%), and of total mixed paynantheine, speciogynine, and speciocoliatine was
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1.01 g (0.54 mass%). However, the yields for the pure samples of the minor alkaloids should not
be considered indicative of the quantities contained in the plant material, due to purification
losses.

This isolation procedure was repeated a second time on a larger, separate batch of
powdered Mitragyna speciosa leaves (454 g), scaling quantities appropriately. It should be noted
that in this second extraction, it was found that basification of the aqueous extracts to pH 12
(instead of 8-9) was beneficial, as it prevented the formation of emulsions in the subsequent
CHCI3 extractions. This extraction provided the crude alkaloid fraction as a foamy, greenish-
brown solid (8.03 g, 1.8 mass%). The mixed alkaloids were separated by column
chromatography as before, to provide pure mitragynine (3.33 g, 0.73 mass%) and fractions
containing mixtures of the minor alkaloids (total >3 g). No effort was made to further purify
paynantheine, speciogynine, and speciociliatine from the mixed fractions, but the ratios between
these alkaloids clearly differed from the first extraction, with speciociliatine being significantly
more prevalent.

Mitragynine. Isolated as an amorphous, pale-yellow solid. Spectral and physical
properties were in agreement with those previously reported.>® [a]*p = -136.9 (CHCL); tr =
8.33 min (Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% EtNH, 1 mL/min); 'H
NMR (500 MHz, CDCI3) é 7.71 (br s, 1H), 7.43 (s, 1H), 6.99 (t, J = 7.9 Hz, 1H), 6.90 (d, J =
8.0 Hz, 1H), 6.46 (d, J = 7.7 Hz, 1H), 3.88 (s, 3H), 3.73 (s, 3H), 3.71 (s, 3H), 3.18 — 3.07 (m,
2H), 3.07 — 2.99 (m, 2H), 2.97 (dd, J = 15.5, 4.0 Hz, 1H), 2.92 (dd, J=11.3, 5.8 Hz, 1H), 2.57 —
2.48 (m, 2H), 2.45 (dd, J=11.7, 2.8 Hz, 1H), 1.84 — 1.73 (m, 2H), 1.65 — 1.61 (m, 1H), 1.24 —
1.15 (m, 1H), 0.87 (t, J = 7.4 Hz, 3H); 3C NMR (126 MHz, CDCl3) 8 169.4, 160.7, 154.6,

137.4, 133.9, 121.9, 117.8, 111.6, 108.0, 104.3, 99.9, 61.7, 61.4, 57.9, 55.5, 53.9, 51.5, 40.8,
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40.1, 30.1, 24.1, 19.2, 13.0; LRMS (APCI+) caled. for C23H3N204" [M+H]" 399.23, found
399.06.

Paynantheine. Isolated as an amorphous, pale-pink solid. Spectral and physical
properties were in agreement with those previously reported.” "H NMR (400 MHz, CDCl3) §
7.81 (br s, 1H), 7.33 (s, 1H), 7.00 (t, /= 7.9 Hz, 1H), 6.87 (d, J = 8.0 Hz, 1H), 6.46 (d, J= 7.6
Hz, 1H), 5.64 — 5.52 (m, 1H), 5.00 (dd, J = 17.2, 1.4 Hz, 1H), 4.95 (dd, J = 10.3, 2.0 Hz, 1H),
3.87 (s, 3H), 3.76 (s, 3H), 3.70 (s, 3H), 3.26 (d, J = 11.1 Hz, 1H), 3.23 — 3.12 (m, 1H), 3.11 —
2.96 (m, 4H), 2.76 (td, J=11.8, 3.7 Hz, 1H), 2.59 (td, J=11.2, 4.3 Hz, 1H), 2.29 (t, J=11.9 Hz,
1H), 2.09 (dd, J = 24.5, 12.5 Hz, 1H), 1.98 — 1.91 (m, 1H); LRMS (APCI+) calcd. for
C23H20N204" [M+H]" 397.21, found 397.06.

Speciogynine. Isolated as an amorphous, yellow-tan solid. Spectral and physical
properties were in agreement with those previously reported.® 'TH NMR (400 MHz, CDCl3) §
7.74 (br s, 1H), 7.39 (br s, 1H), 7.02 (t, J= 7.9 Hz, 1H), 6.90 (d, /= 7.8 Hz, 1H), 6.48 (d,J= 7.5
Hz, 1H), 3.90 (s, 3H), 3.75 (br s, 6H), 3.30 — 3.14 (m, 3H), 3.10 (dd, J = 11.3, 5.5 Hz, 1H), 3.06
—2.98 (m, 1H), 2.70 — 2.53 (m, 2H), 2.37 — 2.23 (m, 1H), 2.08 (t, /= 11.0 Hz, 2H), 1.98 (br s,
1H), 1.45 (br s, 1H), 1.06 (br s, 1H), 0.89 (t, J = 7.5 Hz, 3H); LRMS (APCI+) calcd. for
C23H31N204" [M+H]" 399.23, found 399.07.

Speciociliatine. Isolated as an amorphous, orange solid. Spectral and physical properties
were in agreement with those previously reported.® 'H NMR (400 MHz, CDCI3) § 7.70 (br s,
1H), 7.45 (s, 1H), 7.04 (t, J = 7.9 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.50 (d, J = 7.6 Hz, 1H),
4.14 (br s, 1H), 3.92 (s, 3H), 3.81 (s, 3H), 3.70 (s, 3H), 3.28 — 3.10 (m, 2H), 3.10 — 2.96 (m, 2H),

2.96 — 2.88 (m, 2H), 2.79 (dd, J = 10.9, 5.7 Hz, 1H), 2.65 (br s, 1H), 1.97 — 1.88 (m, 1H), 1.77
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(brs, 1H), 1.72 — 1.61 (m, 1H), 1.35 — 1.22 (m, 1H), 0.92 (t, J = 7.3 Hz, 3H); LRMS (APCI+)
caled. for C23H31N204" [M+H]" 399.23, found 399.04.

7-Hydroxymitragynine: PIFA oxidation. To a solution of mitragynine (399 mg, 1.00
mmol) in CH3CN (14 mL) and water (5 mL) at 0 °C, was added a solution of
[bis(trifluoroacetoxy)iodo|benzene (PIFA, 473 mg, 1.10 mmol) in CH3CN (4 mL) dropwise over
4 min, and the resulting orange solution was left to stir. Additional solid PIFA was added in
portions over the next several hours (43.0 mg, 86.0 mg, and 43.0 mg at 1.25 h, 1.75 h, and 2.5 h
respectively). After 3 h, the reaction was poured into saturated aqueous NaHCO3 (40 mL) at 0 °C
and extracted with CH>Cl> (3 x 30 mL). The combined organics were washed with water (30
mL) and brine (30 mL), dried over Na;SO4, and concentrated to provide a dark-brown solid (507
mg). The material was purified by repeated column chromatography (Column 1: 6:4
hexanes:EtOAc + 2% Et;N; Column 2: 8:2 CH>Cl2:Et20; Column 3: 6:4 hexanes:EtOAc + 2%
Et3N) to provide the pure product as a pale-yellow, amorphous solid (121 mg, 29%). Spectral
and physical properties were in agreement with those previously reported.® 'H NMR (400 MHz,
CDCl) 6 7.44 (s, 1H), 7.30 (t, J = 8.0 Hz, 1H), 7.21 (d, J = 7.5 Hz, 1H), 6.74 (d, J = 8.2 Hz,
1H), 3.87 (s, 3H), 3.81 (s, 3H), 3.70 (s, 3H), 3.12 (dd, J=11.1, 2.3 Hz, 1H), 3.08 — 2.97 (m, 2H),
2.88 —2.75 (m, 2H), 2.68 — 2.59 (m, 2H), 2.48 (dd, /= 11.5, 2.5 Hz, 1H), 2.18 (s, 1H), 1.89 (d, J
=13.6 Hz, 1H), 1.76 — 1.63 (m, 2H), 1.62 — 1.56 (m, 1H), 1.30 — 1.18 (m, 1H), 0.82 (t, /= 7.3
Hz, 3H); LRMS (APCI+) calcd. for C23H31N>0s" [M+H]" 415.22, found 415.30.

7-Hydroxymitragynine: Photooxidation Under Air. A solution of mitragynine (319
mg, 0.800 mmol) and rose bengal Na salt (8.0 mg) in MeOH (1.6 mL) was irradiated with a 500
W halogen lamp at 0 °C under air for 32 h. Additional MeOH (5.0 mL) and a solution of Na;SO3

(504 mg, 4.00 mmol) in water (4.5 mL) were both added and the pink mixture was stirred
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vigorously at room temperature until mass spectrometry indicated the disappearance of the
hydroperoxide intermediate (23 h). The reaction was then diluted with water (20 mL) and
extracted with Et,O (3 x 20 mL). The combined organics were washed with water (2 x 20 mL)
and brine (20 mL), dried over Na>SOs, and concentrated to provide a foamy orange solid (215
mg). This material was purified by column chromatography (6:4 hexanes:EtOAc + 2% Et3N) to
provide the pure product as a yellow amorphous solid (114 mg, 34%) with spectral properties
identical to the material obtained from the PIFA oxidation (above).

7-Hydroxymitragynine: Photooxidation Under O2. A solution of mitragynine (20.0
mg, 0.0500 mmol) and rose bengal Na salt (0.5 mg) in MeOH (0.30 mL) was irradiated with a
500 W halogen work lamp at 0 °C under O> atmosphere for 1.5 h. Additional MeOH (0.30 mL)
and a solution of Na>SO3 (30.0 mg, 0.240 mmol) in water (0.27 mL) were both added, and the
pink mixture was stirred vigorously at room temperature until mass spectrometry indicated the
disappearance of the hydroperoxide intermediate (5 h). The reaction was then diluted with water
(2 mL) and extracted with Et,0 (3 x 2 mL). The combined organics were washed with water (2 x
2 mL) and brine (2 mL), dried over Na>SOs, and concentrated to provide a foamy orange-brown
solid (17.9 mg). The yield of product contained in this material was determined by NMR using
mesitylene as an internal standard (58% yield).

Methyl (E)-2-((28,3S,12bS)-3-ethyl-8-hydroxy-1,2,3,4,6,7,12,12b-
octahydroindolo[2,3-a]quinolizin-2-yl)-3-methoxyacrylate (1 = 9-hydroxycorynantheidine).
To a solution of mitragynine (149 mg, 0.375 mmol) in anhydrous CH>Cl> (3.0 mL) at 0 °C was
added aluminum chloride (300 mg, 2.25 mmol) followed by ethanethiol (0.50 mL, 419 mg, 6.75
mmol), and the resulting cloudy brownish-orange mixture was allowed to warm to room

temperature and stirred for 30 min. The reaction was quenched with saturated aqueous NaHCO3
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(30 mL), and the mixture stirred vigorously until all the dark-brown sludge had broken up. The
mixture was then extracted with CH>Cl> (3 x 50 mL), and the combined organics were washed
with water (25 mL), dried over NaxSO4, and concentrated to provide pure product 1 as an
amorphous, pale-brown solid (131 mg, 91%). Spectral and physical properties were in agreement
with those previously reported.® "TH NMR (400 MHz, CDCl3) § 7.70 (br s, 1H), 7.44 (s, 1H),
6.95 — 6.85 (m, 2H), 6.41 (d, J = 7.3 Hz, 1H), 4.92 (br s, 1H), 3.73 (s, 3H), 3.71 (s, 3H), 3.26 —
3.12 (m, 2H), 3.08 — 2.91 (m, 4H), 2.62 — 2.43 (m, 3H), 1.85 — 1.71 (m, 2H), 1.68 — 1.59 (m,
1H), 1.30 — 1.15 (m, 1H), 0.87 (t, J = 7.3 Hz, 3H); 3C NMR (101 MHz, CDCl3) 5 169.4, 160.7,
150.0, 138.0, 134.3, 122.1, 116.8, 111.6, 106.9, 104.5, 104.1, 61.7, 61.4, 57.9, 53.7, 51.5, 40.8,
40.0, 30.1, 23.8, 19.6, 13.0; LRMS (APCI+) caled. for C2oHoN>O4" [M+H]" 385.21, found
385.56.

4-Methoxy-1H-indole-3-carbaldehyde (S1). Phosphoryl chloride (9.61 mL, 105 mmol)
was added slowly over 3 min to anhydrous DMF (60 mL) at 0 °C. A solution of 4-
methoxyindole (10.30 g, 70.00 mmol) in anhydrous DMF (40 mL) was then added slowly over 5
min. The resulting bright yellow suspension was heated to 45 °C and stirred for 1 h. The reaction
was then quenched with ice water (800 mL), and the resulting purplish-brown solution was
washed with Et,O (2 x 100 mL) (Note: If insufficient water is used, a voluminous precipitate
may form during the Et;O washes.). The washed aqueous layer was basified with concentrated
aqueous NaOH (effervescence), resulting in a color change to pale-yellow and slow formation of
a crystalline precipitate (IVote: This precipitate is an adduct of the product and should not be
collected.). The basic mixture was then extracted with Et;,O (3 x 600 mL) (Note: Lesser
quantities of Et2O can be used if the aqueous/organic mixture is left to stir overnight.), and the

combined organics were washed with brine (200 mL), dried over Na>SOs, and concentrated to
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provide the product S1 as a tan crystalline solid (11.69 g, 95%). Spectral and physical properties
were in agreement with those previously reported.” "H NMR (400 MHz, CDCIl3) § 10.51 (s,
1H), 8.96 (br s, 1H), 7.93 (d, J = 3.1 Hz, 1H), 7.22 (t,J = 8.0 Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H),
6.73 (d, J = 7.9 Hz, 1H), 4.01 (s, 3H); 3C NMR (101 MHz, CDCl3) § 188.6, 154.7, 137.9,
128.8,124.5,119.6, 116.3, 105.4, 102.8, 55.5.

(E)-4-Methoxy-3-(2-nitrovinyl)-1H-indole (S2). A mixture of aldehyde S1 (11.68 g,
66.67 mmol) and ammonium acetate (12.85 g, 166.7 mmol) in nitromethane (200 mL) was
refluxed for 30 min and then concentrated to provide a bright orange-red solid (17.27 g). This
material was triturated with water (100 mL), and the wash water was removed by filtration. All
solids were recombined, the water washing procedure was repeated twice more, and the resulting
solids were dried in vacuo. This crude material was then recrystallized from MeOH to provide
several crops of pure product S2 as dark-red needles (or orange-red powder, color dependent on
crystal size) (10.29 g, 71%). Spectral and physical properties were in agreement with those
previously reported.” "TH NMR (400 MHz, (CD3)2S0) § 12.23 (br s, 1H), 8.56 (d, J = 13.3 Hz,
1H), 8.26 (s, 1H), 8.10 (d, J = 13.3 Hz, 1H), 7.17 (t, J = 7.9 Hz, 1H), 7.10 (d, J = 7.6 Hz, 1H),
6.74 (d, J = 7.7 Hz, 1H), 3.95 (s, 3H); '3C NMR (101 MHz, (CD3)280) § 153.6, 138.8, 135.5,
132.2,124.3,115.1, 107.9, 106.0, 102.5, 55.4.

2-(4-Methoxy-1H-indol-3-yl)ethan-1-amine (S3). To a suspension of LiAlH4 (7.00 g,
185 mmol) in anhydrous THF (70 mL) was slowly added a solution of nitrovinylindole S2 (6.28
g, 28.8 mmol) in anhydrous THF (165 mL) with ice cooling over 15 min. The resulting orange-
gray suspension was refluxed for 1 h and then cooled in ice and carefully quenched by the
addition of water (7 mL), 15% aqueous NaOH (7 mL), and water again (21 mL). The mixture

was stirred until the solids were white and loose and then filtered, washing the filter cake with
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several portions of THF (4x). The combined filtrate and washings were concentrated to provide a
pale-brown solid (5.26 g). This material was re-dissolved in CH2Cl> (300 mL), washed with
water (100 mL), and then extracted with 5% aqueous HCI (100 mL) followed by water (2 x 100
mL). The combined acidic extracts were washed with CH>Cl> (100 mL), basified with
concentrated aqueous NaOH, and extracted with CH>Cl> (2 x 100 mL, 50 mL). The combined
organics were washed with brine (100 mL), dried over NaxSO4, and concentrated to yield the
pure product S3 as a pale, grayish-brown solid (4.61 g, 84%). Spectral and physical properties
were in agreement with those previously reported.” '"H NMR (400 MHz, CDCI3) § 8.18 (br s,
1H), 7.08 (t, J = 8.0 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 6.88 (s, 1H), 6.49 (d, J = 7.7 Hz, 1H),
3.92 (s, 3H), 3.01 (s, 4H), 1.36 (br s, 2H); '3C NMR (101 MHz, CDCl3) § 155.02, 138.39,
122.89, 121.09, 117.52, 114.35, 104.61, 99.50, 55.23, 43.43, 31.29.
N-(2-(4-Methoxy-1H-indol-3-yl)ethyl)formamide (S4). A suspension of tryptamine S3
(6.76 g, 35.5 mmol) in ethyl formate (60 mL) was refluxed for 21 h (solids dissolve) and then
concentrated to provide a viscous brown oil. This was dissolved in CH>Cl, (100 mL), washed
with 3% aqueous HCIl (100 mL), saturated aqueous K>CO3 (100 mL), and brine, dried over
Na»SOy4, and concentrated to give the product S4 as a viscous brown oil (7.32 g, 94%). 'TH NMR
(400 MHz, CDC) (spectrum complicated by conformers) ¢ 8.15 (br s, 1H), 8.09 and 7.94 and
7.91 (s, 1H), 7.10 (t, J = 8.0 Hz, 1H), 6.98 and 6.97 (d, J = 8.2, 1H), 6.90 and 6.85 (d, J=2.1 Hz,
1H), 6.512 and 6.505 (d, J= 7.7, 1H), 5.87 and 5.67 (br s, 1H), 3.94 and 3.93 (s, 3H), 3.64 and
3.54 (q,J=6.1 Hz, 2H), 3.10 and 3.05 (t, /= 6.5 Hz, 2H); 3C NMR (126 MHz, CDCl3)  164.9
and 161.4, 154.5, 138.3, 123.1 and 123.0, 121.8 and 121.5, 117.2 and 116.9, 113.1 and 112.1,
104.9, 99.6 and 99.5, 55.2 and 53.6, 43.3 and 39.8, 29.1 and 26.4; LRMS (ESI+) calcd. for

C12H14N2NaO>" [M+Na]" 241.09, found 241.01.
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N-(2-(4-Methoxy-1-tosyl-1H-indol-3-yl)ethyl)formamide (S5). To a solution of
formyltryptamine S4 (7.26 g, 33.3 mmol), p-toluenesulfonyl chloride (11.10 g, 58.21 mmol), and
tetrabutylammonium hydrogensulfate (1.13 g, 3.33 mmol) in CH>Cl> (170 mL) was added 50%
m/m aqueous NaOH (16.6 mL), and the resulting mixture was stirred vigorously at room
temperature for 1 h. The reaction was then diluted with water (200 mL), the organic layer was
separated, and the remaining aqueous layer was extracted with additional CH>Cl, (2 x 50 mL).
The combined organics were washed with water (2 x 150 mL) and brine (150 mL), dried over
NaxSOy4, and concentrated to give a foamy, pale-brown solid (15.1 g). This material was purified
by column chromatography (EtOAc) to provide the product S5 as an off-white solid (6.60 g,
53%). 'TH NMR (400 MHz, CDCI3) (spectrum complicated by conformers) & 8.11 and 7.93 and
7.90 (s, 1H), 7.76 — 7.69 (m, 2H), 7.60 and 7.58 (d, J= 8.0 Hz, 1H), 7.26 — 7.19 (m, 4H), 6.64 (d,
J=28.0 Hz, 1H), 5.59 (br s, 1H), 3.88 (s, 3H), 3.60 and 3.49 (q, J = 6.3 Hz, 2H), 3.01 and 2.99 (t,
J = 6.6 Hz, 2H), 2.34 (s, 3H); 3C NMR (101 MHz, CDCl3) (spectrum complicated by
conformers) & 164.5, 161.2, 154.4, 145.1, 137.2, 135.3, 130.1 and 130.00, 127.0, 126.0, 123.1
and 122.8, 120.1 and 119.8, 107.0, 103.9, 55.5, 42.4 and 38.6, 29.3 and 26.8, 21.7, LRMS
(APCI+) caled. for CioH21N204S™ [M+H]" 373.12, found 373.30.

5-Methoxy-9-tosyl-4,9-dihydro-3 H-pyrido[3,4-b]indole (4). To a solution of protected
tryptamine S5 (6.39 g, 17.16 mmol) in anhydrous CH3CN (86 mL) and anhydrous CH>CL (86
mL) at room temperature was added a solution of phosphoryl bromide (14.76 g, 51.48 mmol) in
anhydrous CH3CN (43 mL) slowly over 5 min. The resulting yellow solution was stirred for 1.75
h and then quenched with water (350 mL). After basification with saturated NH4OH, the mixture
was extracted with EO (175 mL, 2 x 100 mL). The combined organics were washed with water

(100 mL) and brine (100 mL), dried over Na>SOs, and concentrated to provide an orange-brown,
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foamy solid (5.65 g) (Note: The purity of this crude material is the same as after chromatography
as judged by NMR). This was purified by column chromatography (Et;O) to give the pure
product 4 as a crystalline tan solid (4.57 g, 75%). "H NMR (500 MHz, CDCl3) & 8.93 (t, J=2.2
Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.67 — 7.62 (m, 2H), 7.32 (t, /= 8.3 Hz, 1H), 7.17 (d, J = 8.0
Hz, 2H), 6.64 (d, J = 8.0 Hz, 1H), 3.85 (s, 3H), 3.81 — 3.74 (m, 2H), 2.99 —2.92 (m, 2H), 2.32 (s,
3H); 3C NMR (126 MHz, CDClL3) § 155.4, 151.1, 145.2, 138.2, 134.9, 129.9, 128.4, 127.7,
126.8, 126.2, 118.2, 107.9, 104.6, 55.5, 47.6, 21.7, 20.8; LRMS (APCI+) caled. for
Ci9H19N203S* [M+H]" 355.11, found 354.80.

Methyl 2-(2-methyl-1,3-dioxolan-2-yl)butanoate (S6). A mixture of methyl 2-ethyl-3-
oxobutanoate (86.5 g, 600 mmol), ethylene glycol (44.5 mL, 49.5 g, 798 mmol), and p-
toluenesulfonic acid monohydrate (50 mg) in toluene (190 mL) was refluxed for 17 h, removing
water with a Dean-Stark trap. The reaction mixture was then washed with 5% aqueous NaHCO3
(100 mL), water (100 mL), and brine (100 mL), dried over Na>xSO4, and concentrated to provide
ketal ester S6 as a pale-yellow oil (108 g) containing residual starting material and toluene (93.0
g, 82%, corrected for impurities). "H NMR (400 MHz, CDCl3) § 4.05 — 3.88 (m, 4H), 3.71 (s,
3H), 2.58 (dd, J=11.4,3.7 Hz, 1H), 1.82 — 1.70 (m, 1H), 1.70 — 1.61 (m, 1H), 1.39 (s, 3H), 0.89
(t,J=7.4 Hz, 3H); 3C NMR (126 MHz, CDCl3) 5 173.4, 109.8, 64.91, 64.89, 56.3, 51.8, 21.59,
21.56, 12.5; LRMS (APCI+) caled. for CoH1704" [M+H]" 189.11, found 189.06.

2-(2-Methyl-1,3-dioxolan-2-yl)butan-1-ol (S7). To a suspension of LiAlH4 (14.69 g,
387 mmol) in anhydrous Et;O (46 mL) at 0 °C was slowly added a solution of ketal ester S6 (387
mmol, 72.9 g = 84.4 g of crude corrected for toluene and starting material impurities) in
anhydrous Et20O (182 mL) over 1.25 h. The resulting mixture was refluxed for 1 h and then

quenched by the careful addition of water (14.7 mL), 15% aqueous NaOH (29.4 mL), and water
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again (14.7 mL). The mixture was stirred until the solids were white and loose and then filtered,
washing the filter cake with several portions of Et2O. The filtrate was washed with water (100
mL) and brine (100 mL), dried over Na>SOs, and concentrated to give ketal alcohol S7 as a pale-
yellow oil (60.93 g, 98%). Spectral and physical properties were in agreement with those
previously reported.>!* TH NMR (400 MHz, CDCI3) § 3.99 — 3.92 (m, 4H), 3.70 — 3.57 (m, 2H),
2.71 (brs, 1H), 1.71 — 1.64 (m, 1H), 1.60 — 1.48 (m, 1H), 1.28 (s, 3H), 1.23 — 1.08 (m, 1H), 0.95
(t, J = 7.4 Hz, 3H); 3C NMR (101 MHz, CDCl3) & 113.2, 64.6, 64.4, 62.3, 49.9, 20.7, 19.9,
12.7; LRMS (APCI+) calcd. for CsHi703" [M+H]" 161.12, found 161.58.
3-Methylenepentan-2-one (5). A mixture of the ketal alcohol S7 (59.9 g, 374 mmol),
water (136 mL), EtOH (13.6 mL), and 37% aqueous HCI (0.39 mL) was refluxed for 50 min.
The mixture was then cooled to room temperature, neutralized with 2M aqueous NaOH, and
saturated with (NH4)2SO4 to salt out the product. The resulting heterogeneous mixture (yellow
oil on top) was extracted with Et,0O (2 x 200 mL) and the combined organics were dried over
NaxSO4 and concentrated to provide the intermediate keto alcohol as a yellow oil (42.8 g)
containing ~10 mass% ethylene glycol impurity, which was used directly in the next step.

Iodine (2.88 g) was placed in a distillation apparatus and the boiling flask was preheated
to 175 °C. The crude keto alcohol was then added slowly over ~30 min by syringe while the
product distilled over continuously at 84 - 110 °C. The collected distillate (32.73 g) contained a
cloudy yellow upper layer (product) and a colorless lower layer (water). After careful removal of
the water layer, the crude product was obtained (25.49 g). A generous quantity of Na;SO4 was
added to this material and it was redistilled through a 19 cm Vigreux column. The fraction
distilling at 110 - 120 °C contained pure enone 5 as a very pale-yellow liquid (17.40 g, 47% over

2 steps). Spectral and physical properties were in agreement with those previously reported.>!!
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Bp 118 °C; 'H NMR (400 MHz, CDCI3) 8 5.98 (s, 1H), 5.74 (t, J = 1.4 Hz, 1H), 2.32 (s, 3H),
2.31 — 2.22 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H); '3C NMR (101 MHz, CDCl) § 200.0, 150.8,
124.0, 26.1, 23.6, 12.7.

General Procedure for Preparation of 3-Ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-
hexahydroindolo|2,3-a]quinolizin-2(1H)-ones (6 and 7). Carboline 4 (1 equivalent), enone 5
(3 equivalents), and proline (1 equivalent, D-proline for 6/7S, L-proline for 6/7R) were dissolved
in anhydrous DMSO (0.0200 M, based on 4), and the mixture was stirred until TLC indicated the
disappearance of 4 (3-6 days). The reaction was then diluted with 4x its volume of water, made
slightly basic with saturated aqueous NaHCO3, and extracted with CH2Clz (3x). The combined
organics were washed with saturated aqueous NaHCO3 and brine, dried over Na;SO4, and
concentrated to provide the crude product as a sticky brown solid or yellow foam (depending on
quantity of residual DMSO). The ratio of diastereomers 6 and 7 in the crude product was
determined by NMR (key peaks 4.54 ppm = 6 and 4.14 ppm = 7), and these were then separated
by column chromatography (6:4 hexanes:EtOAc, 4 column volumes — 1:1 hexanes:EtOAc, 2
column volumes). The enantiomeric excess of each product was determined by chiral HPLC
(Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% Et:NH, 1 mL/min).

Note 1: Some of the fractions contained a mixture of diastereomers and thus, running a
second chromatography column allowed for higher isolated yields of product 6 if desired.

Note 2: Early chromatographic fractions containing only compound 7 were invariably
contaminated with an inseparable impurity. Due to the low ee of 7, this diastereomer was not

used in the following steps and no further efforts were made to isolate pure samples.
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Note 3: Yield and diastereoselectivity were found to vary significantly in several trials,
mostly dependent on the prior purification of carboline 4 (purification of 4 by column
chromatography required for highest yield and selectivity for 6).

(35,12bS)-3-Ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-
a]quinolizin-2(1H)-one (6S). The product was prepared according to the general procedure
using D-proline and obtained as an amorphous, pale-yellow solid (40% [91% ee], 44% [92% ee],
and 59% [2 columns, 95% ee] isolated in three individual trials). [a]*p = 67.7 (CHCl3); tr =
6.86 min (Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% EtNH, 1 mL/min); 'H
NMR (400 MHz, CDCI3) 6 7.67 (d, J = 8.3 Hz, 1H), 7.49 (d, J = 8.3 Hz, 2H), 7.15 (t, J= 8.2
Hz, 1H), 7.09 (d, J = 8.1 Hz, 2H), 6.61 (d, J = 8.0 Hz, 1H), 4.54 (d, J = 10.7 Hz, 1H), 3.81 (s,
3H), 3.43 (dd, J=13.0, 6.2 Hz, 1H), 3.32 — 3.21 (m, 2H), 3.13 (dt, J = 16.4, 3.9 Hz, 1H), 3.02 —
2.81 (m, 3H), 2.61 — 2.49 (m, 2H), 2.27 (s, 3H), 1.99 — 1.86 (m, 1H), 1.31 — 1.17 (m, 1H), 0.97
(t, J = 7.5 Hz, 3H); 3C NMR (101 MHz, CDCl3) § 208.5, 154.2, 144.7, 138.9, 134.7, 134.3,
129.7, 126.6, 125.7, 120.1, 119.4, 108.8, 104.9, 59.9, 59.1, 55.5, 48.5, 45.9, 45.8, 24.9, 21.7,
19.5, 11.9; LRMS (APCI+) calcd. for CasHoN204S™ [M+H]" 453.18, found 453.39.

(3R,12bR)-3-Ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo|2,3-
a]quinolizin-2(1H)-one (6R). The product was prepared according to the general procedure
using L-proline and obtained as an amorphous, pale-yellow solid (39% isolated, 93% ee) having
spectral properties identical to the opposite enantiomer 6S. [a]*p = -66.8 (CHCI3); tr = 8.93 min
(Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% EttNH, 1 mL/min).

(3R,12bS)-3-Ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo|2,3-
a]quinolizin-2(1H)-one (7S). The product was prepared according to the general procedure

using D-proline and obtained as an amorphous, pale-yellow solid containing significant
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impurities (74% and 65% ee in two individual trials). tr = 6.43 min (Daicel Chiralcel OD
column, 8:2 hexanes:iPrOH + 0.20% Et;NH, 1 mL/min); "H NMR (500 MHz, CDCls) (Peak list
excludes impurity peaks) & 7.66 (d, J = 8.3 Hz, 1H), 7.46 (d, J= 8.2 Hz, 2H), 7.16 (t, J = 8.2 Hz,
1H), 7.08 (d, J = 8.1 Hz, 2H), 6.61 (d, J = 8.1 Hz, 1H), 4.14 (d, J = 8.5 Hz, 1H), 3.80 (s, 3H),
3.42 (dd, J=15.0, 2.4 Hz, 1H), 3.11 (dd, J=11.5, 5.6 Hz, 1H), 3.06 —2.97 (m, 3H), 2.82 (d, J =
17.1 Hz, 1H), 2.65 — 2.57 (m, 1H), 2.52 — 2.45 (m, 1H), 2.41 (br s, 1H), 2.29 (s, 3H), 1.89 - 1.79
(m, 1H), 1.69 — 1.61 (m, 1H), 0.94 (t, J = 7.4 Hz, 3H); LRMS (ESI+) calcd. for C2sH2oN>04S™
[M+H]" 453.18, found 453.23.
(3S,12bR)-3-Ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo|2,3-
a]quinolizin-2(1H)-one (7R). The product was prepared according to the general procedure
using L-proline and obtained as an amorphous, pale-yellow solid containing significant
impurities (74% ee) and having spectral properties identical to the opposite enantiomer 7. tr =
10.52 min (Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% EttNH, 1 mL/min).
Methyl  2-((12bS)-3-ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo|[2,3-
a]quinolizin-2(1H)-ylidene)acetates (8E, 87, 9). To a suspension of NaH (596 mg of 60% in
oil, 1490 mmol) in anhydrous 1,2-dimethoxyethane (8.0 mL) was added methyl
diethylphosphonoacetate (1.95 mL, 2.24 g, 10.64 mmol) dropwise over 5 min at 0 °C, and the
mixture was then stirred for 5 min. Ketone 65 (602 mg, 1.33 mmol) was then added all at once,
and the resulting yellow mixture was allowed to warm to room temperature and stirred for 3 h.
The reaction was quenched with water (50 mL) and extracted with EtcO (3 x 50 mL). The
combined organics were washed with water (25 mL) and brine (25 mL), dried over Na>SO4, and
concentrated to give a viscous yellow oil. This was purified by repeated column chromatography

(Column 1: 20:1 CH2CL:EtO, 5 column volumes — 9:1 CH2CL:EtO, 4 column volumes;
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Column 2: 8:2 — 7:3 — 6:4 hexanes:EtOAc, 2 column volumes each — 1:1 hexanes:EtOAc, 4
column volumes) to provide a mixture of Z and E ene-esters with (35, 12bS) stereochemistry, 8E
and 87 (254 mg, 1.6:1 E:Z, 27 mol% ethyl esters, 37% yield), and the E ene-ester with (3R,
12bS) stereochemistry, 9 (182 mg, 27 mol% ethyl ester, 27% yield), both as amorphous, pale-
yellow solids.

Note I: If desired, 8F and 8Z may also be separated by column chromatography (order of
elution on silica = 87 [least polar], 8E, 9 [most polar]), but this is unnecessary as both are
converted to the same product following reduction (see preparation of 2 below).

Note 2: The NMR peaks for the ethyl ester impurities of each product overlap, except for
those peaks corresponding to the ethyl group itself.

Methyl (E)-2-((3S5,12bS)-3-ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-
hexahydroindolo|2,3-a]quinolizin-2(1H)-ylidene)acetate (8E). This product may be obtained
as an amorphous, pale-yellow solid from the mixture of 8E and 8Z by additional
chromatography, but is invariably contaminated with a quantity of the ethyl ester analog. 'H
NMR (500 MHz, CDCl3) 6 7.67 (d, J = 8.3 Hz, 1H), 7.45 (d, J = 7.7 Hz, 2H), 7.13 (t, J= 8.2
Hz, 1H), 7.04 (d, J = 7.6 Hz, 2H), 6.59 (d, J = 8.0 Hz, 1H), 5.73 (s, 1H), 4.56 (d, J = 13.3 Hz,
1H), 3.83 — 3.71 (m, 1H), 3.78 (s, 6H), 3.05 — 2.89 (m, 4H), 2.73 (d, J = 16.0 Hz, 1H), 2.64 —
2.55 (m, 1H), 2.26 (s, 3H), 2.24 — 2.11 (m, 2H), 1.80 — 1.69 (m, 1H), 1.69 — 1.62 (m, 1H), 0.87
(t, J= 7.4 Hz, 3H); ethyl ester peaks: 4.25 (q, J = 7.1 Hz, 2H), 1.36 (t, J = 7.1 Hz); 3C NMR
(126 MHz, CDCl3) 6 167.0, 159.8, 154.0, 144.3, 140.0, 135.7, 133.9, 129.2, 126.9, 125.4, 122.6,
120.8, 116.2, 109.7, 105.2, 61.2, 59.9, 55.4, 51.3, 50.7, 47.8, 33.5, 26.5, 25.7, 21.7, 12.4; LRMS

(ESI+) caled. for C23H33N205S™ [M+H]" 509.21, found 509.30.
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Methyl (£)-2-((35,12bS)-3-ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-
hexahydroindolo|2,3-a]quinolizin-2(1H)-ylidene)acetate (82). This product may be obtained
as an amorphous, pale-yellow solid from the mixture of 87 and 8E by additional
chromatography, but is invariably contaminated with a quantity of the ethyl ester analog. 'H
NMR (500 MHz, CDCl3) 6 7.68 (d, J = 8.3 Hz, 1H), 7.44 (d, J = 8.0 Hz, 2H), 7.15 (t, J = 8.2
Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H), 6.60 (d, J = 8.1 Hz, 1H), 5.91 (s, 1H), 3.85 — 3.79 (m, 1H),
3.78 (s, 3H), 3.75 — 3.70 (m, 1H), 3.70 (s, 3H), 3.17 (d, J = 12.7 Hz, 1H), 3.04 — 2.91 (m, 3H),
2.85-2.79 (m, 1H), 2.73 (d, J = 16.5 Hz, 1H), 2.60 — 2.52 (m, 1H), 2.44 (t, J = 11.6 Hz, 1H),
2.27 (s, 3H), 1.78 — 1.66 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H); ethyl ester peaks: 4.19-4.11 (m, 2H),
1.28 (t, J = 7.1 Hz); BC NMR (126 MHz, CDCl3) § 167.3, 163.1, 154.1, 144.6, 139.9, 135.2,
133.6, 129.3, 126.9, 125.5, 122.9, 120.9, 115.4, 109.7, 105.4, 62.3, 59.1, 55.5, 50.9, 50.6, 40.3,
39.7, 26.3, 25.6, 21.7, 12.1; LRMS (ESI+) calcd. for CasH33N>0sS™ [M+H]™ 509.21, found
509.38.

Methyl (E)-2-((3R,12bS)-3-ethyl-8-methoxy-12-tosyl-3,4,6,7,12,12b-
hexahydroindolo|2,3-a]quinolizin-2(1H)-ylidene)acetate (9). Obtained as an amorphous, pale-
yellow solid, invariably contaminated with a quantity of the ethyl ester analog. "H NMR (500
MHz, CDCl3)  7.68 (d, J= 8.3 Hz, 1H), 7.50 (d, J = 8.1 Hz, 2H), 7.14 (t, J = 8.2 Hz, 1H), 7.08
(d, J= 8.2 Hz, 2H), 6.60 (d, J = 8.0 Hz, 1H), 5.67 (s, 1H), 4.45 (d, J=13.1 Hz, 1H), 4.34 (brd, J
=7.3 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.33 (dd, J = 12.8, 4.4 Hz, 1H), 3.30 — 3.20 (br m, 1H),
3.10 (d, J=16.3 Hz, 1H), 2.96 — 2.85 (br m, 1H), 2.85 — 2.73 (br m, 2H), 2.41 — 2.32 (br m, 1H),
2.26 (s, 3H), 2.25 - 2.19 (m, 1H), 1.75 — 1.64 (m, 1H), 1.35 — 1.23 (m, 1H), 1.01 (t, /= 7.4 Hz,
3H); ethyl ester peaks: 4.27 (q, J = 7.2 Hz, 2H), 1.35 (t, J = 7.1 Hz); 3C NMR (101 MHz,

CDCl) 6 167.7, 154.2, 144.5, 138.9, 135.2, 134.9, 129.6, 126.7, 125.4, 120.1, 119.0, 112.9,
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108.9, 104.8, 61.5, 59.8, 55.5, 51.5, 45.6, 40.9, 34.0, 24.7, 22.1, 21.7, 11.8; LRMS (ESI+) calcd.
for C23H33N205S™ [M+H]" 509.21, found 509.30.

Methyl 2-((2R,3S,12bS)-3-ethyl-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo|2,3-
a]quinolizin-2-yl)acetate (2). To a solution of mixed ene-esters 8E and 87 (248 mg, 1.6:1 E:Z,
27 mol% ethyl esters, 0.484 mmol) in anhydrous MeOH (11.6 mL) were added Mg turnings (235
mg, 9.68 mmol) and NH4Cl (118 mg, 2.20 mmol), and the mixture was stirred vigorously for
1.33 h at room temperature (effervescence). The reaction was then quenched with saturated
aqueous NH4Cl (20 mL) and water (20 mL) and extracted with CH>Cl (3 x 20 mL). The
combined organics were washed with saturated aqueous NaHCO3 (20 mL) and brine (20 mL),
dried over Na>xSO4, and concentrated to give a pale, yellow-olive foam (167 mg). This material
was purified by column chromatography (7:3 CH2Cl2:Et20) to provide compound 2 as a pale,
yellow-green amorphous solid contaminated with the ethyl ester analog (88.5 mg, 23 mol% ethyl
ester, 51% yield). A quantity of this mixed ester material (87.4 mg, 0.243 mmol) was dissolved
in freshly prepared 1M sodium methoxide in MeOH (5.0 mL), and the solution was stirred for 1
h at room temperature. The reaction was then diluted with CH>Cl, (50 mL), washed with water
(2 x 25 mL) and brine (10 mL), dried over Na2SO4 and concentrated to provide pure methyl ester
2 as a pale, yellow-green amorphous solid (90.9 mg, quantitative for transesterification, 51%
over 2 steps). Spectral and physical properties were in agreement with those previously
reported.’ '"H NMR (500 MHz, CDCls) § 7.80 (br s, 1H), 7.00 (t, J = 7.9 Hz, 1H), 6.89 (d, J =
8.0 Hz, 1H), 6.46 (d, J= 7.7 Hz, 1H), 3.88 (s, 3H), 3.73 (s, 3H), 3.24 (d, /= 9.5 Hz, 1H), 3.15 -
3.06 (m, 1H), 3.03 — 2.89 (m, 3H), 2.57 (td, J = 11.6, 4.2 Hz, 1H), 2.43 — 2.33 (m, 2H), 2.33 —
2.21 (m, 2H), 1.89 (d, J = 12.6 Hz, 1H), 1.72 — 1.58 (m, 1H), 1.58 — 1.42 (m, 2H), 1.30 — 1.19

(m, 1H), 0.92 (t, J = 7.3 Hz, 3H); 3C NMR (126 MHz, CDCl3) 5 173.8, 154.6, 137.5, 133.4,
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122.0, 117.7, 108.1, 104.4, 99.9, 60.0, 57.6, 55.4, 53.8, 51.7, 40.1, 38.1, 36.9, 32.0, 23.9, 18.3,
12.6; LRMS (APCI+) calcd. for C21H2oN>O3" [M+H]" 357.22, found 356.64.

Methyl  2-((25,35,12bS)-3-ethyl-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-
a]quinolizin-2-yl)-3-hydroxyacrylate (10). To a solution of diisopropylamine (115 pL, 82.3
mg, 0.813 mmol, 99.95% re-distilled grade) in anhydrous THF (1.7 mL, freshly distilled from
Na/benzophenone) at -78 °C was added n-BuLi (2.5 M in hexanes, 325 pL, 0.813 mmol). The
resulting solution was stirred at -78 °C for 5 min and then warmed to 0 °C and stirred for 30 min.
The reaction was then cooled back to -78 °C and a solution of ester 2 (85.6 mg, 0.240 mmol) in
anhydrous THF (1.7 mL, freshly distilled from Na/benzophenone) was added dropwise over 5
min. After stirring the orange solution for 1 h at -78 °C, anhydrous methyl formate (1.69 mL,
1.65 g, 27.4 mmol, freshly distilled from P>Os) was added, and the mixture was warmed to 0 °C
and stirred for 45 min. The reaction was then quenched with water (35 mL), made strongly basic
with 10% aqueous NaOH (15 mL), and extracted with Et,O (3 x 10 mL). The aqueous layer was
then neutralized to pH 7 with 10% aqueous HCI and extracted with CH>Cl, (4 x 25 mL). The
Et,0 and CH>Cl extracts were combined, dried over Na;SOs, and concentrated to provide a
viscous, yellow-orange oil (180 mg). This crude product was purified by column
chromatography (9:1 CH2Cl:EtO + 2% Et3N) to give a pale-yellow glass. This material was
then dissolved in CH>Cl, (30 mL), washed with saturated aqueous NaHCO3 (5 mL) and brine (5
mL), dried over Na;SOs, and concentrated to yield pure enol 10 as an amorphous, pale-yellow
solid (52.7 mg, 57%). '"H NMR (500 MHz, CDCIl3) (spectrum extremely complex due to
mixture of tautomers and £/Z enol) 6 11.76 (br s, 0.35H), 9.77 — 9.64 (m, 0.40H), 8.00 — 7.68 (m,
1.2H), 7.09 — 6.97 (m, 1H), 6.94 — 6.85 (m, 1.35H), 6.51 — 6.42 (m, 1H), 4.02 — 3.93 (m, 0.25H),

3.93 —3.61 (m, 6H), 3.61 — 3.53 (m, 0.20H), 3.44 — 3.31 (m, 0.50H), 3.27 — 2.82 (m, SH), 2.77 —
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2.34 (m, 3H), 2.10 — 1.93 (m, 0.50H), 1.83 — 1.66 (m, 2H), 1.62 — 1.40 (m, 1.7H), 1.33 — 1.21
(m, 1H), 1.21 — 1.09 (m, 1H), 0.97 — 0.81 (m, 3H); '*C NMR (126 MHz, CDCl3) (spectrum
extremely complex due to mixture of tautomers and E/Z enol) d 197.9, 196.9, 172.7, 171.6,
169.5, 169.0, 162.8, 161.4, 154.62, 154.57, 138.0, 137.4, 133.1, 132.7, 131.2, 122.9, 122.23,
122.17, 117.7, 117.6, 117.5, 116.8, 108.42, 108.35, 107.6, 106.8, 105.6, 104.44, 104.38, 100.1,
100.0, 62.4, 61.8, 60.9, 60.3, 60.1, 58.0, 57.6, 57.4, 56.0, 55.43, 55.39, 55.35, 53.6, 52.7, 52.6,
51.8,51.23,51.15, 46.2, 40.0, 39.6, 39.2, 38.4, 38.0, 37.8, 37.6, 33.9, 30.1, 29.8, 29.7, 25.2, 24.0,
22.3,18.3, 18.2, 17.8, 12.8, 12.6, 12.2, 12.0; LRMS (APCI+) caled. for C2oHxoN>O4" [M+H]*
385.21, found 384.50.

(-)-Mitragynine and (Z)-mitragynine (11) (synthetic). To enol 11 (50.4 mg, 0.131
mmol) was added anhydrous Et;O (2.5 mL) followed by freshly prepared 1M sodium methoxide
in anhydrous MeOH (131 pL, 0.131 mmol), and the resulting solution was concentrated to give a
foamy, yellow-beige solid. This material (presumed Na enolate) was dissolved in anhydrous
benzene (6.6 mL), a solution of 1M dimethyl sulfate in anhydrous benzene (131 pL, 0.131
mmol) was added, and the resulting yellow solution was stirred at room temperature for 16 h.
Additional 1M dimethyl sulfate in benzene (19.7 puL, 0.0197 mmol) was then added and stirring
was continued for a further 4 h. At this time, the reaction was diluted with EtO (50 mL) and
washed with 5% aqueous NaOH (30 mL) and brine (30 mL), dried over Na;SOs, and
concentrated to provide a foamy, yellow-tan solid (43 mg). This material was purified by
preparative TLC (1 mm silica layer, 20 x 20 cm plate, 1:1 hexanes:EtOAc + 2% Et3N) to provide
pure, fully synthetic, (-)-mitragynine (14.2 mg, 27%) and (£)-mitragynine (11, 16.0 mg, 31%),

both as amorphous, pale-yellow solids.
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(-)-Mitragynine. Fully synthetic mitragynine was obtained as an amorphous, pale-yellow
solid (14.2 mg, 27%) having spectral properties identical to the natural product. tr = 8.36 min
(Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% EtNH, 1 mL/min).

(Z)-Mitragynine = methyl (£)-2-((25,35,12bS)-3-ethyl-8-methoxy-1,2,3,4,6,7,12,12b-
octahydroindolo[2,3-a]quinolizin-2-yl)-3-methoxyacrylate (11). The Z-isomer of mitragynine
was obtained as an amorphous, pale-yellow solid (16.0 mg, 31%). tr = 8.69 min (Daicel
Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% Et;NH, 1 mL/min); '"H NMR (500 MHz,
CDCl) 6 7.84 (br s, 1H), 7.01 (t, J= 7.9 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 6.47 (d, J= 7.8 Hz,
1H), 6.15 (s, 1H), 3.88 (s, 3H), 3.79 (s, 3H), 3.77 (s, 3H), 3.24 (dd, /= 10.7, 1.5 Hz, 1H), 3.14 —
3.04 (m, 1H), 3.01 (dd, J = 11.6, 2.1 Hz, 1H), 2.99 — 2.90 (m, 3H), 2.55 (td, J = 11.4, 4.2 Hz,
1H), 2.47 (dd, J=11.5, 2.2 Hz, 1H), 1.75 — 1.59 (m, 3H), 1.59 — 1.48 (m, 1H), 1.28 — 1.17 (m,
1H), 0.86 (t, J = 7.4 Hz, 3H); 3C NMR (126 MHz, CDCl3) § 167.4, 156.0, 154.7, 137.5, 133.3,
122.2,117.7,111.2, 108.5, 104.3, 100.0, 62.1, 60.7, 57.9, 55.4, 53.6, 51.6, 39.9, 39.1, 30.4, 24.1,
18.3, 12.8; LRMS (APCI+) caled. for C23H31N204" [M+H]" 399.23, found 398.41.

(+)-Mitragynine. The unnatural enantiomer of mitragynine was prepared from ketone 6R
according to the same procedures described above for the natural product and obtained as an
amorphous, pale-yellow solid (1.2 mg, purified by preparative TLC) having spectral properties
identical to the opposite enantiomer. Chiral HPL.C with this material both alone, and mixed with
natural (-)-mitragynine, confirmed the opposite stereochemistry. tr = 7.73 min (Daicel Chiralcel
OD column, 8:2 hexanes:iPrOH + 0.20% EttNH, 1 mL/min).

(S)-8-Methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo|2,3-a]quinolizin-2(1H)-one
(S8). To a solution of carboline 4 (2.34 g, 6.60 mmol) and D-proline (760 mg, 6.60 mmol) in

anhydrous DMSO (330 mL) was added methyl vinyl ketone (3.21 mL, 2.78 g, 39.6 mmol,
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freshly distilled), and the resulting yellow solution was stirred at room temperature for 4 days
(turns orange-brown). The reaction was then diluted with water (900 mL), saturated aqueous
NaHCOs (100 mL) was added, and the mixture was extracted with Et;O (400 mL, 2 x 200 mL).
The combined organics were washed with saturated aqueous NaHCO3 (150 mL) and brine (150
mL), dried over NapSOy4, and concentrated to give an orange foam (2.75 g). This material was
purified by column chromatography (7:3 EtOAc:hexanes, 5 column volumes — 9:1
EtOAc:hexanes, 2 column volumes — EtOAc, 3 column volumes) to provide pure ketone S8 as
a pale-yellow, amorphous solid (1.57 g, 56%). The enantiomeric excess (91%) was determined
by chiral HPLC (Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20% Et;NH, 1 mL/min).
Note (purification of MVK): Methyl vinyl ketone was allowed to stand over pre-dried
K>CO3 (heated under vacuum) for 45 min and then decanted and distilled at atmospheric
pressure under argon. The fraction distilling at 78-87 °C was collected as a colorless liquid in a
receiving flask containing ~0.05 mass% hydroquinone as stabilizer.
[a]**p = 88.4; tr(S) = 11.16 min (Daicel Chiralcel OD column, 8:2 hexanes:iPrOH + 0.20%
EtNH, 1 mL/min); tr(R) = 14.81 min (same method); 'H NMR (500 MHz, CDCl3) § 7.67 (d, J
= 8.4 Hz, 1H), 7.49 (d, J = 8.4 Hz, 2H), 7.16 (t, J = 8.2 Hz, 1H), 7.10 (d, J = 8.2 Hz, 2H), 6.62
(d, J = 8.1 Hz, 1H), 4.47 (dd, J = 10.1, 1.2 Hz, 1H), 3.82 (s, 3H), 3.45 — 3.38 (m, 1H), 3.35 —
3.29 (m, 1H), 3.29 — 3.19 (m, 2H), 3.15 — 3.08 (m, 1H), 2.98 — 2.90 (m, 1H), 2.80 (dt, J = 10.8,
5.2 Hz, 1H), 2.73 — 2.65 (m, 1H), 2.52 (dd, J = 14.6, 11.4 Hz, 1H), 2.39 — 2.33 (m, 1H), 2.28 (s,
3H); BC NMR (126 MHz, CDCl3) & 207.7, 154.2, 144.8, 139.0, 134.5, 134.3, 129.7, 126.6,
125.7, 120.1, 119.9, 108.9, 105.0, 58.3, 55.5, 53.8, 46.1, 46.0, 39.0, 24.9, 21.7; LRMS (APCI+)

caled. for C23HasN204S™ [M+H]' 425.15, found 424.66.
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Methyl (S)-2-(8-methoxy-12-tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-
2(1H)-ylidene)acetate (S9). To a suspension of NaH (210 mg of 60% in oil, 5.26 mmol) in
anhydrous 1,2-dimethoxyethane (20 mL) at 0 °C was added trimethyl phosphonoacetate (609 pL,
685 mg, 3.76 mmol) slowly over 5 min (effervescence), and the thick white slurry was stirred for
10 min. Ketone S8 (200 mg, 0.470 mmol) was then added all at once, and the resulting beige
mixture was allowed to warm to room temperature and stirred for 2 h. At this time, the reaction
was quenched with water (50 mL) and extracted with Et,O (50 mL, 25 mL). The combined
organics were washed with water (25 mL) and brine (25 mL), dried over NaxSO4, and
concentrated to provide a pale-yellow, foamy solid (270 mg). This material was purified by
column chromatography (EtOAc) to yield a mixture of the £ and Z ene-esters S9 as a pale-
yellow amorphous solid (185 mg, 82%, ~1:1 E:Z). '"H NMR (400 MHz, CDCl3) (spectrum
complicated by mixture of £ and Z isomers, peaks corresponding to analogous protons in the two
isomers joined with "and") 6 7.72 — 7.65 (m, 1H), 7.54 — 7.45 (m, 2H), 7.17 — 7.10 (m, 1H), 7.10
—7.04 (m, 2H), 6.64 — 6.55 (m, 1H), 5.89 and 5.74 (s, 1H), 4.50 (d, J=13.9 Hz, 0.5H), 4.26 (t, J
=11.8 Hz, 1H), 3.83 — 3.75 (m, 0.5H), 3.80 (s, 3H), 3.77 and 3.70 (s, 3H), 3.33 — 2.99 (m, 4.5H),
2.94 - 2.83 (m, 1H), 2.79 — 2.69 (m, 1H), 2.62 (td, J = 13.0, 5.2 Hz, 0.5H), 2.43 (t, /= 11.9 Hz,
0.5H), 2.38 — 2.19 (m, 1H), 2.27 and 2.26 (s, 3H), 2.11 (d, J = 13.1 Hz, 0.5H); 3C NMR (101
MHz, CDCL) (spectrum complicated by mixture of £ and Z isomers, peaks corresponding to
analogous carbons in the two isomers joined with "and") 8 167.4 and 166.9, 159.5 and 157.0,
154.2 and 154.1, 144.7 and 144.5, 139.0, 135.3 and 134.8, 134.7 and 134.5, 129.7 and 129.6,
126.7 and 126.6, 125.5 and 125.4, 120.2, 119.8 and 119.4, 115.2 and 114.3, 108.91 and 108.85,

105.0 and 104.8, 59.9 and 58.8, 55.7 and 55.6, 55.44 and 55.42, 51.3 and 51.0, 45.7 and 45.5,
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40.6 and 33.6, 33.1 and 26.8, 24.7 and 21.6; LRMS (APCI+) caled. for C26H2oN>OsS™ [M+H]*
481.18, found 480.24.

Methyl 2-((12bS)-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo|[2,3-a]quinolizin-2-
yDacetates (S10 and S11). To a solution of ene-ester S9 (mixed E/Z isomers, 181 mg, 0.377
mmol) in anhydrous MeOH (9.0 mL) was added magnesium turnings (183 mg, 7.54 mmol) and
NH4Cl (91.5 mg, 1.71 mmol), and the resulting mixture was stirred vigorously for 1 h
(effervescence). The reaction was quenched with saturated aqueous NH4Cl (30 mL) and water
(30 mL) and extracted with CH>Cl> (4 x 30 mL). The combined organics were washed with
saturated aqueous NaHCO3 (50 mL) and brine (50 mL), dried over Na>xSO4, and concentrated to
provide a yellow-tan foam (128 mg). This material was purified by column chromatography (1:1
hexanes:EtOAc + 2% Et3N, 3 column volumes — EtOAc + 2% Et;N, 4 column volumes) to
provide the epimeric esters S10 and S11.

Methyl 2-((2R,12bS)-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo|2,3-a]quinolizin-
2-yl)acetate (S10). The product was obtained by the above procedure as an off-white,
amorphous solid (30.1 mg, 24%). "TH NMR (500 MHz, CDCls)  7.83 (br s, 1H), 7.01 (t, /= 7.9
Hz, 1H), 6.89 (d, J= 8.1 Hz, 1H), 6.46 (d, J= 7.8 Hz, 1H), 3.87 (s, 3H), 3.71 (s, 3H), 3.23 (d, J =
11.2 Hz, 1H), 3.20 — 3.10 (m, 1H), 3.10 — 2.96 (m, 3H), 2.58 (td, J = 11.6, 4.6 Hz, 1H), 2.42 (td,
J=12.0,2.6 Hz, 1H), 2.37 — 2.24 (m, 2H), 2.16 (d, J = 12.6 Hz, 1H), 2.11 — 2.00 (m, 1H), 1.78
(d, J=12.9 Hz, 1H), 1.57 — 1.47 (m, 1H), 1.39 — 1.27 (m, 1H); '3C NMR (126 MHz, CDCl) §
173.2, 154.6, 137.5, 132.7, 122.2, 117.7, 108.1, 104.4, 99.9, 59.7, 55.5, 55.4, 53.5, 51.7, 41.1,
36.2,33.1, 32.1, 23.8; LRMS (APCI+) calcd. for CioHasN>O3" [M+H]" 329.19, found 328.91.

Methyl 2-((2S,12bS)-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-

2-yl)acetate (S11). The product was obtained by the above procedure as an off-white,
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amorphous solid (66.9 mg, 54%, more polar). '"H NMR (500 MHz, CDCl3) § 7.94 (br s, 1H),
7.02 (t,J=7.9 Hz, 1H), 6.93 (d, J= 8.0 Hz, 1H), 6.47 (d, J= 7.7 Hz, 1H), 3.93 (br s, 1H), 3.88
(s, 3H), 3.70 (s, 3H), 3.23 — 3.08 (m, 2H), 2.97 — 2.86 (m, 2H), 2.83 — 2.79 (m, 1H), 2.62 — 2.56
(m, 1H), 2.39 (d, /= 7.3 Hz, 2H), 2.08 (br s, 2H), 1.87 — 1.73 (br m, 2H), 1.53 — 1.43 (br m, 1H);
13C NMR (126 MHz, CDCLs) § 173.4, 154.5, 137.3, 131.8, 122.1, 117.8, 108.0, 104.52, 99.8,
55.4,54.3,52.6,51.7,47.7, 38.5, 33.9, 30.9, 28 .4, 21.4; LRMS (APCI+) calcd. for C19H25N203"
[M+H]" 329.19, found 328.91.

Methyl (E)-3-methoxy-2-((2R,12bS)-8-methoxy-1,2,3,4,6,7,12,12b-
octahydroindolo[2,3-a]quinolizin-2-yl)acrylate (3). To a solution of diisopropylamine (109
pL, 78.1 mg, 0.772 mmol, 99.95% re-distilled grade) in anhydrous THF (1.6 mL, freshly
distilled from Na/benzophenone) at -78 °C was added n-BuLi (2.5 M in hexanes, 309 pL, 0.772
mmol). The resulting solution was stirred at -78 °C for 5 min and then warmed to 0 °C and
stirred for 30 min. The reaction was then cooled back to -78 °C, and a solution of ester S10 (74.9
mg, 0.228 mmol) in anhydrous THF (1.6 mL, freshly distilled from Na/benzophenone) was
added dropwise over 5 min. After stirring the orange solution for 1 h at -78 °C, anhydrous
methyl formate (1.60 mL, 1.56 g, 26.0 mmol, freshly distilled from P>0Os) was added, and the
mixture was warmed to 0 °C and stirred for 45 min. The reaction was then quenched with water
(20 mL) and extracted with CH2Cl, (4 x 10 mL). The combined organics were dried over
NaxSO4 and concentrated to provide a pale-yellow solid (79 mg). This crude product was
purified by column chromatography (1:1 CH2CL:Et20 + 2% Et3N, 4 column volumes — 10:10:1
CH2CL:Et;0:MeOH + 2% Et3N, 4 column volumes) to give a pale-yellow solid. This material
was then dissolved in CH>Clx (30 mL), washed with saturated aqueous NaHCO; (5 mL) and

brine (5 mL), dried over Na>SO4, and concentrated to yield fairly pure enol S12 as an
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amorphous, pale-yellow solid (50.9 mg, ~63%, NMR spectrum extremely complex due to
mixture of tautomers and E/Z enol), which was used in the next transformation without further

purification.

To a quantity of enol S12 (33.6 mg, 0.0943 mmol) was added anhydrous Et:O (1.8 mL)
followed by freshly prepared 1M sodium methoxide in anhydrous MeOH (94.3 uL, 0.0943
mmol), and the resulting solution was concentrated to give a clumpy, tan solid. To this material
(presumed Na enolate) was added anhydrous benzene (4.8 mL), and the mixture was sonicated
until all clumps had broken up to yield a pale-yellow suspension. A solution of 1M dimethyl
sulfate in anhydrous benzene (94.3 pL, 0.0943 mmol) was added, and the resulting mixture was
stirred at room temperature for 7 days. The reaction was then diluted with Et0O (25 mL) and
carefully decanted from residual solids (presumed quaternary ammonium salt byproduct). The
ether solution was then washed with 5% aqueous NaOH (10 mL) and brine (10 mL), dried over
NaxSO4, and concentrated to provide a yellow glass (4.6 mg). This material was purified by
preparative TLC (1 mm silica layer, 20 x 20 cm plate, 1:1 CH2CL:Et:O + 2% Et3N) to provide
pure product 3 as a pale-yellow glass (870 pg, 2% over 2 steps from S10). "H NMR (500 MHz,
CDCls) 6 7.65 (br s, 1H), 7.33 (s, 1H), 7.00 (t, /= 7.9 Hz, 1H), 6.88 (d, J = 7.9 Hz, 1H), 6.46 (d,
J=17.7Hz, 1H), 3.87 (s, 3H), 3.78 (s, 3H), 3.70 (s, 3H), 3.31 — 3.15 (br m, 2H), 3.12 — 2.96 (br
m, 3H), 2.93 —2.83 (br m, 1H), 2.65 — 2.52 (br m, 1H), 2.49 — 2.37 (br m, 1H), 2.34 — 2.22 (br
m, 1H), 2.19 — 2.09 (br m, 1H), 1.98 — 1.88 (br m, 1H), 1.65 — 1.58 (br m, 1H). '*C NMR from
HSQC (126 MHz, CDCl3) 6 159.9 (CH), 121.9 (CH), 104.2 (CH), 99.7 (CH), 61.6 (CHz3), 60.3
(CH), 56.1 (CH2), 55.3 (CH3), 53.5 (CH>), 51.2 (CH3), 34.0 (CH), 33.5 (CH»), 29.2 (CH>). 23.7

(CH,); HRMS (ESI+) calcd. for Co1Ha7N2O4* [M+H]* 371.1965, found 371.1977.
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Biological Procedures

Materials: BRET. HEK-293T cells were obtained from the American Type Culture
Collection (Rockville, MD) and were cultured in a 5% CO» atmosphere at 37°C in Dulbecco’s
Modified Eagle Medium (high glucose #11965; Life Technologies Corp.; Grand Island, NY)
supplemented with 10% FBS (Premium Select, Atlanta Biologicals; Atlanta, GA) and 100 U/mL
penicillin and 100 pg/mL streptomycin (#15140, Life Technologies).

DNA Constructs. The mouse MOR (mMOR), the mouse DOR (mDOR), and the rat
KOR (rKOR) were provided by Dr. Lakshmi Devi at Mount Sinai Hospital. The human MOR
(hMOR), human DOR (hDOR), human KOR (hKOR), and GRK2 were obtained from the
Missouri S&T Resource Center. The human G protein constructs used here have been previously
described and were provided by C. Galés or were obtained from the Missouri S&T Resource
Center unless otherwise noted.!?!* The G proteins used included untagged Goos (Goop); Galon
with Renilla luciferase 8 (RLuc8) inserted at position 91 (Gaos-RLuc8); GB1 (B1); untagged Gy
(v2); Gy2 which we fused to the full-length mVenus at its N-terminus via the amino acid linker
GSAGT (mVenus-y2). The plasmids employed in the arrestin recruitment assay, RLuc§-
arrestin3-Sp1 and mem-linker-citrine-SH3, were synthesized in-house as previously described.!*
All constructs were sequence-confirmed prior to use in experiments.

Transfection. The following cDNA amounts were transfected into HEK-293T cells (5 x
10° cells/plate) in 10-cm dishes using polyethylenimine (PEI) in a 1:1 ratio (diluted in Opti-
MEM, Life Technologies): G protein activation: 2.5 png MOR/DOR/KOR, 0.125 pg Goop-
RLuc8, 6.25 ng Bi1, 6.25 pg mVenus-y2; Arrestin recruitment: 2 pg hMOR, 0.25 pg RlucS8-

arrestin3-Spl, 5 pg mem-linker-citrine-SH3, 5 pg GRK2. Cells were maintained in the HEK-
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293T media described above. After 24 hours the media was changed, and the experiment was
performed 24 hours later (48 hours after transfection).

BRET. Transfected cells were dissociated and re-suspended in phosphate-buffered saline
(PBS). Approximately 200,000 cells/well were added to a black-framed, white well 96-well plate
(#60050; Perkin Elmer; Waltham, MA). The microplate was centrifuged and the cells were re-
suspended in PBS. For agonist experiments, after 5 minutes, 5 pM of the luciferase substrate
coelenterazine H was added to each well. After 5 minutes, ligands were added and the BRET
signal was measured 5 minutes later on a PHER Astar FS plate reader. For antagonist competition
experiments, cells were pre-incubated with the antagonist at varying concentrations for 30
minutes. Coelenterazine H (5 uM) was then added to each well for 5 minutes. Following
coelenterazine H incubation, a fixed concentration of the reference agonist (5x ECso) was added,
and the BRET signal was measured at 30 minutes on a PHERAstar FS plate reader. The BRET
signal was quantified by calculating the ratio of the light emitted by the energy acceptor, mVenus
(510-540 nm) or citrine (510-540 nm), over the light emitted by the energy donor, RLuc8 (485
nm). This drug-induced BRET signal was normalized using the Emax of [D-Ala®, N-Me-Phe?,
Gly-ol’]-enkephalin (DAMGO), [D-Pen(2,5)]enkephalin (DPDPE), or U-50,488 as the maximal
response at MOR, DOR, and KOR respectively. Dose response curves were fit using a three-
parameter logistic equation in GraphPad Prism 6.

Materials: Mouse Ki Determination. IBNtxA and ['I|[BNtxA were synthesized at
MSKCC as previously described.!>'7 Na!®I was purchased from Perkin-Elmer (Waltham, MA).

Radioligand Competition Binding Assays with Mouse Receptors. ['ZI|BNtxA
binding was carried out in membranes prepared from Chinese Hamster Ovary (CHO) cells stably

expressing murine clones of MOR, DOR, and KOR, as previously described.!>!"!% Assays were
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performed at 25 °C for 90 min in 50 mM potassium phosphate buffer, pH 7.4, containing 5 mM
magnesium sulfate. After the incubation, the reaction was filtered through glass-fiber filters
(Whatman Schleicher & Schuell, Keene, NH) and washed three times with 3 mL of ice-cold 50
mM Tris-HCI, pH 7.4, on a semiautomatic cell harvester. Nonspecific binding was defined by
addition of levallorphan (8 pM) to matching samples and was subtracted from total binding to
yield specific binding. K; values were calculated by nonlinear regression analysis (GraphPad
Prism, San Diego, CA). Protein concentrations were determined using the Lowry method with
BSA as the standard."

Human Ki Determination. Binding constants (K;) at the human opioid receptors were
generously determined using radioligand displacement experiments by the National Institute of
Mental Health's Psychoactive Drug Screening Program, Contract # HHSN-271-2008-00025-C
(NIMH PDSP). The NIMH PDSP is Directed by Bryan L. Roth MD, PhD at the University of
North Carolina at Chapel Hill and Project Officer Jamie Driscoll at NIMH, Bethesda, MD, USA.
For experimental details please refer to the PDSP website http://pdsp.med.unc.edu/. In all cases,
the reported K; values are the average of 3 or more independent experiments, each run with

triplicate wells for each ligand concentration.
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Molecular Docking

Protocol and Parameters for Ligand Docking. A starting conformation for (-)-
mitragynine was obtained from the geometry of a published X-ray crystal structure?’ and was
used for docking of the compound to the structure of the agonist-bound mouse MOR (PDB ID:
5C1M?2Y). The starting conformations of (Z)-mitragynine, paynantheine, and speciogynine were
obtained by changing the chirality of the appropriate carbons in (-)-mitragynine using Maestro in
the Schrodinger suite 2015-3%2. Initial three-dimensional structures of speciociliatine and 7-
hydroxymitragynine were retrieved from the ZINC database (corresponding ZINC IDs are
ZINC13473315 and ZINC13473311, respectively). The starting conformation of (+)-mitragynine
was obtained by changing the chirality of the appropriate carbon atoms of speciociliatine. All
ligands were prepared for docking with a protonated amine using AutoDockTools 1.5.6.

The Protein Prep Wizard of the Schrodinger suite 2015-32>%* was used to add missing
side chain and hydrogen atoms to the X-ray crystal structure of the agonist-bound MOR after
removing the N-terminus fragment (residues 52-62) and water molecules. AutoDockTools was
used to read the ligand-free receptor and to build a 70 A x 70 A x 70 A docking grid box
centered on the equivalent position to the crystal ligand’s center. The docking grid box was large
enough to cover the entire extracellular region of the receptor and AutoGrid was used to pre-
calculate grid maps of interaction energies for the various atom types within this grid. These
maps were then used in AutoDock 4.2.5.1% to carry out rigid receptor/flexible ligand docking
using all default docking parameters, except for the maximum number of energy evaluations,
which was increased to 25 million. The validity of the default parameter set was assessed by
successfully docking the crystal ligand (BU72) to the active MOR crystal structure (data not

shown).
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Ten independent docking runs were performed for each ligand using the Lamarckian
Genetic Algorithm. The resulting top scoring poses were visualized with PYMOL?® and analyzed
using ligand-receptor interaction fingerprints calculated with PyPLIF?’. For each residue, ligand-
receptor interactions are interpreted by PyPLIF in terms of a 7-bit representation based on seven
types of interactions, specifically: apolar (van der Waals), aromatic face to face, aromatic edge
to face, hydrogen bond with the protein as hydrogen bond donor, hydrogen bond with the protein
as hydrogen bond acceptor, electrostatic interaction with the protein positively charged, and
electrostatic interaction with the protein negatively charged. A distance cutoff of 4.5 A is used to
identify apolar interactions between two non-polar atoms, while a cutoff of 4 A is used to
identify aromatic and electrostatic interactions. Although PyPLIF does not distinguish between
interactions formed by residue backbone or side chain, residue interactions reported here refer to

side chain interactions only.
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