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Abstract

Despite extensive years of research, the diredabxin of the 7,8-double bond of opioids has so far
received little attention and knowledge about tfffects of this modification on activity at the
different opioid receptors is scarce. We hereirorethat potassium permanganate supported on
iron(Il) sulfate heptahydrate can be used as a ament oxidant in the one-step, heterogeneous
conversion ofA’®-opioids to the correspondingB-hydroxy-8-ketones. Details of the reaction
mechanism are given and the effects of the substitat position 6 of several opioids on the
reaction outcome is discussed. The opioid hydratprkes prepared are antagonists at the mu- and
delta-opioid receptors. Docking simulations andhted structure-activity analysis revealed that the
presence of thep#hydroxy-8-ketone functionality in the prepared gaunds can be used to gain
activity towards the delta opioid receptor. THieh¥droxy-8-ketones prepared with this method can
also be regarded as versatile intermediates fosyththesis of other opioids of interest.

Keywords. morphine, oxidation, supported permanganate, dyydrketone, antagonist, opioid
receptor



1. Introduction

Pain is the most common symptom for which patieseek medical attention [1-3]. The impact of
chronic pain for the society is dramatic due to tigh cost of medical treatment and loss in
productivity. Opioids are a group of well-known paelieving medicines, of which morphig®) is

the classical example (Figure 1), used to treataradd to severe pain conditions such as cancer-
related pain, post-surgery pain, chronic low-baakh@nd pain associated to certain inflammatory
diseases like osteoarthritis [4—6]. However, theeask side effects and the development of
tolerance and hyperalgesia, especially in long-telimical use, hamper the widespread use of
opioids for relieving pain. Opioids act by bindibg and activating the opioid receptors (ORS)
which belong to the superfamily of G protein-coupteceptors [7-9]. The effects of opioids such
as morphine, either beneficial (analgesia) or aslvésedation, respiratory depression, constipation,
addiction), are mediated by the mu opioid recefd©OR), by means of different downstream
signalling and regulatory pathways. This receptas bwo closely related receptor types (~70%
sequence identity) named delta (DOR) and kappa (K@é&eptors.
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Morphine (1) R=H Oxymorphone (2) R=H Naloxone (4)R = %z/\/ Thebaine (6) R = CHjy
Codeine (8) R=CH;  Oxycodone (3) R = CH; Naltrexone (5) R = %/W Oripavine (7) R = H

Figure 1. Structures of common opioids8.

Since the isolation of morphind)(in 1806 to the complete elucidation of its chemhistructure,
concluded in 1927 [10], and the reports on detatlgdtal structures of the ORs co-crystallized
with their respective ligands in 2012 [7-9], a pte of semisynthetic derivatives of morphidg (
and related opioids has been made aiming at impga¥ie analgesic potential while minimizing the
side effects [11-14]. Consequently, solid structstvity relationships have been built and it is
generally accepted that morphine-like activity aaldiction liability is associated with the presence
of the same stereochemistry as that of morphlpea( relatively small alkyl group on the tertiary
nitrogen at position 17 and a free aromatic hydrgsgup at position 3 [11-14]. Among the many
chemical modifications of opioid compounds, oxidatiat position 14 to give 14-hydroxy
derivatives has successfully resulted in an in@@asinalgesic potency as in oxymorpho2eand
oxycodone 8), and variation of the alkyl substituents at thkeogen atom has led to the general
conclusion that phenylethyl groups improve the @esic activity whereas allyl or
cyclopropylmethyl groups result in compounds susmaloxone4) and naltrexone5j that block
the effect of opioids, through antagonistic behaaithe ORs (Figure 1).



Despite the large number of semisynthetic derieatiof opioid compounds available up to now,
which have mainly resulted from derivatization asgions 3, 6 and 17, chemical modification of
the 7,8-double bond of opioids is seldom reportedhie literature. This double bond has been
mostly removed by reduction, in the preparatiorsaine 7,8-dihydro derivatives of interest [15—
20]. Attempts to oxidize it using, for instancergey acids yield side products derived from attack
on the aromatic ring together with the double bfi22]. The epoxidation of morphine proved
unsuccessful and &,BB-epoxide could only be obtained from 3-methoxymktioyphinone, using
hydrogen peroxide in aqueous methanol containimjuso hydroxide, revealing the relevance of
the C6 substituent on the outcome of this oxidaf@®24]. Oxidations with osmium tetroxide
succeeded to give the respective diols [25-28]. él@n, they were also highly dependent on the
substituent present at C6, with more electron wéthihg substituents giving lower product yields.
Overall, oxidations of opioids are challenging ahthost exclusive to the production of 14-hydroxy
derivatives from thebaine6) and oripavine 4), in route to the preparation of drugs such as
naloxone 4) and naltrexones)) (Figure 1) [19,29]. Nonetheless, some oxidizemtpcts of opioids,
namely 7,8-epoxides, have been suggested to bear libility to dependence, with activity
comparable to the parent compounds bothtro andin vivo [23,24]. We therefore envisioned that
the establishment of a new protocol for the oxmabf the 7,8-double bond of opioids would be a
useful means to produce versatile synthetic intdrates for opioid-related syntheses and to tackle
the biological effects that resulted from the ofiola of this particular double bond.

Although the oxidation of codeing)( (Figure 1) with aqueous permanganate has beeasrtegp
[30], to the best of our knowledge, there are nuores available on the use of solid-supported
permanganate-based systems for the oxidation oidgiThese systems are advantageous as they
involve heterogeneous reaction conditions, whiah tgpically milder, allowing good to excellent
product yields and recovery. In the particular caflspotassium permanganate, they avoid handling
of this reagent in the presence of water whichltesn unpractical and tedious work up procedures
[31]. In addition, permanganate-mediated oxidatiaresusually recognized as eco-friendly because
the co-product formed, manganese dioxide, can bgcled. Solid supports such as molecular
sieves, graphite reagent, polystyrene, alumingasgel and copper sulfate pentahydrate have been
previously used for permanganate-based oxidatioaanfhols to carbonyl compounds, sulfides to
sulfones, diols to lactones, and oximes to ket¢d2s44]. The oxidation of olefins to diketones,
hydroxy ketones and epoxides has been describédpsimanganate-supported on copper sulfate
pentahydrate and iron(lll) perchlorate hydrate 485, Herein we report the use of potassium
permanganate supported on iron(ll) sulfate heptatigdfor the oxidation of opioids as a
convenient, one-step procedure for the preparatfqoreviously unreported opioid37hydroxy-8-
ketones. Their structure and stereochemistry haea letermined with the support of 1D and 2D
nuclear magnetic resonance (NMR) and X-ray diffeactstudies. Moreover, the affinity and
activity of the new compounds towards ORs wererdated by radioligand binding and receptor
activation assays, and herein we provide novegirsiinto structure-activity relationships resugtin
from chemical modification at positions 7 and 8.

2. Resultsand discussion
2.1. Chemistry



Previous research by the authors has shown thasgotm permanganate (KMpQsupported on
Fe(ClIQ)snH,O successfully convertd&>-steroids to their corresponding steroidahydroxy
ketones, in high yields [46]. Therefore, we set touinvestigate the use of this same system on the
model opioid compounill, which was prepared according to the synthesigtipon Scheme 1.
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Scheme 1. Synthesis of compount?. Reagents and conditions: (a) NaH{>&cetic anhydride, r.t.,
15 min, 99%. (b) NaHC¢) methyl chloroformate, anhydrous CHO2°C, 3 h, 79%. (c) Pyridine,
acetic anhydride, 90C, 2.5 h, 79%. (d) KMn@ FeSQ-7H,0, t-BuOH, H,0O, CHCl;, r.t., 45 min,
61%.

Compound 11 was then oxidized using a mixture of Fe(@Q¥hH,O and KMnQ with
dichloromethane as the solvent, in the presenceatér andtert-butanol {-BuOH), according to
the reaction conditions depicted on Table S1, EdtrfSupporting info). However, the reaction
mixture became very dense and quickly dried, ardr#action could not be effected even by
addition of fresh amounts of solvent to the reactitedium. We next used permanganate-supported
on CuSQ5H;0, according to the reaction conditions in Table Bitry 2. This method has been
previously reported for the oxidation of olefinseihera-hydroxy ketones, diketones or epoxides
[45]. This time, the reaction proceeded in a re&yi short time and we were able to isolate a singl
reaction product, corresponding to th@ghgydroxy-8-ketone 2) (Scheme 1), however at a low
yield of 52%. Therefore, we set out to screen thaction with different metal salts including
sulfates, nitrates and acetates in an attemptpoove the yield of desired product.



All metal sulfates tested were able to complete rdaction to give compount? as the single
product with the exception of A§0,, where mixtures of products, with the hydroxy ketd2 as
the major product, were obtained (Table S1, Ent8eé3). High resolution mass spectrometry
(HRMS) analysis of the crude reaction mixture réeedhe presence of the 7,8-diol derivative and
of unreacted starting material. Mixtures of produsiere also obtained with metal nitrates (Table
S1, Entries 7-8) and with Cu(OA®,0 (Table S1, Entry 9). In the presence of thests,stie
isolation of productl2 was more difficult ag-BuOH was retained in significant amounts in the
crude mixture. The best yield was obtained using@&H,0O, with mild extension of the reaction
time when compared to Cug6H,0 (Table S1, Entry 3). This is the first report the use of
FeSQ-7H,0 supported on KMngXfor the preparation ai-hydroxy ketones from olefins.

We next investigated which was the minimum amotittMnO, that could be used in the presence
of FeSQ-7H,0 to give compound?2, as this would most likely lower the amounts of®4rformed

at the end of the reaction and could help to imerthe isolation procedure and final yield (Table
S1, Entries 10-11). With amounts of oxidant lowert 0.5 g the reaction was slower and could not
be completed. Nonetheless, under the conditionsrithesl in Table S1, Entry 12, the reaction
proceeded well with easier isolation of the finabguct, small compromise in time, and no
compromise in yield. Two final runs were made ia #bsence of water 6BuOH, under the best
conditions given in Table S1 (Entry 12). WithatBuOH, the reaction proceeded much slower and
after 3 hours the expected compoutii could be isolated, in 45% yield (Table S1, EntB8).1
However, without water (Table S1, Entry 14), wealied decomposition of the starting material
and no product was recovered, even after extengfothe reaction time to 3 hours. These
observations show that the presence of water isiairfior the success of the reaction and are
consistent with a role dFBUuOH as a catalyst. 2D NMR experiments (Supporiiig, Table S2)
and single crystal X-ray diffraction measuremenBgire 2) confirmed the structure and
stereochemistry of compouri@®, and provided important information for elucidatithe reaction
mechanism.




Figure 2. Proposed reaction mechanism for the formatiahef3-hydroxy-8-ketonel 2.

On the newly formed hydroxy ketord2, the stereochemistry of the chiral carbon 73swith the
hydroxy group assuming amti configuration in relation to the C6 acetoxy grouich suggests
that the approximation of the permanganate iorhéodouble bond occurred on the less hindered
face of the opioidll (Figure 2). The oxidation of olefins with permangte has been extensively
studied and it is generally accepted that the m@acproceeds by formation of a cyclic
manganate(V) intermediate, which is the limitingps{Figure 2) [47].

13 Ry =R, =TBDPS 15 Ry =R, =TBDPS
14 Ry = R, = TBDMS 16 Ry = R, = TBDMS

Codeine (8) 18 19

Scheme 2. Preparation of opioid derivativelb-19. Reagents and conditions: (a) Compou3d
TBDPSCI, imidazole, CkCly, r.t.,, 1 h, quant. Compouridt: TBDMSCI, imidazole, dry DMF, 90
°C, 4 h, 63%. (b) NaHC%) methyl chloroformate, anhydrous CHC62 °C, 82% (5), 87% (6),
97% (@8). (c) Ag. NaOH sol., MeOH:CH@W:1, r.t., 30 min, 87%. (d) NaH, Mel, dry THF,.r2
h, 49%.



In reaction media where the basicity is low, digamdionation of this intermediate occurs leading
to the formation of ketols. Systems comprising parganate supported on metal salts such as the
one in our work have been reported to proceedQhyhase catalysis where the wat&UOH
mixture forms a third phase in the reaction medibgnsurrounding the inorganic solids, where the
reaction actually takes place [45]. We reasontthiateffect may account for an overall low basicity
in our reaction medium leading the reaction to peeg towards the formation of the hydroxy
ketonel2.

To study the effect of the substituent present &to@ the reaction outcome, we synthesized the
opioid derivativesl5, 16 and19 (Scheme 2). Compound$, 16 and19 were then oxidized using
the reaction conditions of Table S1, Entry 12 ($o@&). The reaction was successful in all opioids
and compound<20, 21 and 22 were prepared with this method in 36, 34 and 15%dsy,
respectively, after chromatographic purificatiorheTelectron withdrawing effect of the oxygen
atom is likely to account for the observed differenin the reactivity. This effect is more
pronounced in the methoxy derivati¥® than on the siloxy derivativd$ and16. In compoundll,
bearing an acetoxy group, this effect is the lpashounced due to electron delocalization between
the two oxygen atoms. Of note, when the reactiors weade using the 6-oxo derivative of
compoundlO, we observed degradation of the starting matandino products could be recovered.
As a result of deacetylation of compoutlwith sodium hydroxide, compour8 was obtained, in
90% yield.

a b
15,16,19 —— 12 —
20 R = TBDPS 23
21 R = TBDMS
22 R =Me

Scheme 3. Synthesis of opioid hydroxy ketones. (a) KMn®eSQ-7H,0, t-BuOH, H,O, CHCl,,
r.t., 36% R0), 34% @1), 15% @2). (b) Ag. NaOH sol., MeOH:CHGH:1, r.t., 2.5 h, 90%.

2.2. Phar macology

We tested the activity of the new opioid hydroxydkees12, 22 and 23 and the respective 7,8-
double bond bearing compountls 19 and17 on the human (h) MOR, DOR and KOR. We started
by determining the binding of the compounds to hMOIDOR and hKOR using membrane
preparations obtained from stably transfected cdils competition binding assay with 1 nM
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[*H]diprenorphine as the radioligand. TKg values for {H]diprenorphine binding were 0.48 nM to
hMOR, 1.1 nM to hDOR and 0.67 nM to hKOR, as praslg reported [48,49]. Receptor
expression levels, determinedBg.x were 3.1, 4.7, and 6.9 pmol/mg of protein for hAMOROR,
and hKOR receptors, respectively.

Table 1. Inhibition of [H]diprenorphine binding by opioidg?hydroxy-8-ketonesi@, 22, 23) and
compoundsll, 19 and 17. Values are mean = SEM from three separate expatsn(n=3)
performed in triplicate. Statistical significance j§ < 0.05) was determined compared to the 0.05%
DMSO control using one-way ANOVA with Dunnett’s rtiple comparison test.

Compound MOR % inhibition DOR % inhibition KOR % inhibition
1puM 10 uM 1uM 10 uM 1puM 10 uM
11 1+2 3+3 1+2 9+2 0+3 1+3
12 71 9+2 22+4* 51+2* 4+3 81
19 3+x1 11+2 2+1 10+1 6+3 2+3
22 5+2 5+3 5+2 19+7* 5+1 0+1
17° 16 +3 58+6* 21 +1* 50+ 1* 73 27 +£3*
23° 8+3 48+6* 24+2* 63+1* 61 21+2*

#K; value of17 on MOR 0.814-1.72 uM and on DOR 1.69-2.63 pM
b K; value of23 on MOR 1.08-2.58 uM and on DOR 1.13-1.83 uM

Compoundsl? [File compoundl7.mol here] arZB [File compound23.mol here] showed the
highest competition to OR binding among the six poands tested on all three receptor subtypes.
They were able to block 48-58% JH]diprenorphine binding at the hMOR and 59-63% RO,

at 10uM (Table 1). We further evaluated these two compisuon a concentration range of 0.1 to
50 uM (hMOR) or 0.01 to 5QuM (hDOR) (Figures 3A and B). Thi§; values ranged between
0.814-1.72uM (compoundl?7) and 1.08-2.58M (compound23) for hMOR, and 1.69-2.6@M
(compoundl7) and 1.13-1.83M (compound23) for hDOR (Table 1). At hKOR the compounds
17 and23 blocked only 21-27% of radioligand binding at 14 displaying lower binding affinity.
As the binding affinity at hKOR was anticipated lte in the highuM range, theK; was not
determined in this case. Compouiizl was also quite effective at hDOR with 51% inhiitiof
[*H]diprenorphine binding at 1AM (Table 1), and an estimatéd value of about 1QM. To a
much lesser extent, compour®? also showed activity at the hDOR, with 19% inhdnt of
[*H]diprenorphine binding at 1AM. Although it is difficult to judge selectivity Is&d on simple
screening, preliminary observations can be providaged on Table 1. Compountlg and 23
appeared equipotent at the hMOR and hDOR, whileingaa lower affinity at the hKOR.
Compoundd2 and22 appear more selective for hDOR than for hAMOR 0ORK

We next investigated the agonist or antagonistviéiets of compoundsl? and 23 using the
[**S]GTP/S binding assay. This assay scores the agoniseevBPOP/GTP exchange that occurs at
the G-protein within the receptor-G protein complard is classically used to quantify receptor
activation. Neither of the compounds acted as agoim the S]GTP/S binding assays on hMOR



and hDOR (Figures 3C and 3E). Conversely they aeedantagonists of DAMGO-mediated
activation of hMOR at the concentrations tested,wetl as antagonists of SNC80-mediated
activation of hDOR at the highest concentratiob®fiM (Figures 3D and 3F).
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Figure 3. Binding and functional®fS]GTP/S binding assay df7 and23 at h(MOR and hDOR. A:
Competition binding curves d7 and23 on hMOR. B: Competition binding curves bf and23 on
hDOR. The competition was determined to the genepidid antagonist®H]diprenorphine. The
values are mean + SEM from three separate expetingen3) performed in triplicate. The results
were analyzed using non-linear regression analgsidlo MOR activation was detected either with
compoundl?7 or 23 at 20 or 50 uM concentration, as compared to thdRM@onists DAMGO and
morphine. D: Compounds/ and23 inhibited MOR activation by DAMGO (1 uM) at 20 aBs@
MM concentrations. E: No DOR activation was deteeiider with compound? or 23 at 20 or 50
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MM concentration, as compared to the DOR agonisE&Nor to morphine as the initial starting
material of the synthesis. F: Compourddsand23 inhibited DOR activation by SNC80 (1 uM) at

the 50uM concentration.
2.3 Computational chemistry
2.3.1 The orthosteric binding sites of DOR, MOR] KIOR

The ORs belong to the rhodopsin-like GPCR familyarelsterized by severo-helical
transmembrane segments. Crystallographic highwgsolstructures have been solved for the three
opioid receptor subtypes. The mouse DOR (MDOR) RKOR have been co-crystallized with
selective antagonists, respectively naltrindole BRidde 4EJ4) and JDTic (PDB code 4DJH) [8,9].
The mouse MOR has been crystallized witFNA (PDB code 4DKL), a covalently bound
irreversible antagonist [7], as well as with BURDB code 5C1M), a high efficacy agonist [50].
The three-dimensional structures allow a detail@nastic view of the orthosteric binding site,
formed by a crevice surrounded by the transmembsswnents 3-7, where the ligands are
similarly bound (Figures 4A and 4B). The N-terminigsnot part of the binding site in the
antagonist-bound structures, but in the structfitbeactive MOR forms a lid on top of the binding
cavity and interacts with the co-crystallized liggs0].

N
2.56 \\ § 3.32
\'r\%”u{:é.zs

Figure 4. Close-up view of the orthosteric binding cavities (a, b) co-crystallized ligands and (c,
d) docked compounds’ and23 in the superimposed MOR, DOR and KOR X-ray struedufFocus
is on the binding site conserved amino acids (an&ssage site) and varying amino acids (b, d,
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address site). MOR is co-crystallized wiFFNA, DOR with naltrindole and KOR with JDTic.
Selected amino acids are labeled using the Baltest®/einstein convention.

The co-crystallized ligands occupy the same regibthe binding pocket and accordingly, the
amino acids at the binding site are highly consgammong the three OR subtypes (Table 2): out of
19 amino acids at close distance to the co-crystall ligands, 13 are identical and three
conservatively changed. The conserved amino acelkeated closer to the intracellular surface of
the binding cavity. They form the so-called messsitge (Figures 4A and 4C) [51,52], which plays
a role in the efficacy of ligands. Among those, aatip acid** anchors the positive charge of
ligands through a salt bridge, and methiofifieand tryptophah*® have hydrophobic contacts.
Although amino acids at the message site are coedethey do not necessarily form the same
interactions with ligands: for example, tyrosifiés phenolic group forms hydrogen-bonds to
naltrindole an3-FNA directly at DOR and MOR, but via a bridging teamolecule with JDTic at
KOR. At DOR and MOR tyrosiré?is at hydrogen-bonding distance of aspartic*aidholding in
place the salt bridge to co-crystallized ligands. cbntrast, at the KOR the contact between
tyrosind*® and aspartic acid? is not direct but bridged by the ligand JDTic. &ogroups of
ligands are in addition to side-chains participgtin hydrogen bond networks that involve water
molecules [7-9].

Table 2. Amino acid composition of the binding pocket of GRbtypes. Address site differences
are in bold. Ballesteros-Weinstein numbering isaatkd on the left.

Ballesteros
Weinstein| MOR| DOR | KOR

2.53 All7| A98 | V108

2.56 T120| T101 T111

Ol

260 | Q124 Q105 Qi1

2.63 N127 | K108 | V118

ECL1 W133| W114| W124

3.28 V143| V124 V134

3.29 1144 | L125 | L135

3.32 D147| D128 D138

3.33 Y148| Y129 Y139

3.36 M151| M132 | M142

ECL2 C217| C198 C210

5.39 K233| K214| K227

6.48 W293 W274 | W287

6.51 1296 | 1277| 1290

6.52 H297| H278 H291

6.55 V300| V281 1294

6.58 K303 | W284 | E297

7.35 W318 | L300 | Y312
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7.39 1322 | 1304| 1316

7.43 Y326| Y308] Y320

In contrast to the message site, the amino acwdd at the binding cavity’s extracellular surface
are more variable across the three OR subtypes;@mkquently likely to play a significant role in
selectivity. These amino acids have been nametieaiatidress site [51,52]. The most variable
positions, differing by size, charge, and polardye 2.63 (Lys/Val/Asn), 6.58 (Trp/Glu/Lys) and
7.35 (Leu/Tyr/Trp) (Table 2). Differences at theracellular surface represent more conservative
changes, for example DOR and MOR have aldnfheout KOR has valirfe®. While the co-
crystallized ligands occupy fully the message siteether and how they would occupy the address
site differs. At DOR and MOR, co-crystallized ligenwith a morphine-like skeleton, naltrindole
andp-FNA, are binding towards the transmembrane seg@reft in a region surrounded by amino
acids 5.39, 6.58, 7.35. Naltrindole bound to DORplscing indole in a sub-pocket formed by
lysine°, trypthophaf®® and leuciné®. In contrast, JDTic binds to KOR by extending tedea
transmembrane segment 2 and its carbonyl grougtljirenteracts with tyrosine®™. A similar
interaction cannot take place at DOR and MOR thaveh respectively leuciié® and
trypthophaid®, possibly explaining partly its low affinity fohése receptors. Another determinant
of the preference of JDTic for the KOR is the snaafiino acid valing®® instead of large and polar
amino acids in other subtypes, lysifitat DOR and asparagin® at MOR.

Docking simulations of compoundg3 [File compound17.mol here] ar#B [File compound23.mol
here] suggest that the morphine-like skeleton rbugbcupies the message site (Figure 4C and D,
Supporting info Figure S2). At the MOR [Files complcompoundl7_MOR.pse and
complex_compound23_MOR.pse] and DOR [Files commermpoundl7 DOR.pse and
complex_compound23_DOR.pse] subtypes (ldwactivity in MOR and DOR), this binding mode
is similar to naltrindole/DOR ang-FNA/MOR (Figure 4A and B, Supporting info, Figug). In
comparison, at KOR the docking simulations suggesnall (~1.5-2.5 A) shift around the ligand’s
positions 6 to 8, probably driven by steric clastvith tyrosiné-** (Supporting information, Figure
S2). The binding modes are overall in agreemertt datcking studies of the selective antagonists
norbinaltorphimine and 5’-guanidinonaltrindole [8Pocking simulations of the other four
compoundsll, 19, and22 (mostly inactive) as well a& (mid-rangeuM activity at DOR) to the
three subtypes led also to similar binding modes.efXception was found for compountls 12
and22 at KOR, where the compounds docked closer to Tia ttlassical opioids, which may be
due to the larger size of the acetoxy groups intijpos 3 and 6 for compound4d and12.
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Figure 5. Binding modes at the DOR of (a) co-crystallizedtrivadole, (b) docked compountl?
and (c) docked compouriB. Positions 7 and 8 are shown in green in dockgahtls. The [
hydroxy-8-ketone is pointing towards the solvend &acing the hydrophobic wall of the binding
pocket. Amino acids labeled with Ballesteros-Wesitstnumbering, lysirfe®®, isoleucin&®,

valiné®®® and isoleucing®.

2.3.2 Structure-activity relationships

We assessed the binding affinities (competitiordinig assay) of six compounds for the MOR,
DOR and KOR in comparison to morphifiewith focus on four positions according to Table 3
Positions 7 and 8 had either a double bond or wesdified into a B-hydroxy-8-ketone moiety
whereas positions 3 and 6 had hydroxy, methoxygoetoxy substituents. Position 17 hadNan
methyl carbamate in all cases.

Table 3. Overview of the SARs of the studied compounds. Bpestimates dk; ranges from %
binding inhibition. White: highuM, light grey: less than 10QM, dark grey: less than 1AM,
black: less than gM.

Compound | posiion 3 | position 6 |posion 7.8 | MOR DOR KOR
1 “OAc OAc | CH=CH [ ] [ ] [ ]
12 -OAc -OAc ;OH [ ] [] [ ]
19 _OMe OMe | CH=CH L] [] [ ]
22 -OMe -OMe 'SH [] [] []
17 _OH _OH CH=CH B | []
23 -OH -OH o | H []

Comparison of the binding results obtained for pags of compound&7 and23, 19 and22, and

11 and 12 demonstrates that introduction of B-lfydroxy-8-ketone is associated with a gain in
activity at the DOR, but not at the other OR tydakibitory activities at 1uM increase from 9 to
51% for compound4l and12, from 10 to 19% for compound® and22, and from 59 to 63 % for
compoundsl7 and23. For these two later pairs the change is of lessgggnitude than for th#&l
and12 pair, but the confidence intervals do not overlafhen these compounds7( 19, 22, 23) are
docked to the crystal structure of the DOR (as wsllin MOR and with the exception 22 for
KOR), positions 7 and 8 are located within an hptiabic environment surrounded by amino acids
isoleucin&®!, valiné->>and isoleucin€® while the extracellular region of the binding itgfunnel
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is exposed to the solvent (Figure 5). With the ptica of tyrosiné>*s phenolic group in KOR,
which is at hydrogen bonding distance from the bygrgroup at position 7, the compound’s 7 and
8 newly introduced positions do not seem to fornapanteractions with the receptors. Solvent
effects may thus be at the source of the inhibitacyivity observed with introduction off7
hydroxy-8-ketone at DOR, however, these are vdiicdit to predict. In general, previous work in
the literature does not provide a good frameworkatmnalize the effect of modifying positions 7
and 8. Reduction of the 7,8 double bond in morphleading to dihydromorphine, increases
activity approximately by two fold at the DOR andORR, but decreases it at the KOR by 8-fold
[53-55]. When comparing dihydrocodeine to codei)e the activity is in contrast decreasing at
DOR and KOR (respectively 6- and 2-fold) and insneg 8.5-fold at MOR [56].

Considering the changes at positions 3 and 6, ydeoky group is clearly preferred compared to
methoxy or acetoxy. This can be seen by compahagdrhibitory activities of compoundd, 12,

19, and22 with the activities of compounds’ and23, i.e, at MOR, 3-11%s 48-58%; at DOR 9-
51%vs59-63%; and to a lesser extent at KOR 0-10s%1-27%. An interesting observation is that
the conserved side chain nitrogen of ly3ifiés located near (3-4 A) position 6 in most docked
binding modes at MOR and DOR, where it would pa&digt form hydrogen bonds that support
favoring of the hydroxy groups. Activities of compuwls 17 and 23 at all three subtypes are
unaffected by introduction ofB#hydroxy-8-ketone, which may be due to this dirbgtirogen
bonding of position 6 with lysin€®. For compounddl, 12, 19 and 22, methoxy and acetoxy
groups can be tolerated (or their activities evescued) at the DOR upon introduction of (& 7
hydroxy-8-ketone, but this mechanism is not cladfby the docking study. Altogether the data
presented is in line with the literature, wherdaemg both hydroxy groups with methoxy groups at
positions 3 and 6 (e.g. morphiheand thebainé) leads to decreased binding (90-fold at MOR, 20-
fold at DOR) [57]. If replacing the hydroxy with i@xy occurs solely at position 3 (morphihe
and codeine), the decrease in activity is even more noticeablMOR and KOR (700-fold and
300-fold, respectively), however lower at DOR (8)o[58]. In contrast, modifying position 6
(morphinel and heterocodeine) leads to increased binding.®yabd at the MOR, 5-fold at the
DOR, but is unchanged at KOR [17].

Concerning position 17, compouridis easily compared to compoudd, which are otherwise
identical At MOR, in 17 the loss of the positive charge and the associatsdof salt bridge with
aspartate® led to a 250-fold increase K and significant loss of radioligand binding intib,
from 85% at 1QuM for 1 (K; ~0.004uM, [54]) to 58 % forl7 (K; ~1 uM) (Supporting info, Table
S3). At KORK; has not been determined, but the fold differescprobably even higher than at
MOR, since morphinelj displays 80% inhibition of radioligand binding Hd uM (K; 0.028uM)
while compoundL7 displays only 27% inhibition. At DOR there is stsmgly only limited loss of
activity associated with the loss of the positivearge, i.e., only 6-fold: morphine has 63%
inhibition (K; ~0.34uM) at DOR, whilel7 has 59% inhibitionK; ~2 uM). In addition to charge, in
most binding modes, the carbamate fits well intbyarophobic pocket lined by amino acids
tryptophafi“®, glycind*? tyrosiné*® and aspartic acld® AltogetherN-alkylation should thus be
associated with a large gain in activity. Nonetbglewe were unable to produbkalkylated
compounds within the time frame of the project shgbported this work, and especially regulations
about opioid substances hindered further work is direction. Of note, charge is not a requirement
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for high activity at ORs. Nanomolar ligands withqurbtonable nitrogen atoms are active at the
KOR such as salvinorin A, which partially occupibe orthosteric binding pocket as demonstrated
by covalent salvinorin A analogs binding at the K{BR

Altogether, concerning determinants of selectivitye presence of tyrosih® in the vicinity of
positions 7 and 8 at KOR may be linked to the loaaivity at that receptor in comparison to MOR
and DOR (respectively tryptophan /leucifi?. Docking simulations suggest that selectivity Idou
be driven through a small shift in ligand bindingade at KOR relative to the other subtypes (see
above) that would prevent interactions betweenhydroxyl group in position 6 and lysin®.
Glutamat&®in KOR (lysine/tryptophatr® is ~10 A further away but may also play a role.

3. Conclusion

7B-Hydroxy-8-ketone opioids can be prepared in oeg-sind easily isolated, under heterogeneous
conditions, using potassium permanganate supportedetal salts. Our study reveals that the most
suitable metal salt for this transformation is {ionsulfate heptahydrate and that a number of
opioids, bearing different functional groups, candonverted into the expected hydroxy ketones.
Better vyields are obtained with opioids bearing cetn-donating groups at position 6.
Mechanistically, the reaction is thought to proceed formation of a cyclic manganate(V)
intermediate that undergoes disproportionationive the hydroxy ketone. The compounds act as
antagonists at MOR and DOR. Overall, our work pdesivaluable tools for those working in the
field of opioids chemistry, as thg-hydroxy-8-ketones can be regarded as a goodrajgstint for
further syntheses. Herein we have shown that cte@mmodification at positions 7 and 8 of opioids
can lead to increased selectivity at the DOR.

4. Experimental

Chemistry. The reagents were obtained from Sigma Aldrich @8R International Oy, or Merck
Reagenzien. For thin layer chromatography (TLC)c&ilgel 60 F254 was used. Flash column
chromatography (FCC) was made with a Biotage HigHfdPmance Flash Chromatography Sp4-
system (Uppsala, Sweden) using a 0.1-mm path leftgih cell UV detector/recorder module
(fixed wavelength: 254 nm), and 10 g, 25 g or 58NAP cartridges (10-50 mL/min flow rate).
The melting points were measured with Stuart SM&didmated melting point apparatus and are
uncorrected. IR spectra were obtained using a ¥eéfte (Bruker Optics Inc., MA, USA) FTIR
instrument. The FTIR measurements were made witior&zontal attenuated total reflectance
(ATR) accessory (MIRacle, Pike Technology, Inc, WISA). The transmittance spectra were
recorded at a 4 cfhresolution between 4000 and 600 tuosing the OPUS 5.5 software (Bruker
Optics Inc., MA, USA). NMR spectra were obtainethgsa Varian Mercury Plus 300 spectrometer
or Bruker Ascend 400 spectrometer, in CPGt CD;OD, with tetramethylsilane (TMS) as the
internal standard. The chemical shifts were repomeparts per million (ppm) and on tldescale
from tetramethylsilane (TMS) as an internal stadd@he coupling constandsare quoted in Hertz
(Hz). If rotamers are observed in thi€ spectrum, the minor rotamer peaks are labellgt Wi
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Exact mass analysis were performed by Waters UPEICH OF-MS using a Synapt G2 HDMS
(Waters, MA, USA) instrument. Purity analyses wexecuted with Waters AcquityUPLC system
(Waters, Milford MA, USA) attached to Acquity PDAetéctor and Waters Synapt G2 HDMS mass
spectrometer (Waters, Milford MA, USA) via an E®hisource.The narcotic substances were
synthesized under the permission by the Finnishidfiees Agency Fimea (3/2016, 9.3.2016,
Helsinki, Finland).

General procedure for oxidations (Table S1)

The respective starting material (0.5 mmol) wasdaliged in dichloromethane. The metal salt and
KMnO,4 were ground to fine powder and added to the stis@ution, followed by water and
BuOH. The mixture was stirred at room temperaturé monitored with TLC. When the reaction
was complete, the reaction mixture was diluted wigthyl ether (10 mL) and stirred for 3 minutes.
The mixture was filtered through a Celite pad amel pad was washed several times with diethyl
ether (150 mL in total). The filtrate was washedhwvater (30 mL), dried with anhydrous 6,
filtered and concentrated to dryness.

N-Methyl 3,6-di-acetyl-4,5-epoxy-7-hydr oxy-8-oxo-(5a,6a,7$)-mor phinan carbamate (12).
Compoundl2 was prepared according to the general procedweribed above under the reaction
conditions described on Table S1, Entry 12. Co$srieolid (137 mg, 61%). The crystals for X-ray
analysis were obtained from methanol, directly fritra crude. Mp 190C (decomp.); FTIR-ATR
3423 (OH), 1770, 1722, 1693, 1446, 1259, 1190, 1768 cn'. *H NMR (CDCk, 400 MHz):
6.89 (d,J = 8.2 Hz, 1H, H-2), 6.65 (d}= 8.2 Hz, 1H, H-1), 5.38 (m, 1 H, H-9), 5.15 {d5 4.7 Hz,
1H, H-5), 5.08 (m, 1H, H-6), 4.07 (m, 1H, H-16a)73 (brs, 3H, NCOOC}), 3.57 (dJ = 12.2 Hz,
1H, H-7), 2.89 (m, 4H, H-10a, H-14, H-16b, OH), 2(d,J = 18.9 Hz, 1H, H-10b), 2.31 (s, 3H, 3-
OCOCH;), 2.18 (s, 3H, 6-OCOCH, 1.98 (m, 2 H, 2 x H-15a and H-15BjC NMR (CDCE, 101
MHz): dppm 205.9 (C8), 205.5%, 170.6 (6-OCOGKI168.4 (3- OQCOCH), 155.7 (NCO), 155.5%,
149.2 (C4), 132.4 (C3), 131.9 (C11), 129.3 (C124.4 (C2), 121.0 (C1), 87.5 (CH), 71.4 (C6),
71.1 (C7), 53.1 (NCOOCH)\, 50.4 (C14), 50.1*, 47.9 (C9), 41.9 (C13), 37.37,.1 (C16), 35.4*,
35.2 (C15), 29.6 (C10), 29.5%, 21.0 (OCOgH20.7 (OCOCH).. HRMS calcd for @H24sNOq.
[M+1]* 446.1451 found 446.1455. Crystal datasH3sNOs, M = 445.41 gmol™, crystal
dimensions 0.25x0.20x0.05 mim= 110 K, orthorhombid?2,2:2;, a=7.2918(4)b = 12.5640(7),

c = 22.0421(16) AV = 2019.4(2) & Z = 4,F(000) = 936 pcaica= 1.465 gcmi>, u = 0.971 mm', 0
range = 4.01-71.30°, reflections collected: 71h8ependent: 3771Rg: = 0.0403),R; = 0.0448,
WR, = 0.1035 [>24(1)], S= 1.036, Flack parameter = 0.09(18).

N-methyl 3,6-big[[(1,1-dimethylethyl)diphenylsilyl]oxy]-4,5-epoxy-7-hydr oxy-8-oxo-
(5a,60,7p)-morphinan carbamate (20). Compound20 was prepared according to the general
procedure described above under the reaction ¢onslidescribed on Table S1, Entry 12. The
reaction time was 1.5 h. Purification with autondatelumn chromatography by eluting with an
heptane/ethyl acetate gradient (2025% EtOAc) gave compouri2D as a white solid (150 mg,
36%). Mp 116°C (decomp.); FTIR-ATR 1694 (C=0), 1498, 1445, 126774, 1113, 998, 700 ¢m

! 'H NMR (CDCk, 400 MHz): dppm 7.96 (d,) = 6.8 Hz, 2H), 7.82 (m, 6H), 7.42 (m, 12H), 6.39
(d,J=8.2 Hz, 1H, aromatic-H), 6.18 (d= 8.2 Hz, 1H, aromatic-H), 5.19 (m, 1H), 4.49Jd&; 4.5
Hz, 1H), 3.90 (m, 1H), 3.88 (dd; = 11.9 Hz and), = 4.6 Hz, 1H), 3.67 (brs, 3H, NCOOG}3.56
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(d,J = 11.9 Hz, 1H), 2.76 (m, 3H), 2.49 (m, 2H), 1.65 @h), 1.55 (td,); = 12.7 Hz and, = 5.2
Hz, 1H) 1.16 (s, 9H{-Bu), 1.13 (s, 9Hi-Bu). *C NMR (CDCE, 101 MHz): 6 ppm 207.2 (CO),
206.9*, 155.6%, 155.4 (NCO) 148.4, 138.1, 136.46.43 135.8, 135.8, 134.9, 134.9, 133.9, 133.5,
132.6, 132.4, 130.2, 130.1, 128.8, 128.0, 127.9,81226.5*%, 126.4, 122.3, 119.9, 89.4, 73.6, 72.6,
53.0, 50.1, 49.8* 47.9, 41.2, 37.3*, 37.1, 36.05,3 29.3, 29.1* 27.0, 26.8, 19.7, 19.6. HRMS
calcd for GoHssNO7NaSh. [M+23]" 860.3415 found 860.3417.

N-methyl 3,6-big[[(1,1-dimethyl)-t-butylsilyl]oxy]-4,5-epoxy-7-hydr oxy-8-oxo-(5a,6a,7p)-
morphinan carbamate (21). Compound21l was prepared according to the general procedure
described above under the reaction conditions dbestion Table S1, Entry 12. The reaction time
50 min. Purification with automated column chrongaéphy by eluting with am-heptane/ethyl
acetate gradient (5 20% EtOAc) gave compourli as a white solid (100 mg, 34%). Mp 167-169
°C; FTIR-ATR 3431 (OH), 1690 (C=0), 1495, 1444, 128427, 998, 837, 778 ¢n'H NMR
(CDClg, 400 MHz):dppm 6.69 (dJ = 8.1 Hz, 1H, aromatic-H), 6.48 (d= 8.1 Hz, 1H, aromatic-
H), 5.32 (m, 1H), 4.76 (d] = 4.7 Hz, 1H), 4.02 (m, 2H), 3.74 (brs, 3H, NCOOgH.43 (d,J =
11.7 Hz, 1H), 2.90 (m, 2H), 2.77 (d~= 3.3 Hz, 1H), 2.71 (brs, 1H), 2.67 (m, 2H), 1.88 H),
0.99 (s, 9H,t-Bu), 0.95 (s, 9H t(Bu), 0.22 (s, 3H, SiC§J, 0.19 (s, 3H, SiChj, 0.16 (s, 3 H,
SiCHs), 0.13 (s, 3 H, SiCH. **C NMR (CDC}, 101 MHz):  ppm 206.7 (CO), 206.5* 155.7*
155.6 (NCO), 148.4, 137.7, 128.9, 126.8*, 126.63.62120.3, 89.9, 73.6, 72.3, 53.1, 50.4, 50.1*,
48.1, 41.4, 37.5*%, 37.3 36.3*, 36.0, 29.4, 29.3*@&@5.9, 18.5, 18.6, -4.2 (SiGK-4.4 (SICH), -
4.4 (SiCH), -4.7 (SiCH). HRMS calcd for GoH4sNO;Si,. [M+1]7590.2969 found 590.2970.

N-Methyl 4,5-epoxy-7-hydroxy-3,6-dimethoxy-8-oxo-(5a,6a,7)-mor phinan carbamate (22).
Compound22 was prepared according to the general procedwerided above under the reaction
conditions described on Table S1, Entry 12. Thetrea time 1 h. Purification with automated
column chromatography by eluting wititheptane/ethyl acetate (1:5) gave compo@fdas a
colorless solid (29 mg, 15%). Mp 128 (decomp.); FTIR-ATR 3396 (OH), 1690 (C=0), 1503,
1444, 1274, 1098, 1030, 753, 731°tmH NMR (CDCk, 400 MHz): d ppm 6.75 (dJ = 8.3 Hz,
1H, aromatic-H), 6.57 (d] = 8.3 Hz, 1H, aromatic-H), 5.35 (m, 1H), 5.07 {d&; 4.1 Hz, 1H), 4.03
(m, 1H), 3.86 (s, 3H, OCH), 3.74 (brs, 3H, NCOOCH), 3.62 (s, 3H, OCH}, 3.52 (m, 2H), 2.91
(m, 3H), 2.77 (dJ = 3.5 Hz, 1H), 2.65 (d] = 18.6 Hz, 1H), 1.92 (m, 2H}*C NMR (CDCE, 101
MHz): oppm 205.8 (CO), 205.6*, 155.6*, 155.4 (NCO), 146.42.6, 128.5, 125.9*, 125.7, 120.6,
115.4, 86.1, 78.9, 72.9, 58.1 (OgH56.6 (OCH), 53.0 (NCOQCH), 50.1, 49.8* 48.0, 41.3,
37.3%, 37.2, 35.9% 35.7, 29.1, 28.9*. HRMS calcdr fCoH24NO;. [M+1]" 390.1553 found
390.1557.

N-Methyl 4,5-epoxy-3,6,7-trihydr oxy-8-oxo-(5a,6a,7p)-mor phinan carbamate (23). Compound

12 (297 mg, 0.667 mmol) was dissolved in a mixturenethanol: chloroform (4:1, 10 mL). A 0.1

M aqgueous solution of NaOH (4.5 mL) was added &edésulting white suspension was stirred at
room temperature for 2.5 h. The organic solventeevewaporated and the pH of the residue was
adjusted to 6 with a 1 M aqueous solution of HG@le Bqueous phase was extracted with a mixture
of chloroform: isopropanol 4:1 (3 x 20 mL) and ttmmbined organic phases were washed with
brine (18 mL), dried with anhydrous p&O,, filtered and concentrated vacuoto give a light
brown solid. The crude product was purified wititcemated column chromatography by eluting
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with dichloromethane/MeOH (19:1) to gi\&3 as a colorless solid (216 mg, 90%). Mp 145
(decomp.); FTIR-ATR 1724, 1693, 1649, 1452, 139836l 1086, 949, 758 citH NMR
(Methanold,, 400 MHz): 6 ppm 6.70 (d,J = 8.2 Hz, 1H, aromatic-H), 6.53 (d,= 8.2 Hz, 1H,
aromatic-H), 5.24 (m, 1H), 4.35 (d,= 4.9 Hz, 1H), 4.01 (m, 1H), 3.99 (ddl,= 11.9 Hz and); =
4.9 Hz, 1H), 3.73 (d] = 14.2 Hz, 3H, NCOOC#4), 3.16 (d,J=11.9 Hz, 1H), 2.89 (m, 3H), 2.62 (d,
J =18.6 Hz, 1H), 2.04 (td}; = 12.9 Hz and), = 5.3 Hz, 1H), 1.84 (m, 1H}*C NMR (Methanol-
ds4, 101 MH2z): d ppm 208.3 (CO), 157.5 (NCO), 157.2* 146.4, 140.5, 13036.4, 121.7, 119.9,
91.2, 74.5, 71.3, 53.6*, 53.5 (NCOOgH51.4*, 51.2, 49.6, 42.5, 38.6, 38.4*, 36.4, 3630.0*%
29.8.HRMS calcd for GgH2oNO7. [M+1]"362.1240 found 362.1240.

7,8-Didehydr 0-4,5-epoxy-6-hydr oxy-17-methyl-(5a,6a)-mor phinan-3-car boxylate 9).
Morphine @, 0.500 g; 1.75 mmol) was added to a stirred metfrNaHCQ (8.00 g; 95.3 mmol)
and water (50 mL), at room temperature. Acetic dnidg (4 x 0.83 mL; 8.76 mmol) was added
slowly in 4 portions in 10-minute intervals andeafthe last addition the stirring was continued for
15 min. The reaction mixture was extracted withhthoomethane (3 x 60 mL), washed with brine
(40 mL) and dried with anhydrous p&O,, filtered and concentrated vacuoto give 9 as light
brown foam (643 mg, 99%), which was used withouthter purification. FTIR-ATR: 3502 (OH),
1760 (COOCH), 1614, 1211, 1193, 1033, 941, 784 tiH NMR (CDCk, 300 MHz):dppm 6.73
(d, J = 8.2 Hz, 1H, aromatic-H), 6.59 (d,= 8.2 Hz, 1H, aromatic-H), 5.74 (d,= 10.1 Hz, 1H),
5.28 (d,J = 10.1 Hz, 1H), 4.91 (d] = 6.9 Hz, 1H), 4.15 (brs, 1H), 3.35 (m, 1H), 3(®4s, 1H),
3.05 (d,J = 18.9 Hz, 1H), 2.69 (s, 1H), 2.59 (dil, = 12.2 andJ, = 4.5 Hz, 1H), 2.43 (s, 3H,
NCHzg), 2.35 (ddJ, = 14.4 andl, = 4.9 Hz, 2H), 2.28 (s, 3H, OCOGKI2.07 (tdJ, = 12.4 and), =

4.9 Hz, 1H), 1.90 (m, 1H)*C NMR (CDC}, 75 MHz): d ppm 168.5 (OCOCH), 148.7, 134.2,
132.8, 132.3, 131.8, 127.7, 121.0, 119.9, 92.39,688.9, 46.4, 43.0, 42.6, 40.4, 35.2, 20.8, 20.7.
HRMS calcd. for GoH2oNO,4. [M+1]" 328.1549 found 328.1549.

N-Methyl 3-acetyl-7,8-didehydro-4,5-epoxy-6-hydroxy-(5a,6a)-mor phinan carbamate (10).
Compound (638 mg; 1.95 mmoNvas dissolved in dry chloroform (60 mL) under argdaHCQ
(2.46 g; 29.2 mmol) and methyl chloroformate (2m86; 33.1 mmol) were added and the mixture
was refluxed at 62 °C for 3 hours. The reactiontarx was cooled to room temperature, diluted
with dichloromethane (60 mL) and washed with wd#€r mL). The aqueous phase was extracted
with dichloromethane (3 x 35 mL). The organic plsasere combined, washed with brine (40 mL),
dried with anhydrous N&Q,, filtered and concentratad vacuo The crude product was purified
by automated column chromatography by eluting withradient oh-hexane and ethyl acetate (0
— 100% EtOAc) to give compountD as a white solid (574 mg, 79%). Mp 8C (decomp.);
FTIR-ATR: 3515 (R-OH), 1751 (COOGH) 1689 (NC=0), 1442, 1213, 1128, 1064, 939, 78F.cm
'H NMR (CDCk, 300 MHz):dppm 6.77 (dJ) = 8.2 Hz, 1H, aromatic-H), 6.61 (d= 8.2 Hz, 1H,
aromatic-H), 5.81 (dJ = 10.1 Hz, 1H), 5.29 (brs, 1H), 4.91 (m, 1H), 4(dd,J, = 7.0 and), = 1.1
Hz, 1H), 4.08 (m, 2H), 3.74 (br s, 3H, NCOOgH3.10 (m, 2H), 2.87 (ddl; = 19.5 andJ, =5.8
Hz, 1H), 2.74 (d) = 18.8 Hz,, 1H), 2.56 (m, 1H), 2.29 (s, 3H, OCQEH.94 (m, 2H)C NMR
(CDCl3, 75 MHz): d ppm 168.7 (OCOCEJ, 156.0 (NCO), 155.7* (NCO), 149.0, 135.5%, 135.3,
132.3, 131.7, 131.6*%, 131.3, 126.5, 126.4*, 12138).4, 92.3, 65.7, 52.9, 50.7*, 50.4, 43.2, 39.6%,
39.5, 37.6, 35.1, 34.8, 30.0%, 29.8, 20.9 (OCQLHRMS calcd. for GH2:NOs. [M+1]" 372.1447
found 372.1447.
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N-Methyl 3,6-diacetyl-7,8-didehydro-4,5-epoxy(5a,6a)-mor phinan carbamate (11). Compound
10 (0.100 g, 0.269 mmol) was dissolved in pyridind6P0mL) and acetic anhydride (0.11 mL, 1.13
mmol) was slowly added. The reaction mixture wasest at 90 °C for 2.5 h, after which the
solvent was co-evaporated with toluene. The resiasedissolved in dichloromethane (30 mL) and
washed with aqueous saturated NaHGOlution (10 mL). The aqueous phase was extragttdd
dichloromethane (3 x 10 mL), the organic phaseewembined and washed with brine (8 mL),
dried with anhydrous N&Q,, filtered and concentrateid vacuoto give brown oil. The crude
product was purified with automated column chrorgedaphy by eluting with am-hexane/ethyl
acetate gradient (3:2 to 1:1) to gileas a white solid (88.0 mg, 79%). Mp 181-T8 FTIR-ATR
1684, 1587, 1313, 1217, 1175, 1067, 831, 754.ci NMR (CDCk, 300 MHz): ppm 6.80 (d,J

= 8.2 Hz, 1 H, aromatic-H), 6.59 (d= 8.2 Hz, 1 H, aromatic-H), 5.69 (d= 10.1 Hz, 1 H), 5.45
(d,J=8.9 Hz, 1 H), 5.11 (m, 2 H), 4.89 (m, 1 H), 4@, 1H), 3.74 (br s, 3 H, NCOOGH 2.91
(m, 2 H), 2.75 (dJ = 18.8 Hz, 1 H), 2.61 (m, 1H), 2.27 (s, 3 H, OCQ¥ .13 (s, 3 H, OCOC}),
1.92 (m, 2 H).*C NMR (CDCE, 75 MHz): d ppm 170.5 (OCOCH), 168.4 (OCOCH), 156.0
(NCO), 149.6, 132.2, 131.1, 131.0*%, 130.4, 12989.5, 128.2, 128.1*, 122.6, 119.9, 88.5, 67.7,
52.9, 50.7*, 50.4, 43.2, 39.7*, 39.6, 37.8, 34.9.73, 29.9* 29.7, 20.7 (OCOGH 20.7
(OCOCH;). HRMS calcd for GH2sNO;. [M+1]" 414.1553 found 414.1554.

7,8-Didehydro-3,6-big[[(1,1-dimethylethyl)diphenylsilyl]oxy]-4,5-epoxy-17-methyl-(5a,6a)-
morphinan (13). Compoundl3 was prepared according to the literature [38].NMR (CDCk,
300 MHz): dppm 7.85 (tJ = 6 Hz, 4H), 7.75 (dd}; = 24 and), = 7.2 Hz, 4H), 7.40 (m, 12H), 6.26
(d, J = 8 Hz, 1H, aromatic-H), 6.12 (d,= 8 Hz, 1H, aromatic-H), 5.79 (d,= 10.7 Hz, 1H), 5.15
(d,J = 9.5 Hz, 1H), 4.52 (dJ = 5.6 Hz, 1H), 4.14 (brs, 1H), 3.22 (brs, 1H),2(8,J = 18.5 Hz,
1H), 2.45 (m, 1H), 2.35 (s, 3H, NG} 2.16 (d,J = 19.1 Hz, 1H), 1.72 (brs, 2H), 1.12 @z 3.3
Hz, 18H, 2x t-Bu). HRMS calculated for £Hs¢NOsSi,. [M+1]* 732.3799 found 762.3803.

7,8-Didehydro0-3,6-big[[(1,1-dimethyl)-t-butylsilyl]oxy]-4,5-epoxy-17-methyl-(5a,6a)-

mor phinan (14). Morphine1 (0.600 g; 2.10 mmol) and imidazole (726 mg; 10.i/hat) were
dissolved in dry dimethylformamide (3.6 mL) undegan. t-Butyldimethylsilyl chloride (1.20 g;
7.96 mmol) was added and the reaction mixture wesded at 90 °C for 4 hours. The reaction
mixture was diluted with dichloromethane (40 mL)asked with water (2 x 20 mL), dried with
anhydrous Nz50O, and concentrateth vacuo The crude product was purified using automated
column chromatography by eluting with a chloroform methanol gradient (6~ 4%) to give
compoundl4 as light brown solid (677 mg, 63%). Mp 117-1°I9; FTIR-ATR 1494, 1444, 1253,
1124, 1033, 979, 835, 773 ¢m'H NMR (CDCk, 300 MHz): d ppm 6.56 (d, J = 8.0 Hz, 1H,
aromatic-H), 6.41 (d) = 8.0 Hz, 1H, aromatic-H), 5.59 (m, 1H), 5.23 (bH), 4.66 (ddJ; = 5.7

Hz, J, = 1.4 Hz 1H), 4.21 (m, 1H), 3.34 (dd, J = 6.4, B2 1H), 3.02 (d, J = 18.6 Hz, 1H), 2.59
(m, 2H), 2.44 (m, 1H), 2.44 (s, 3H, NE@H2.30 (dd, J = 18.6, 6.4 Hz, 1H), 2.02 (td, J2315.3
Hz, 1H), 1.89 — 1.80 (m, 1H), 0.97 (s, %Bu), 0.93 (s, 9H{-Bu), 0.21 (s, 3H, SiCk}, 0.14 (s,
3H, SiCH), 0.13 (s, 3H, SiCh), 0.10 (s, 3H, SiCH. *C NMR (CDCE, 75 MHz): d ppm 150.2,
137.2, 133.9, 131.3, 128.5, 127.6, 121.4, 118.,%9.6, 59.0, 46.6, 44.2, 43.3, 41.6, 36.2, 26.1,
26.0, 21.0, 18.5, 18.4, -4.2, -4.5, -4.6, -4.7. HRMalcd. for GoH47NOsSip. [M+1]" 514.3173
found 514.3173.
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N-Methyl 7,8-didehydro-3,6-big[[(1,1-dimethylethyl)diphenylsilyl]oxy]-4,5-epoxy-(5a.,6a)-
mor phinan carbamate (15). Compound13 (0.760 g; 0.997 mmol) was dissolved in dry
chloroform (32 mL) under argon. NaHGQ.257 mg; 15.0 mmol) and methyl chloroformate 11.3
mL; 17.0 mmol) were added and the mixture was xefiuat 62 °C for 2 h 20 min. The reaction
mixture was diluted with dichloromethane (20 mLamashed with water (35 mL). The aqueous
phase was extracted with dichloromethane (2 x 2Q.nihe organic phases were combined,
washed with brine (30 mL), dried with anhydrous,8ia, filtered and concentrated vacuo The
crude product was purified by automated column miatography by eluting with-heptane/ethyl
acetate (5:1) to give compoud8l as a colorless solid (659 mg, 82%). Mp°T5(decomp.); FTIR-
ATR 1697 (C=0), 1498, 1448, 1324, 1269, 1172, 110837, 981, 825, 698 c¢m'H NMR
(CDCl3, 400 MHz): 0 ppm 7.84 (m, 4H), 7.78 (m, 2H), 7.70 (m, 2H), 7(49Q 12H), 6.30 (dJ =

8.1 Hz, 1H, aromatic-H), 6.13 (d,= 8.2 Hz, 1H, aromatic-H), 5.83 (d,= 9.8 Hz, 1H), 5.15 (m,
1H), 4.75 (m, 1 H), 4.52 (d) = 5.5 Hz, 1H), 4.15 (m, 1H), 3.94 (m, 1H), 3.6% & 3H,
NCOOCH;), 2.96 (m, 1H), 2.75 (m, 1H), 2.59 (@= 18.6 Hz, 1H), 2.24 (brs, 1H), 1.63 (m, 2H),
1.13 (s, 9H}-Bu), 1.10 (s, 9Hi-Bu). *C NMR (CDCE, 101 MHz): d ppm 155.8 (NCO), 155.5%,
150.2, 137.9, 136.1, 135.9, 135.9, 135.8, 134.4,113133.9, 133.6, 133.3, 130.6, 130.0, 129.9,
129.9, 129.8, 127.9, 127.8, 127.8, 127.8, 126.8,112120.7, 118.7, 92.4, 69.8, 52.8, 50.4*, 50.1,
44.6, 40.4*, 40.2, 37.4, 35.7, 35.4*, 30.0*, 293(.0, 26.9, 19.7, 19.4. HRMS calcd. for
CsoHs5NOsNaSh. [M+23]+ 828.3516 found 828.3515.

N-Methyl 7,8-didehydro-3,6-big[[(1,1-dimethyl)-t-butylsilyl]oxy]-4,5-epoxy-(5a,6a)-mor phinan
carbamate (16). Compoundl4 (538 mg; 1.05 mmol) was dissolved in dry chlorofof@® mL)
under argon. NaHC£X1.32 g; 15.7 mmol) and methyl chloroformate (18[Z; 17.8 mmol) were
added and the reaction mixture was refluxed atG#®ft 4 hours. The reaction mixture was diluted
with dichloromethane (60 mL) and washed with wd#€r mL). The aqueous phase was extracted
with dichloromethane (2 x 50 mL), the organic plsasere washed with brine (40 mL), dried with
anhydrous Ng50O, and concentrateth vacuo The crude product was purified by automated
column chromatography by eluting withkhexane/ethyl acetate (5:1) to give compolifds a pale
yellow solid (508 mg, 87%). Mp 160-16Z; FTIR-ATR 1697 (C=0), 1496, 1444, 1249, 1128,
1091, 979, 838, 775 ¢cm'H NMR (CDCk, 300 MHz): dppm 6.59 (d,J = 8.1 Hz, 1H, aromatic-
H), 6.41 (dJ = 8.1 Hz, 1H, aromatic-H), 5.65 (d~= 9.7 Hz, 1H), 5.23 (m, 1H), 4.87 (m, 1H), 4.66
(dd,J = 5.7, 1.4 Hz, 1H), 4.07 (m, 2H), 3.73 (brs, 3HCOIOCH), 3.06 (m, 1H), 2.86 (m, 1H),
2.71 (d,J = 18.6 Hz, 1H), 2.47 (brs, 1H), 1.89 (m, 2H), 0(879H,t-Bu), 0.93 (s, 9Ht-Bu), 0.21

(s, 3H, SiCH), 0.14 (s, 3H, SiCH), 0.12 (s, 3H, SiCk, 0.10 (s, 3H, SiCH ppm.**C NMR
(CDCl3, 75 MHz): oppm 156.0 (NCO), 155.6*, 150.3, 137.5, 135.0%, ¥34.30.3, 127.4, 127.3%,
126.4, 126.2*, 121.9, 119.0, 92.8, 69.3, 52.8, 5030.4, 44.7, 40.6*, 40.4, 37.5, 36.0, 35.7%
30.1*%, 30.0, 26.1, 26.0, -4.2, -4.5, -4.6, -4.7.MR calcd. for GgHs7NOsSizNa. [M+1]" 580.2890
found 580.2889.

N-Methyl  7,8-didehydro-4,5-epoxy-3,6-dihydroxy-(5a,6a)-morphinan  carbamate  (17).
Compoundll (127 mg, 0.307 mmol) was dissolved in a mixturenethanol: chloroform (7:2, 4.5
mL). A 0.1 M aqueous solution of NaOH (2.2 mL) veakled to the solution and the resulting white
suspension was stirred at room temperature for B0 Whe organic solvents were evaporated,
water (5 mL) was added to the residue, and the ftHeoaqueous phase was adjusted to 5 with a 1
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M aqueous solution of HCI. The aqueous phase waaat@d with dichloromethane (3 x 30 mL)
and the combined organic phases were washed with (k5 mL), dried with anhydrous B&O,,
filtered and concentratesh vacuoto give yellowish oil. The crude product was piedf with
automated column chromatography by eluting witheptane/ethyl acetate (1:2) to gité as a
colorless solid (87.9 mg, 87%). Mp 88 (decomp.); FTIR-ATR 3283, 1666, 1450, 1232, 1126,
785, 725 crit. 'H NMR (CDCk, 400 MHz): dppm 6.67 (dJ = 8.1 Hz, 1 H, aromatic-H), 6.49 (d,

= 8.1 Hz, 1 H, aromatic-H), 5.71 (m, 1 H), 5.26 J&; 9.8 Hz, 1 H), 5.87 (m, 2 H), 4.21 (m, 1 H),
4.06 (m, 1H), 3.73 (br s, 3 H, NCOO@H3.04 (m, 1 H), 2.84 (m, 1 H), 2.71 (¥iz 18.6 Hz, 1 H),
2.51 (m, 1H), 1.92 (m, 2 H)*C NMR (CDCE, 101 MHz): d ppm 156.1 (NCO), 155.8*, 145.5,
138.3, 133.9*%, 133.6, 129.9, 127.6, 127.3*, 12385.3*, 120.5, 117.5, 91.5, 66.5, 53.0, 50.7*,
50.4, 43.7, 40.0%, 39.8, 37.7, 35.5, 35.2*, 29.29.6. HRMS calcd for GH,NOs. [M+1]"
330.1341 found 330.1342.

N-Methyl 7,8-didehydro-4,5-epoxy-6-hydroxy-3-methoxy-(5a,6a)-mor phinan carbamate (18).
Codeine 8, 0.500 g; 1.67 mmoNvas dissolved in dry chloroform (42 mL) under arghiaHCQ;
(2.11 g; 25.1 mmol) and methyl chloroformate (2mB; 28.4 mmol) were added and the mixture
was refluxed at 62 °C for 2 h 15 min. The reactidrture was cooled to room temperature, diluted
with dichloromethane (60 mL) and washed with w#8& mL). The aqueous phase was extracted
with dichloromethane (3 x 20 mL). The organic plsasere combined, washed with brine (35 mL),
dried with anhydrous N&Q,, filtered and concentratad vacuo The crude product was purified
by automated column chromatography by eluting withexane and ethyl acetate (1:1) to give
compoundl8 as a white solid (555 mg, 97%). Mp 12D (decomp.); FTIR-ATR 3439 (OH), 1688
(C=0), 1503, 1443, 1130, 1052, 942, 784"chii NMR (CDCk, 300 MHz): dppm 6.69 (dJ = 8.1
Hz, 1H, aromatic-H), 6.57 (d,= 8.1 Hz, 1H, aromatic-H), 5.77 (d= 9.9 Hz, 1H), 5.29 (m, 1H),
4.88 (m, 1H), 4.88 (dd}, = 6.6 Hz and), = 1.2 Hz, 1H), 4.08 (m, 2H), 3.85 (s, 3H, Og}B.74
(brs, 3H, NCOOCH), 3.02 (m, 1H), 2.86 (m, 2H), 2.73 @@= 18.6 Hz, 1H), 2.53 (m, 1H), 1.94 (m,
2H). 13C NMR (CDCE, 75 MHz): dppm 156.0 (NCO), 155.7%, 146.6, 142.7, 134.7*, $3430.1,
127.1, 126.9*%, 126.0, 125.9%, 120.2, 113.7, 91@26, 56.55, 52.9, 50.7*, 50.5, 43.5, 39.9*%, 39.8,
37.7, 35.7, 35.4%, 29.7*, 29.6. HRMS calcd forgd,oNOs. [M+1]"344.1498 found 344.1498.

N-Methyl 7,8-didehydro-4,5-epoxy-3,6-dimethoxy-(5a,6a)-mor phinan carbamate (19). A 60%
dispersion of NaH in mineral oil (175 mg, 4.37 mjnels suspended in dry THF (20 mL) under
argon. A solution of compountB (0.500 g, 1.46 mmol) in dry tetrahydrofuran (20)mias added
to the stirred suspension over 90 min, after whighstirring was continued for additional 70 min.
lodomethane (413 mg, 2.19 mmol) was added and tkieira was stirred for 2 h. The reaction was
guenched by slow addition of a 25 wt-% solutioNaOMe in methanol (2.0 mL, 8.7 mmol). The
mixture was diluted with water (30 mL) and the argasolvents were evaporated. The remaining
aqueous phase was extracted with chloroform (3 k. The combined organic phases were
washed with water (30 mL), dried with anhydrous®a;, filtered and concentrated vacuo The
crude product was purified by automated column miatography by eluting witim-hexane and
ethyl acetate (2:1) to give compouf as a white solid (256 mg, 49%). Mp 1358 (decomp.);
FTIR-ATR 1688 (C=0), 1502, 1444, 1174, 1057, 9439 £m®’. '"H NMR (CDCk, 300 MHz): &
ppm 6.66 (dJ = 8.2 Hz, 1H, aromatic-H), 6.51 (@= 8.2 Hz, 1H, aromatic-H), 5.78 (d= 9.9 Hz,
1H), 5.32 (m, 1H), 4.98 (dd; = 6.0 Hz and), = 1.3 Hz, 1H), 4.88 (m, 1H), 4.06 (m, 1H), 3.83 (s
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3H, OCH), 3.75 (m, 1H) 3.73 (brs, 3H, NCOOGH3.52 (s, 3H, OCH, 3.04 (m, 1H), 2.88 (m,
1H), 2.72 (d,J = 18.6 Hz, 1H), 2.51 (brs, 1H), 1.92 (m, 2iC NMR (CDCE, 75 MHz): 5 ppm
156.0 (NCO), 155.7*, 147.8, 142.6, 131.9%, 131.89.9, 127.6, 127.5* 125.8, 125.7* 119.4,
114.1, 89.5, 75.9, 57.3, 56.7, 52.9, 50.7*, 50&0440.3%, 40.2, 37.7, 35.9, 35.6*, 29.8*%, 29.7.
HRMS calcd for GoH2NOs. [M+1]* 358.1654 found 358.1656.

Computational modeling

We studied possible binding modes of compouhds23, 19, 22, 11, 12 computationally by
docking them to inactive forms of the MOR, (PDB eatDKL), DOR (PDB code 4EJ4), and KOR
(PDB code 4DJH). Docking was conducted with Schrger Maestro 10.3 [60], Glide XP. The
docking protocol was validated by trying to receetite binding modes of co-crystallized ligands.
Grid generated was centered on the centroid ottherystallized ligands that indicates well the
center of the orthosteric binding pocket. For DOW MOR, the ligand docking method was based
on a rigid protein. For KOR the rigid protein didtread to reasonable solutions (KOR ligands
located very high in the binding pocket) but readme solutions were delivered by the induced-fit
protocol; induced fit dockings at the KOR are thare presented in this manuscript. Prior to
docking ligand preparation was performed with stadgarameters with LigPrep (pH &Q®). The
poses were selected based on the best docking, $edralternative poses were also considered.
Water molecules were not considered during the idgakins. PyMOL was used for visualizing the
results [61].

Biology

Materials - DAMGO, naltrindole, naloxone and GDP were obtaifreain Sigma. GTP was from
Thermo Scientific. H]Diprenorphine (specific activity, 37 Ci/mmol) afdS]GTPgS (specific
activity, 1250 Ci/mmol) were obtained from Perkinter Life Sciences, SNC80 and U50488 from
Tocris (Bio-Techne, Lille, France), and morphinenfr Francopia (Gentilly, France). Stably
transfected cells expressing human (h) MOR (HEK)RX(HEK) and KOR (CHO) were obtained
and cultured as described [48,4R}, K; andBn,ax vValues were determined using the Prism software
(GraphPad, San Diego, CA).

Cell viability - The toxicity of the compound®, 17, 22 and23 was evaluated on HEK-293 cells by
cell viability assay. The cells 9000 cells/well) wdncubated in the presence of the compounds
(0.1-100 puM) for 24 hours. The growth medium waanged to Opti-MEM prior to the addition of
the compounds. CellTiterGlo reagent was used fibtyses and determination of the ATP levels of
the lysate from luminescence. The results wereyaadl using Prism software (GraphPad, San
Diego, CA). No effect on cell viability was seencaincentrations lower than 100 uM (Supporting
info, Figure S3), showing that these compounds alohave any inherent properties that would
interfere strongly with the basic functions of figicells.

Cell Membrane Preparations Membranes from transfected cells were obtained rasiqusly
described [48,49]. Briefly, cells were washed wpghosphate-buffered saline (PBS, pH 7.4),
scrapped off the plates with PBS, pelleted by deigiation at 1500 rpm for 10 min at room
temperature and frozen at -80 °C. All the followstgps were performed at 4 °C. The pellet was
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thawed and suspended in 30 mL of cold 50 mM Trid;HEl 7.4, 1 mM EDTA and 0.1 mM
phenylmethylsulfonyl fluoride (added extemporandégus The cell lysate was Dounce-
homogenized (30 x) and centrifuged at 2500 rpmlfomin. The pellet was resuspended in the
buffer (15 mL), Dounce-homogenized (30 x), and kkged again at 2500 rpm 10 min. Both
supernatants were combined and ultracentrifuged0d&i00 rpmfor 25 min. The pellet was re-
suspended in 5 mL of 50 mM Tris-HCI, pH 7.4, 1 mMTEA and 0.32 M sucrose and Dounce-
homogenized (10 x). The membrane preparations ageoted and stored at -80 °C. Protein
concentration was determined using the Bradfordyass

Receptor Binding AssayFor saturation experiments, a range f]fliprenorphine concentrations
(from 7.8 x 10 to 5 x 10° M) was used. Nonspecific binding was determinethapresence of
10 uM naloxone. For competition experiments, memdiaroteins were diluted in 50 mM Tris-HCI
pH 7.4 and 1 mM EDTA, and incubated wifi]diprenorphine (1 nM), and several concentrations
of competitor ligand (1 x 10to 5 x 10° M, for hDOR naltrindole 1 x & to 1 x 10° M) in a total
volume of 0.2 mL at 23 °C for 1 h. Incubation mids were washed (8 x) using a cell harvester
(PerkinElmer FilterMate Harvester) with cold 50 mivis-HCI, pH 7.5 on GF/B filters (Whatman)
presoaked with 50 mM Tris HCI pH 7.4 and 0.1% ptilyeeneimine. Bound radioactivity was
determined by scintillation counting using TopCoyRerkin Elmer).K; and Kp values were
determined using the Prism software (GraphPad[Dego, CA).

[35S]GTRJS Binding Assay From each hMOR- and hDOR-transfected cell type, ¢b ai
membrane preparations were incubated at 23 °C fom150 mM Tris-HCI, pH 7.3, 5 mM Mggl
100 mM NaCl, 1 mM EDTA, 30 uM GDP, 0.2 nM [35S]GTHand ligands (1 or 10 uM for the
reference opioid ligand, and 20 or 50 uM for thenpetitor ligands) in a final volume of 0.2 mL.
Nonspecific binding was determined in the preseoicd0 uM GTP. Incubation mixtures were
washed (6 x) using a cell harvester (PerkinElmkeate Harvester) with cold 50 mM Tris-HCl,
pH 7, 5 mM MgC}, 50 mM NaCl on HO-presoaked GF/B filters. Bound radioactivity was
determined by scintillation counting. DAMGO and SB0Cwvere used as MOR and DOR activators,
respectively, because DAMGO and SNC80 are full faffimity MOR and DOR agonists and are
classically used for examining antagonism by nemmounds.
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Highlights

« A convenient, one-step procedure to oxidize A”®-opioidsinto the corresponding 7p-
hydroxy-8-ketonesis reported

» The prepared compounds are antagonists at the mu- and delta-opioid receptors

» 7B-hydroxy-8-ketone can lead to increased selectivity at the delta opioid receptor

* Thehydroxy ketone functionality is a good starting point for further opioid synthesis



