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Abstract

Synthesis of drug metabolites, which often have complex structures, is an integral
step in the evaluation of drug candidate metabolism, pharmacokinetic properties, and safety
profiles. Frequently, such synthetic endeavors entail arduous, multiple-step de novo
synthetic routes. Herein we present the one-step Shono-type electrochemical synthesis of
milligrams of chiral a-hydroxyl amide metabolites of two orexin receptor antagonists, MK-
8133 and MK-6096, as revealed by a small-scale (pico- to nano-mole level) reaction
screening using a lab-built online electrochemistry/mass spectrometry (EC/MS) platform.
The electrochemical oxidation of MK-8133 and MK-6096 was conducted in aqueous
media and found to produce the corresponding a-piperidinols with exclusive regio- and
stereoselectivity, as confirmed by high resolution NMR characterization of products. Based
on DFT calculations, the exceptional regio- and stereoselectivity for this electrochemical
oxidation are governed by more favorable energetics of the transition state leading to the
preferred secondary carbon radical a to the amide group and subsequent steric hindrance
associated with the U-shaped conformation of the cation derived from the secondary a-

carbon radical, respectively.



Keywords: eclectrochemical synthesis; chiral synthesis; drug metabolites; mass
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Introduction

Insomnia is a common disorder affecting 10—15% of the population and is often
associated with other physical and psychological problems.! Following the discovery of
orexin, the novel therapies of dual OX1R and OX2R orexin receptor antagonists (DORAs)
and selective orexin receptor antagonists (SORAs) have advanced into late stage clinical
development. Examples of such therapies are MK-8133 and MK-6096 (see Scheme 1).>”7
These drugs incorporate a piperidine core in their structures. Piperidine moieties are an
integral feature of many alkaloid structures and drug development studies have led to the
preparation of many highly efficient drugs containing substituted piperidine and piperazine
structural moieties.> During a preclinical safety study, a major circulating metabolite M11
from MK-8133 (Scheme 1) was detected, isolated from pooled rat plasma, and
characterized by mass spectrometry and NMR spectroscopy. Metabolic studies are an
integral component of drug candidate pharmacokinetic (PK) and safety profiling in the
drug development process.>”’ To further understand biological activity of the M11
metabolite, in addition to the potential for interaction with other drugs, milligram quantities
of the metabolite were needed. Historically, the required milligram quantities of
metabolites for testing was fulfilled using classical organic synthetic procedures, which
can be a demanding and lengthy process, necessitating a significant and continuing
resource commitment.® ° Due to the structural complexity of the MK-8133, coupled with

enantiomeric purity requirements, it was estimated that at a minimum, a four-step linear



synthesis (e.g., the synthesis of metabolite of suvorexant required a four-step linear

synthesis'’) would be needed to provide the requisite quantities of the M11 metabolite.

Electrochemical synthetic procedures afford a powerful and convenient method for
the oxidative modification of complex organic molecules and have garnered considerable
interest.!!">* Much milder oxidants and reductants can be employed in electrochemical
redox reactions, with protons from water serving as the oxidant in many cases, and toxic
transition metal catalysts can often be avoided entirely. Electrochemical reactions produce
little to no waste and comply with the tenets of “green chemistry.”? In addition,
electrochemical redox reactions occur at ambient temperature and pressure, avoiding the
inherent sensitivity issues associated with many synthetic organic transformations.? In
concert, these attributes make electrochemical synthesis highly attractive and numerous
remarkable transformations via electrochemical reactions have been reported.’s>° For

3638 are among the most widely employed electrochemical

instance, Shono oxidations
methods for the functionalization of C-H bonds adjacent to nitrogen atoms. In Shono
oxidation, amides or carbamates in alcohol solvents are electrochemically oxidized to give
the corresponding N- or O-acetals. However, such oxidations simultaneously affording
both regio- and stereoselective electrochemical synthesis have not been reported. We
reasoned that M11 could be prepared from its parent molecule MK-8133 via direct Shono-
type electro-oxidation, considering that MK-8133 has an amide core structure.

The combination of electrochemistry (EC) with mass spectrometry (MS), EC/MS,
can be versatile, for mimicking drug metabolism, cleaving proteins/peptides, reducing

protein disulfide bonds, facilitating protein/peptide quantitation, and determining the

location of unsaturated double bonds in lipids.***** The method can also be used to observe
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elusive reaction intermediates and for electrosynthetic reaction screening.
Significant progress has been made recently in the application of EC/MS to mimic drug
metabolism, especially in the case of oxidative metabolites whose formation is catalyzed
by cytochrome P450.°%°! For example, reactions such as aliphatic or aromatic
hydroxylation, N-dealkylation or epoxidation can be mimicked using an online EC/MS
platform. 668

In this study, we describe a clean, one-step Shono-type electrochemical synthesis
of the a-piperidinol amide metabolites of MK-8133 and MK-6096 (Scheme 1), which
otherwise would involve a multiple step de novo synthesis. Optimal conditions for the
desired metabolite formation were determined via screening using online EC/MS using
minimal amounts of substrates (pico- to nano-mole level). Once established, the optimal
conditions were employed with a large electrochemical cell to prepare milligram quantities
of the hydroxylated metabolites. Strikingly, the oxidation was observed to be exclusively
regio- and stereoselective as determined by high resolution NMR. Although the electrolytic
yield varied from a moderate 40-50% for small scale electrolysis in thin-layer
electrochemical flow cell to as low as 14-17% for larger scale electrolysis in the
SynthesisCell™; nevertheless, milligram quantities of desired metabolites (M11 and M 10,
respectively, Scheme 1) were successfully obtained in this one-step electrochemical
procedure. Following the characterization of the metabolite structures and the confirmation
of the stereochemical orientation of electrochemically introduced 2-hydroxyl substituent,

computational work was next undertaken to better understand the unique regio- and

stereoselectivity observed for the oxidation of MK-8133 and MK-6096.
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Scheme 1. One-step electrochemical oxidation of MK-8133 and MK-6096 to produce
hydroxylated metabolites, M11 and M10, respectively.

Results and Discussion

Direct electrochemical oxidation of MK-8133

Electrochemistry has been increasingly employed in recent years to mimic
oxidative metabolism typically encountered during phase I clinical trials of drug candidates,
especially those oxidations catalyzed by cytochrome P450.%%7? Anodic oxidation of amides
can generate N-acyliminum ions, which can subsequently undergo elimination, or
conversely, these ions can be “trapped” by nucleophiles, functionalizing the a-position of
the amide.”>””> Analogously, if the anodic oxidation is conducted in aqueous media, it is
possible to form the a-hydroxyl amide product (N,=OH", Scheme 2). In this study, we
envisioned that electrochemistry might be a highly attractive alternative to synthesize the

desired a-hydroxyl metabolites like M11 and M10.
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Scheme 2. Schematic representation of the anodic electrochemical oxidation of an amide
where NuH = nucleophile; e.g., water in this study.

EC/MS Setup

Solvent

Thin-layer p-PrepCell™
electrochemical flow cell

Scheme 3. EC/MS apparatus for online electrosynthesis monitoring/screening, and
the optimization of the electrosynthesis parameters such as the initial concentration,
solvents, applied potential, electrolysis time, pH and electrode materials.

We first tested our hypothesis with the anodic oxidation of MK-8133 using an
online EC/MS setup (Scheme 3). EC/MS, particularly with ESI or DESI as the ionization
interface, is a very powerful tool to quickly screen different electrochemical experimental
parameters (e.g., applied potential, sample flow rate and pH variation), since the

electrochemical oxidation or reduction reaction is monitored online with MS.7678



Oxidation of MK-8133 at a low concentration (100 uM) in water containing 10 mM
NH4OAc was first conducted using the EC/MS apparatus (Scheme 3) (Data is shown in
Figure S1; Supporting Information). With no potential applied to the cell, only protonated
MK-8133 [(M+H)"] was detected at m/z 400 (Figure S1-a, Supporting Information). When
a positive potential of 1.6 V was applied to the cell, a small peak corresponding to the
oxidation product [M+O] " was detected at m/z 416 (Figure S1-b, Supporting Information).
1.6 V was the optimized potential. This value is close to the reported amide oxidation
potentials varying from 1.47 to 2.21 V.” However, when 20 mM Na,HPO4/NaH;PO4
(pH=7.0) in H>O was used, the oxidation yield was enhanced, likely attributed to the strong
electrolytic character of the phosphate buffer, as shown in Figure 1. With no potential
applied to the cell, only the sodium adduct ion of MK-8133 was detected at m/z 422 (Figure
la). When a positive potential of 1.6 V was applied to the cell, the intensity of the m/z 422
ion decreased and another ion was observed at m/z 438 (Figure 1b), corresponding to the
sodium adduct ion of M11. Upon collision induced dissociation (CID), the m/z 438 ion
primarily yielded fragment ions at m/z 318 and 183, consistent with oxidation of piperidine
fragment, as was anticipated (Figure 1c). The in-spectrum oxidation yield was estimated
to be >50%, as the relative intensity of m/z 438 was higher than the remaining m/z 422.
Note that the test of electrochemical oxidation of MK-8133 using our online EC/MS setup
in this study was not only fast and took just few minutes, it also only consumed a minimal

amount of sample (pico- to nano-moles of substrate).
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Figure 1. DESI-MS spectra %(Iz\?uired when a solution of 100 uM MK-8133 in water
containing 20 mM Na,HPO4/NaH,PO4 (pH=7.0) was flowed through the thin-layer
el?cargghemlcal cell a) without and b) with an applied 1.6 V; c) CID MS/MS spectrum of
m/z 438.

It is also possible to isolate the electrochemically generated metabolite, M11. In an
initial experiment, a higher concentration of MK-8133 (500 uM) in acetonitrile: aqueous
20 mM sodium phosphate buffer (10:90; v/v) was continuously infused to the thin-layer p-
PrepCell™ (a flow cell, applied potential: 1.8 V) at a flow rate of 30 uL/min. The oxidation
solution collected was recycled through the electrochemical cell for a second time to further
enhance the oxidation conversion yield, which was found to approximately 40% by the
LC/UV measurement (based on the ratio of the product UV absorption peak area at 254

nm vs. the total of UV absorption peak areas of the remaining reactant and the product at



254 nm, Figure S2-a, Supporting Information). A subsequent scale-up reaction for

1™ a batch reactor

producing M11 by anodic oxidation of MK-8133 using the SynthesisCel
cell with a large boron doped diamond (BDD) working electrode (3cm x 3cm) was
conducted, employing the optimized conditions obtained from the online EC/MS
screening. In the first attempt, 80 mL of 500 uM MK-8133 (16 mg starting material) was
prepared in acetonitrile: aqueous sodium phosphate buffer (10:90; v/v) and added into the
SynthesisCell™ (a batch reactor). A 21% conversion (3.4 mg product was obtained) was
achieved within 3 h. Next, we attempted the oxidation of MK-8133 at high concentration
to improve the product quantity. An 80 mL solution of 1.25 mM MK-8133 solution (40 mg
starting material) in DMSO: aqueous 20 mM sodium phosphate buffer (40:60; v/v) was
added to the SynthesisCell™. The reaction was monitored by LC/MS, 11% conversion
was observed (4.4 mg M11 produced) within 12 h, the highest conversion was achieved at
approximately 17% yield (6.9 mg M11 produced) with reaction duration of about 72 h
(Figure S2-b, Supporting Information).  Although the conversion yield in the

ITM

SynthesisCell ™ was low (17% from a 72 h electrolysis), there was little byproduct formed
and the remaining 80% was recoverable MK-8133. It is plausible that the working
electrode of SynthesisCell™ needed to be cleaned following a long duration electrolytic
reaction. Further improvement of the electrosynthetic yield may be possible by using a
suitable porous electrode for electrolysis since the majority of parent MK-8133 remained.
Remarkably, as shown below, the isolated product analyzed by solution NMR was shown
to be identical to that isolated from the in vivo matrix with the correct regio- and

stereochemical configuration.

NMR characterization of the electrochemically prepared M11 metabolite

10



Definitive characterization of the oxidative metabolite, M11, of MK-8133 was
accomplished using high resolution NMR techniques. Based on the multiplicity-edited
HSQC spectrum of the metabolite, it was immediately apparent that only two, rather than
the three methylene resonances of the parent molecule remained in the structure of the
metabolite, indicating that, as expected, one of the methylenes had undergone oxidation in
the electrochemical reaction. The two remaining methylene groups 2.27, 1.61/24.3 and
2.40, 1.88/19.1 ppm ('H/'3C) were consistent with the proton and carbon chemical shifts
of the 5- and 4-positions, respectively, of the piperidine ring of the parent. The resonances
for the 6-methine (4.56/45.5 ppm) and the methyl (1.44, d, Jun = 6.9 Hz/19.3 ppm) were
also comparable to those of the parent, strongly suggesting that oxidation had occurred at
the 2-methylene (Figure 2). A new methine resonance was observed in the multiplicity-
edited HSQC spectrum at 5.49/80.0 ppm, which is consistent with hydroxylation at the 2-
position of the piperidine ring; the carbon chemical shift is consistent for an aminol carbon
resonance. Homonuclear proton-proton correlations in the COSY spectrum afforded

further confirmation of hydroxylation at the 2-position of the piperidine ring (Figure 2).

11



605 549 H| L1 N JW \J'L_M_L

a) g ,
) JL \ -Hcl;,é ™

6

intentionally truncate L 50

LT % o

F 6.0

T

50

L

T e
8 7 6 5 4 3 Chemical Shift (ppm)

74271295 240 188 1.44F

709/130.3 E 16
b) 682/127.4 ™~ 7951314 d) £
__r
5.06 227 781 Ew
H\0 N\ E
179 549/800 3 1385 - e b v
g = E
7.26/1156 ~ 5 DMSO
NC. Z 173 N, _~/743/1209 P48
1241 | 164.2 N o 853/158.3 £ o
72071189 n_ N / ,, 1441193 o1s E o4
810/149.0 5.14/71.3/ ‘ Q"b oo \ —
2.40,1.88/19.1 4.56/45.5 — 3
£ 80

227, 161/243

L s S A B R SR L B L S R AR A A
60 55 50 45 40 35 30 25 20 15

Figure 2. a) 600 MHz 'H NMR spectrum of the M-11 metabolite of MK-8133 in de-
DMSO. b) 'H and '*C NMR resonance assignments for the M-11 metabolite made from
the ensemble of 2D NMR data acquired for the sample. c) Pertinent region of the COSY
spectrum showing correlations for the aliphatic resonances of the piperidine moiety in the
structure. The proton resonating at 4.56 ppm affords correlations to the vicinal proton
resonating at 2.27 ppm and to the methyl group resonating at 1.44 ppm. The open circle
corresponds to a very weak correlation to the vicinal proton resonating at 1.61 ppm (see
also the multiplicity-edited HSQC data shown in panel d) that is below the threshold used
to plot the COSY data. d) Correlations for the aliphatic resonances of the M-11 metabolite
observed in the multiplicity-edited HSQC spectrum.

Long-range heteronuclear correlations were observed from the H2 methine proton (5.49
ppm) to carbons resonating at 173.5 (C7), 71.3 (C3), 45.5 (C6) and 19.1 (C4) ppm in an 8
Hz optimized HMBC experiment (Figure 3). The correlation to the C7 carbonyl was quite
weak, which is to be expected based on the rotation about the bond between C7 and
piperidine nitrogen. In similar fashion, correlations were observed from the H6 (4.56 ppm)

proton to the C7 carbonyl, as well as carbons resonating at 80.0 (C2), 24.3 (C5) and 19.1

(C4) ppm (see numbered structure in Figure 3). In concert, these correlations

12



unequivocally establish the site of electrochemical oxidation as the 2-position of the
piperidine ring.

Analysis of a resolution enhanced 'H NMR spectrum of the M11 metabolite
revealed the H2 methine proton as a doublet Juu = 2.5 Hz; the H3 methine proton was
observed as an apparent quartet due to the three equivalent homonuclear couplings of Juu
= 2.6 Hz. These homonuclear coupling constants are consistent with the gauche
relationship between the H2 and the H4" and H4" protons with the H3 resonance, which
can be seen looking along the C2-C3 bond axis of the energy-minimized structure of the
MI11 metabolite shown in Figure 4c. Further confirmation of the orientation of the 2-
hydroxyl substituent was afforded by an observed NOE correlation between the 2-hydroxyl

proton and the 6-methyl group in a NOESY spectrum (see Figure S10, Supporting
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Figure 3. a) Structure of the M-11 metabolite showing long-range 'H-'*C correlations
observed in the 8 Hz optimized HMBC spectrum. Correlation pathways are color-coded
on the structure, with the most prevalent >Jcu correlations denoted by black arrows; 2Jcu
correlations are denoted by blue arrows; the single, weak “Jcn correlation observed is
denoted by the dashed red arrow. b) Aliphatic moiety correlations in the multiplicity-edited
HSQC spectrum of the M11 metabolite. c¢) Correlations observed in the 8 Hz optimized
HMBC spectrum. Chemical shift labels are color-coded as a function of the long-range
heteronuclear correlation pathway involved. The very weak “Jcu correlation from the
proton resonating at 5.49 ppm to the methyl doublet is enclosed in the red box. It is
interesting to note that no HMBC correlations were observed from the H3 proton
resonating at 5.14 ppm to any of the aliphatic carbon resonances in the HMBC spectrum.

a) HS
Figure 4. a) Energy-minimized structure of the M11 metabolite of MK-8133. The
orientation of the H3 resonance relative to the H2 and H4' and H4" resonances lead to
dihedral angles that are consistent, based on the Karplus relationship, with the observed
three small coupling constants exhibited by the H3 resonance. b) View along the C-4-C3
bond axis showing the gauche relationship of the H3 resonance to both H4 protons. c)
View along the C2-C3 bond axis of the piperidine ring showing the gauche relationship of
the H2 and H3 protons (see computational details below).

Electrochemical oxidation of MK-6096 to produce M10

Following the success in obtaining desired M11 metabolite from electrochemical
oxidation of MK-8133, electrochemical oxidation of another parent compound, MK-6096,
was investigated to determine whether the selective oxidation is broadly applicable and
capable of producing the desired metabolite M10 (structure is shown in Scheme 1). As

shown in Figure S3-a (Supporting Information), with no potential applied to the thin-layer

u-PrepCell™ flow cell, the protonated and sodiated MK-6096 ions were observed at m/z

14



421 and 443, respectively, when 100 uM MK-6096 in acetonitrile/water (50:50; v/v)
containingl 0 mM ammonium formate and 1% formic acid (pH 2.2) was passed through
the cell at a flow rate of 10 pL/min. When 1.8 V was applied to the BDD working electrode,
two new ions were detected at m/z 437 and 459 (Figure S3-b, Supporting Information),
corresponding to the protonated and sodiated oxidation products of MK-6096, respectively.
Based on the relative intensities of the remaining MK-6096 peaks and the product peak,
the yield for electrosynthesis of the oxidative metabolite M10 was estimated to be ~40%.
MS/MS of the m/z 459 ion predominantly afforded fragment ions at m/z 143, 169, 197 and
346, consistent with the sodium adduct of M10 structure (Figure S3-c, Supporting
Information).

Based on the success of small-scale electrochemisty, the reaction was scaled up in
an effort to produce usable quantities; mg quantities were obtained by using electrolysis in
the SynthesisCell™. For the mg scale electrosynthesis experiment, 0.5 mg/mL solution of
MK-6096 dissolved in acetonitrile/water (50:50; v/v) containing 10 mM ammonium
formate and 1% formic acid (pH 2.2) was prepared and 80 mL of this solution was added
to the SynthesisCell™. Conversion to the desired hydroxylated metabolite, M10, from
MK-6096 was monitored by LC/MS. As shown in Figure S4 (Supporting Information),
optimal conversion at about 14% occurred when the duration of the reaction was
approximately 3.5 h. The desired hydroxylated metabolite was isolated (5.6 mg) and
characterized by NMR analysis, which established the structure of the metabolite as M10.
Detailed NMR analysis 1s shown in Figures 11S-16S and Table S3 (Supporting

Information). Characterization of the structure of the isolated product of the

15



electrochemical reaction confirmed that selective oxidation occurs at the C2 position of the
MK-6096 piperidine ring.
Elucidation of electrochemical oxidation regioselectivity and stereoselectivity

Scheme 4 shows the proposed mechanism for the electrochemical hydroxylation of
MK-8133, which is similar to the anodic oxidation of an amide (Scheme 2). Hydroxylation
on the tertiary carbon alpha to the nitrogen atom should be the predominant product since
tertiary carbon radicals are normally more stable than secondary carbon radicals (3 in
Scheme 4). However, our results indicate that the electrochemical oxidation of MK-8133
and MK-6096 yielded primarily hydroxylation products on the secondary carbon, alpha to

the nitrogen atom.
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Scheme 4. The proposed mechanism for the electrochemical hydroxylation of MK-8133
and MK-6096.
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A desire to rationalize this unexpected regioselectivity prompted further
investigation using density functional theory (DFT) calculations. Conformational space
was exhaustively sampled using three conformer generators (a combination of rules-based
and distance geometry-based methods) followed by molecular mechanics minimization
using MMFF94, a workflow that has been previously published.®® Initial mechanistic
rationale was explored based on comparing energies of the penultimate iminium cations,
however, the relative energies of the cations predicted the formation of 5 and not 4 (Scheme
4). The relative stability of the iminium cations has, however, been used to rationalize the
experimentally observed regioselectivity for a related series of compounds.®! Libendi, et
al. proposed that the regioselectivity for a cyano or ester-substituted piperidine could be
attributed to the relative stability of the LUMO energies of the cations (Figure S17 and
additional discussion in the SI), however, as will be shown here, we propose that the
regioselectivity for this class of reactions was instead governed by kinetic control of the

deprotonation step.

17
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Figure 5. (a) Transition states for deprotonation, by a dihydrogen phosphate anion, of the
radical cation leading to either the secondary or tertiary radicals. (b) Low energy
conformations of the secondary and tertiary radicals for MK-8133. Carbon = grey, oxygen
= red, nitrogen = blue, hydrogen = white, phosphorous = orange.

Transition states for the deprotonation step forming radical 2 from the radical cation
of 1 were identified for MK-8133 (Figure 5). While there are several possibilities for what
base may be deprotonating the intermediate radicals, we have selected to model a
dihydrogen phosphate anion as the probable base present in the reaction solution. In the
presence of an implicit solvent model, the preferred (quasiharmonic corrected Gibbs
energy at 298 K) kinetic pathway is favored by 7.7 kcal/mol in support of formation of the
observed product (see additional details in SI including Table S4). The lowest energy
transition state for the observed secondary radical pathway derives from deprotonation of
the axial proton from the lowest energy conformation of the MK-8133 starting material

which adopts a chair conformation of the central piperidine core. Deprotonation of the axial

proton allows for optimal overlap of the resultant p-orbitals of the carbon being

18



deprotonated and the piperidine nitrogen, driving stabilization of the observed pathway.
The higher energy of the TS for the analogous axial deprotonation at the tertiary a-carbon
may be explained by steric strain from the equatorial methyl group with the carbonyl group
bonded to N. The same steric and electronic factors are proposed to account for the
selectivity observed with MK-6096.

Figure 5b depicts the three energetically significant conformers of the secondary
and tertiary radicals of MK-8133. Conformer 2a (conformers of secondary radical are
denoted “2°” while conformers of the tertiary radical are denoted “3°” in Figure 5)
dominates the free energy surface and exhibits an intramolecular stacking interaction
between the pyridine and biaryl systems as in the preferred transition state. Rotation about
the amide-biaryl dihedral angle leads to conformer 2b of MK-8133 which is 1.0 Kcal/mol
higher in energy. The tertiary radical is sterically unfavored owing to the methyl
substituent at the radical center wanting to sit in the same space as the amide carbonyl
which is not possible (this same steric argument explains why Libendi, et al., observed
different regioselectivity for the less sterically bulky cyano moiety compared to the ester
functionality®'). Annotated as conformer 3a, the conformation of the tertiary radical is 3.9
Kcal/mol higher in energy than the lowest energy secondary radical conformer 2a.
Additional steric repulsion eliminates the amide-biaryl rotamer equivalent to conformer 2b
from consideration for the tertiary radical. In Figure S18, a series of calculations was
performed on model systems containing either a truncated amide substituted piperidine or
a modification of this core where the carbonyl was replaced with a methylene (shifts sp?
amide geometry to one that allows the piperidine nitrogen to be more pyramidal).

Calculations indicate that the methylene species allows for a more stable tertiary radical

19



compared to the secondary; when the carbonyl is in place, the secondary radical is preferred

for reasons specified above.

MK-8133

Conformer 2a

Figure 6. Global minima conformation of the MK-8133 iminium cation 4 (derived from
the secondary (2"% radical) shown in both a stick and space-filling representation. The arrow
indicates favorable ‘bottom’ side approach in the axial position for the nucleophile whereas
nucleophilic apgroach from the ‘tollj)" side is sterically blocked. Carbon = grey, oxygen =
red, nitrogen = blue, hydrogen = white.

Following a second one-electron oxidation, 2 is converted to an iminium cation 4
(Scheme 4), which undergoes nucleophilic addition in the presence of water to give the 2-
hydroxypiperidine product. It can be seen from Figure 6, that the global minima of the MK-
8133 iminium cation generated from the radical precursor adopts a U-shaped conformation.
Steric hindrance caused by the 2-phenylpyrimidine ring and cyanopyridine directs the
nucleophilic attack to the bottom (re face) of N-acyl iminium ion in the axial position of
the piperidine chair conformation. This is consistent with complete stereoselectivity
observed during the electrochemical oxidation of MK-8133. Based on relative kinetic
barrier heights and low energy conformations, we propose that the high regio- and
stereoselectivity observed during electrochemical oxidation is driven by initial oxidation

of the piperidine nitrogen of MK-8133, which then follows a reaction cascade driven
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largely by the steric properties of the piperidine exocyclic methyl group with a significant
preference for deprotonation along the pathway towards the secondary radical derived
product.

Verification of the proposed factors governing selectivity observed with MK-8133
was conducted through electrochemical oxidation of a second orexin receptor antagonist,
MK-6096, which possesses a similar molecular scaffold. As mentioned above, the product
MI10 from electrolytic oxidation of MK-6096 was isolated and characterized by NMR,
which established the metabolite to be M10 with complete regio- and stereoselectivity
similar to that of M11. Similar in vacuo radical stability calculations were carried out for
MK-6096. Figure S19 shows the relative stabilities of transient radicals with the 2° a-
carbon radicals having lower conformational energies compared to the 3° a-carbon
radicals. Though the energy difference (1.0 Kcal/mol) is smaller compared to those
calculated for MK-8133 (3.9 Kcal/mol), the MK-6096 carbon radical should
predominantly form on the secondary a-carbon given the transition states identified for
MK-8133 deprotonation. A larger number of conformers are energetically accessible for
MK-6096, likely due to the methylene-spaced ether linkage, which affords more flexibility
to the pyridine ring. This flexibility provides additional space for the biaryl to be positioned
closing the gap on the energetic preference of the secondary radical. Experimentally, high
regioselectivity was again observed. It can be seen in Figure S20 that MK-6096 possesses
the same sterically blocked U-shaped conformation for the iminium cation generated from
the secondary radical. For MK-6096, owing to similar conformer energies, two
conformations must be considered, but as seen in Figure S20, it is evident that both

conformations are more accessible for bottom side (as depicted) attack in the axial position
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of the chair conformation of the central piperidine. Transition states for the deprotonation
step of MK-6096 were not undertaken as it is expected that the energetic preferences will

mirror that of MK-8133.

Conclusions

In conclusion, we have demonstrated the one-step electrochemical synthesis of
milligram quantities of a-hydroxyl amide metabolites of MK-8133 and MK-6096 with
exclusive regio- and stereoselectivity in aqueous media, the structures and stereochemical
features confirmed by NMR spectroscopy. Based on density functional theory (DFT)
calculations, the reaction regio- and stereoselectivity is governed by the relative stability
of the transition states for deprotonation of the transient radical cations and steric hindrance
directing axial addition experienced by the subsequent iminium species, respectively.
Finally, it is shown that online EC/MS is a powerful tool in quickly identifying and
optimizing the reaction conditions for desired products. Adapting this tool in the process
can shorten the time cycle for electrochemical synthesis greatly.

Experimental Section
Electrochemical Synthesis

Small-scale reaction screening was undertaken using a lab-built EC/MS apparatus
(Scheme 3) which consisted of a thin-layer electrochemical flow cell coupled with a Waters
Xevo QTof mass spectrometer. Liquid sample desorption electrospray ionization (DESI)
was used the EC/MS interface, as described previously in detail.3>%* The thin-layer p-
PrepCell™ (ANTEC BV, Netherlands) equipped with a glassy carbon working electrode

(30x12 mm?) was used for oxidizing MK-8133; a BDD working electrode (30x12 mm?)
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was used to oxidize MK-6096. A HyREF™ electrode was used as a reference electrode
and titanium was used as the counter electrode. The electrochemical reaction product
flowed out of the cell via a short piece of fused silica connection capillary (i.d., 0.1 mm,
length 4.0 cm) and underwent interactions with the charged microdroplets from DESI
solvent spray for ionization. The capillary outlet was placed about 1 mm downstream from
the DESI spray probe tip and kept in-line with the sprayer tip and the mass spectrometer’s
inlet. The spray solvent for DESI was methanol/water (1:1 by volume) containing 1%
acetic acid and a high voltage of 5 kV was applied to the spray probe. The flow rates for
both the DESI probe solvent and the sample solutions passing through the electrochemical
cell for electrolysis were 10 uL/min. The EC/MS setup allowed direct online monitoring
of the electrosynthetic product or offline collection of the product from the p-PrepCell™.

Large-scale electrochemical synthesis was undertaken using an apparatus
consisting of a ROXY potentiostat (ANTEC BV, Netherlands) with an extended current
range (up to 20 mA), controlled by Antec Dialogue software, and a bulk SynthesisCell™
(80 mL volume, ANTEC BV, Netherlands). The SynthesisCell™ was equipped with a flat
smooth BDD working electrode (30x30 mm?), a HyREF™ reference electrode and an
auxiliary electrode without a frit. The reaction solution consisted of 80 mL of 0.5 mg/mL
of MK-8133 dissolved in DMSO/20 mM sodium phosphate buffer (40:60; v/v) or 80 mL
of 1.2 mM of MK-6096 dissolved in acetonitrile/water (50:50; v/v) containing 10 mM
ammonium formate and 1% formic acid. A square-wave pulse potential was applied to the
SynthesisCell™ for oxidizing both MK-8133 and MK-6096. Under the optimized
conditions, the potentials were +2.6 V (E1) and +2.2 V(E») for oxidizing MK-8133 and the

potentials were +1.8 V (E) and +1.4 V (E) for oxidizing MK-6096. Time intervals were
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1,990 ms (t1) and 1,010 ms (t2). The progress of the synthesis was checked every 10 min

by taking an aliquot of 1 pL from the SynthesisCell™

solution. The sample was diluted by
a factor of 1000 prior to liquid chromatography/mass spectrometry (LC/MS) analysis (see
details in Supporting Information). Both M11 obtained from MK-8133 electrolysis (6.9
mg, 17% yield) and M10 obtained from MK-6090 electrolysis (5.6 mg, 14% yield) were

white powder solid.

NMR Characterization

High resolution nuclear magnetic resonance (NMR) data were collected on either
Bruker Avance III HD 700 MHz or Bruker Avance III HD 600 MHz NMR spectrometers
(Bruker BioSpin Corporation, Billerica, MA); both spectrometers were equipped with a
1.7 mm HCN TCI MicroCryoProbe™. Approximately 50 pg of the purified hydroxylated
metabolite of MK-6096 was dissolved in 35 pL of CD3CN and used for solution NMR
experiments utilizing standard pulse sequences (proton, COSY, ME-HSQC, 8 Hz
optimized HMBC, and ROESY with mixing times of 400 msec and 500 msec).
Comparable NMR experiments were performed on a 50 pg of the purified hydroxylated

M11 metabolite of MK-8133 dissolved in 35 pL of ds-DMSO.

Computational chemistry

Conformational searches were performed according to a computational workflow
that combined several conformer generators with energetic evaluation using a series of

80 After identification of an initial

force field and low level density functional methods.
conformer ensemble, more accurate Boltzmann distributions based on free energies (298K)

were calculated using M06-2X/6-31G** for conformer distributions with diffuse functions

24



added when calculating transition states for deprotonation. (see additional computational
details in SI including quasiharmonic corrections to the transition state free energies).®
Stationary points were confirmed by vibrational frequency analysis. Transition states were
confirmed with IRC (intrinsic reaction coordinate) following and confirmed minimizations
to reactants and products. All calculations were run using Gaussian g09.d01 or g16.a03.3
Implicit solvation was modeled using SMD.¥” For ground state species, analysis was

focused on conformers contributing >2% to the overall ensemble for each species.
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