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ABSTRACT: Thioethers represent prevalent motifs in highly sought after biologically active small molecules such as active
pharmaceutical ingredients (APIs) and natural products. While nucleophilic aromatic substitution (SvAr) has traditionally
been used to synthesize aryl thioethers, modern approaches leverage transition metals to catalyze thermal or photochemical
cross-coupling. During platform technology development for photochemical transformations, we uncovered an exceedingly
mild thioetherification that does not require light, transition metal or exogenous base. An array of thiols and halogenated
heterocycles were coupled to produce 40 diverse products including the penultimate precursor to the immunosuppressant
azathioprine (1-step). Reaction progress kinetic analysis (RPKA) and computational studies support a unique mechanism,
here termed proton transfer dual ionization (PTDI) SnAr. Rate-limiting proton transfer (RLPT) pre-equilibrium results in dual
nucleophile and electrophile ionization prior to an asynchronous concerted SxAr. This transformation complements modern
approaches to thioethers and motivates additional research evaluating PTDI as a general activation mode between coupling
partners.

Introduction

Alkyl and aryl thioethers (sulfides) represent common
motifs among active pharmaceutical ingredients (APIs) and
natural products such as azathioprine, nolatrexed and the
penicillin’s (Scheme 1A).! This motif is considered privi-
leged in medicinal chemistry based on unique pharmaco-
logical properties mediated through NH mimicry, redox
non-innocence (sulfoxide-sulfone interconversion) and in-
tra-/intermolecular carbon-sulfur (C-S) o* orbital interac-
tions, among others.'e¢ Given the ubiquity of thioethers in
biologically active compounds, numerous ‘C-S coupling’
strategies have been reported.? Traditionally, thioethers are
synthesized from thiols and electron deficient aryl halides
using strong bases, polar solvents, and high temperatures
via nucleophilic aromatic substitution (SxAr) (Scheme
1B).2>-¢ State-of-the-art coupling involves transition metal
(TM) catalysts (Pd, Ni) that display broader scope but usu-
ally at higher cost (Scheme 1B).24¢ Recent photochemical in-
novations provide ambient temperature alternatives to
SnAr and TM catalyzed approaches to thioethers (Scheme
1B).2de Although most reports utilize photoredox (Ir or Cu,
hv) or metallaphotoredox (Ru or Ir w/ Ni, hv) catalysis, one
noteworthy exception requires no photocatalyst (PC)
(White LED, Cs2C03, DMSO) (Scheme 1C).2¢f Developed by
Miyake and co-workers, this reaction proceeds through a
unique mechanism involving intermolecular charge trans-
fer (CT) via a thiolate-aryl halide electron donor-acceptor
(EDC) complex prior to C-S bond formation. Perhaps more
impressive is the reaction’s general utility, low cost and sim-
ple setup. In our continued effort to implement photochem-
ical transformations in pharmaceutical process

development, we became motived to implement these con-
ditions.? Through this endeavor, a light, transition metal and
exogenous base free thioetherification was discovered
(Scheme 1D). A diverse array of functional group rich thiols
and halogenated heterocycles could be coupled under ex-
ceedingly mild conditions.? Finally, a unique mechanism
was identified, here termed proton transfer dual ionization
(PTDI) SnAr, which enables the simple and mild nature of
the transformation.

https://doi.org/10.26434/chemrxiv-2023-0bjgp ORCID: https://orcid.org/0000-0002-8640-6727 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-0bjgp
https://orcid.org/0000-0002-8640-6727
https://creativecommons.org/licenses/by/4.0/

A. Thioether Containing APIs and Natural Products
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Scheme 1. A. Thioether containing molecules. B. Synthetic
approaches to aryl thioethers. C. Photochemical C-S cou-
pling reported by Miyake and co-workers. D. Proton Trans-
fer Dual Ionization (PTDI) SnAr.

Results and Discussion

To begin our development, sodium 5-chloropyrazine-2-
thiolate (1a) and 5-fluoro-4-iodopyridin-2-amine (2a)
were selected from our building block library to stress the
robustness of Miyake’s reported conditions.*> 1a and 2a are
challenging substrates that contain nucleophilic and elec-
trophilic functionality capable of cross and self-coupling
photochemically or thermally (SnAr).226 1a and 2a were ad-
ditionally selected based on the ubiquity of nitrogen con-
taining heterocycles in small-molecule drugs and their pro-
pensity to complicate TM catalyzed cross-coupling reac-
tions.” Submitting 1a and 2a to 450 nm irradiation in DMSO
at40°C (Table 1, Entry 1) generated 3a (15%) as a complex
mixture with several by-products (23%) and unreacted 2a
(62%). 4 was identified as the largest by-product (5%),
likely formed from over-reaction of 3a with 1a. The remain-
ing by-products (18%) are suspected to be oligomers de-
rived from 1a based on its consumption relative to 2a and
the formation of 4. Switching from DMSO to MeCN gave an
improvement in conversion to 3a (26%) but an increase in
4 (10%) (Table 1, Entry 2). To probe if SNAr was a dominant
pathway these conditions were repeated in the absence of
light resulting in trace product and by-product formation
(Table 1, Entry 3). Given 1a’s complete consumption, we
posited that evaluating various solvents and soluble organic
bases with thiophenol 1b might taper the thiolate’s reactiv-
ity thus reducing by-product formation. While stronger ba-
ses like NEts3 (pKa = 9.0, DMSO) gave minimal conversion to
3a (8%) (Table 1, Entry 4), the weak base pyridine (pKa =
3.4, DMSO) (Table 1, Entry 5) resulted in 85% conversion.®
This significant improvement can be partly attributed to
1b’s limited solubility, a consequence of pyridine’s reduced

propensity to generate the soluble thiolate anion, resulting
in improved chemoselectivity because of inefficient mass
transfer.? Additionally, 2a’s complete consumption may be
explained by N-activation (e.g. H-bond, PCET, PT) which
was likely inhibited by strong base under the previous con-
ditions tested.”10 N-activation of basic heterocycles such as
pyridine are ubiquitous, boding favorably for this hypothe-
sis (vida infra).2b1011 While Entry 5 afforded excellent con-
version, 4 was still generated in undesirable quantities
(6%). Tapering 3a’s solubility was hypothesized to reduce
4, since switching from MeCN to PhMe gave minimal con-
version (17%) but only trace 4 (Table 1, Entry 6). In turn,
various solvents were evaluated in the absence of pyridine
in hope of eliminating 4 and to test if 2a was undergoing
proton transfer. Balancing solvent polarity proved critical
since PhMe (Table 1, Entry 7) gave almost no conversion
while DMSO (Table 1, Entry 8) gave significant formation of
disulfide 5 (11%) from 1b. MeCN (Table 1, Entry 9) worked
best, giving 3a in high conversion with only trace 4 and 5.
The absence of exogenous base and low organic solubility
allowed 3a to precipitate from the reaction as an HI salt
(3b) which could then be collected through filtration in high
yield and purity (91% yield, Scheme 3 vide infra).
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Solvent M 1 2 3 4 5 RA

1 DMSO Na <1 62 15 5 <1 18
2 MeCN Na 12 42 26 10 <1 10
3" MeCN Na 41 53 <1 <1 <1 5

N“

4* MeCN H 33 43 8 7 <1

5+ MeCN H 5 <1 8 6 <1 3
6+ PhMe H 35 37 17 <1 1 10
7 PhMe H 48 39 5 <1 5 3
8 DMSO H <1 9 71 4 11 2
9 MeCN H 12 5 81 <1 <1 1

10~ MeCN H 10 4 84 <1 <1 1

Table 1. A. Tabulated numbers are HPLC PA% at 210nm.
RA = residual area, *3 equiv NEts added, *3 equiv pyridine
added, "No-light, 91% yield. B. General conditions: 1 (0.14
mmol, 1.1 equiv), 2a (0.11 mmol, 1.0 equiv), solvent (0.2M),
450 nm LED, 40°C, 18h.

As a control, we performed an experiment in the absence
of light and were surprised to observe identical perfor-
mance. This unexpected result suggested a change in
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mechanism to Miyake’s reported conditions. To gain mech-
anistic understanding that might guide substrate scope
evaluation, we set out to determine key reaction parame-
ters enabling the transformation (Scheme 2). As previously
discussed, no product is observed when using 1a instead of
1b (Table 2, Entry 1). By contrast, the reaction proceeds
with thiolate 1a when using pyridinium salt 2b (Table 2, En-
try 2), likely generating 2a and 1b as the reaction proceeds.
Furthermore, using sub stoichiometric quantities of 1b (1
equiv of a 9:1 mixture of 1a:1b) gave complete conversion
(Table 2, Entry 3), supporting 1b can be reformed from pro-
ton transfer between 1a and 3b, and that the reaction can
be acid catalyzed. Like Table 2, Entry 1, no reaction is ob-
served when combining 1b and 2b (Table 2, Entry 4), indi-
cating a basic component is required. Using a thiophenol
proved important since switching 1b (pKa~10, DMSO) to
benzyl mercaptan (6) (pKa = 15.3, DMSO) shuts off the re-
action (Table 2, Entry 5).12 To probe if electrophile activa-
tion occurs, 2a was swapped for electronically similar 4-io-
donitrobenzene (7) paired with pyridine as a base (Table 2,
Entry 6) resulting in no product formation.2b¢ In unity, these
control experiments support that the reaction requires ac-
tivation of 2a via proton transfer before the coupling can
take place.

Activation of basic heterocycles through a nitrogen atom
is a well precedented strategy to promote reactivity.1%11
Pyridine activation is the most well documented, with com-
mon approaches including N-methylation, N-oxidation, N-
coordination (TM, LA, boron, etc), N-protonation, general N-
functionalization, and H-bond activation.z2810.11 To help dis-
tinguish between protonation versus H-bonding for our re-
action, we performed 'H NMR titration experiments with
pyridine and 1b. (Figure S2).192bd Qur results show an ab-
sence of discrete downfield peak shifts for pyridine when 1
equivalent of 1b was reached. Instead, pyridine experi-
enced gradual downfield peak shifting (0.015-0.04 ppm) as
the equivalents of 1b increased. These data advocate for a
small proton transfer equilibrium as opposed to formation
of a H-bound intermediate in our parent reaction.

We next set out to probe if the reaction mechanism in-
volves electron transfer (ET) akin to a radical-nucleophilic
aromatic substitution (Srn1) (Table 2, Entries 7-9).132 Exam-
ples of thermal or light-initiated ET reactions between sub-
strates of similar oxidation potential are rare but known.
Running the reaction with 3-iodopyridine (8), a suitable
substrate for radical coupling, showed no reaction (Table 2,
Entry 7).13> Additionally, 4-fluoro-2-aminopyridine (9), a
poor substrate for radical coupling, yielded product (Table
2, Entry 8). Finally, adding a radical trap (TEMPO) didn’t
capture any intermediates (Table 2, Entry 9).13¢ Taken to-
gether these data support a 2-electron mechanism likely
akin to SnAr.

Additive
Nucleophile ; Electrophile _— Product
(R4SH) (Ral) MeCN, T (R1-Ry)
SM I HS ! F
N— |
7L 0,0
g\—N | P N/ | Z
cl H:N" N H,NT N
NO, 8 9
1a; M = Na 2a; free base 6 7
1b; M =H 2b; HCl salt
# Nu E+ T Add. Results
1 la 2a 40 - X
2 1a 2b 40 - y
3 la:1b (9:1) 2a 40 - i
4 1b 2b 40 - X
5 6 2a 70 - X
6 1b 7 70  pyridine X
7 1b 8 70 - X
8 1b 9 23 - v
9 1b 2a 23 TEMPO Vi

Table 2. A. Control experiments elucidating key reaction
parameters and general mechanistic features. Nu = nucleo-
phile, E+ = electrophile, PD = product, T = temperature in °C,
Add. = additive, N.R. = no reaction, C.C. = complete conver-
sion to product. B. General conditions: Nu (0.14 mmol, 1.1
equiv), E+ (0.11 mmol, 1.0 equiv), MeCN (0.2M), 18h.

Classical SnAr involves the use of a strong base to ionize
the nucleophilic component (nucleophile ionization) prior
to a rate-determining addition step (RDS), generating a
Meisenheimer complex prior to elimination (Scheme S2).2-
¢ Nucleophile ionization is common for less acidic nucleo-
phileslike thiols, alcohols and carbon-based nucleophiles. A
less common SnAr variant involves using Lewis or Brgnsted
acid to ionize basic electrophiles (electrophile ionization)
for coupling with weakly acidic nucleophiles such as ani-
lines, azoles, and amines (Scheme S2).11214 Qur control ex-
periments support a hybrid mechanism, where proton
transfer ionizes 1b and 2a prior to coupling (Scheme 5, vide
infra). Examples of similar reactions of functionalized pyri-
dines with sulfinic acid or thiophenols have been previously
reported, although requiring high temperatures (~100°C),
good leaving groups (Cl, pyridyl) and lacking mechanistic
understanding.1%¢15 In this case, dual ionization of the elec-
trophile and nucleophile allow for a remarkably mild and
chemoselective transformation.

Armed with a preliminary understanding of the reaction
requirements and mechanism from our control experi-
ments, we next leveraged this information to guide sub-
strate scope evaluation. We first tested a range of thiophe-
nol nucleophiles with 4-iodopyridine (10), which was se-
lected based on its intermediate reactivity (iodide LG, no
substituents) and availability as a free base (Table 2).In our
hands, electronically rich thiophenols were prone to form-
ing disulfides, prompting coupling of their sodium thiolate
salts with 4-bromopyridinium chloride to diminish this side
reaction. For purification, the reactions were either filtered
directly or submitted to basic work-up followed by column
chromatography if needed. This reaction displayed
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excellent yields for electronically neutral or sterically en-
cumbered substrates ranging benzenethiol (88%) to 2,6-di-
methylthiophenol (87%) (11-14), albeit requiring mild
heating with the latter. Electronically rich thiophenols like
4-methoxythiophenol gave analogous yields (17, 88%)
while members containing reactive functionality (15 & 16,
4-0H, 4-NH:) performed modestly (42-56%). Remarkably,
electronically deficient thiophenols (4-CO:Me, 4-NO2, 4-
OCF3) reacted rapidly often reaching completion within 1h,
affording products (18, 19 & 21) in >80% yield. This obser-
vation contrasts nucleophile ionization reactivity, which
typically favor stronger nucleophiles based on a rate-limit-
ing addition step. In unity, as alluded to previously (Table 2,
Entry 5), less acidic alkyl thiols showed no reaction (Scheme
S3). Heterocycle containing thiophenols such as 1b exhib-
ited good yield (23, 76%), while 4-thiopyridine and 2-ben-
zoxazolethione gave modest to poor yields (20 & 22, 23-
48%). Of note, while 4-nitrothiophenol and 2-benzoxa-
zolethione had failed in Miyake’s report, our conditions pro-
vided a successful (albeit low yielding in the latter case) en-
try to thioethers of this kind.?f
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Scheme 2. Thiophenol substrate scope.

For electrophile scope, a variety of different basic halo-
genated heterocycles were tested with methyl 4-mercapto-
benzoate (24), which was selected given its superior reac-
tivity and stability compared to other thiophenols (Scheme
3). Akin to 3a, other 2-amino-4-halopyridines gave high
yields (25-28, 70-96%). By contrast, other halogenation
patterns on 2-aminopyridines (3, 5 or 6) gave no reaction
(Scheme S4). The halogenated series for 2-amino-4-ha-
lopyridine was evaluated, each affording product (27) in
good to excellent yield (73-99%). Curiously, reaction rate
and yield for the series trended F>Br~I>Cl, juxtaposing the
standard reactivity trend of F>CI>Br>I for a traditional nu-
cleophile ionization pathway.?»10d Of note, both acidic (Boc)
and basic (ester) functionality, which preclude acid or base
mediated SnAr reactions, were well tolerated under the

standard conditions. 2-lodopyridine also forms product
(31) but requires higher heating (70°C), likely due to re-
duced basicity of 2-halogenated pyridines (pKa <2). Related
basic halogenated heterocycles (quinolines, naphthyridines
and isoquinolines) rapidly form product (32-34) in good to
great yields (67-87%). By contrast, halogenation on ex-
tended pi systems (5-chloroquinoline or 4-bromo-
phenylpyridine) showed no reaction (Scheme S4). For sub-
strates where multiple halogens are present, complete se-
lectivity for a single position was observed uniformly. For
imidazopyridines, only the [1,2-a] isomer gave product
(35) following high heating (61%, 80°C). 2-amino-4/5-bro-
mopyrmidines proved to be excellent substrates producing
36 and 37 in high yield (>90%). By contrast, 2-amino-4-
chloropyrazine and 5-bromopyrimidine showed no reac-
tion, while 4-bromopyrimidine gave 38 in only 17% yield.
It’s worth noting that 5-bromopyrimidine reacts several or-
ders of magnitude more rapidly than 4-bromopyridine un-
der traditional nucleophile ionization SyAr.2* Halogenated
azoles such as imidazoles and pyrazoles were unreactive,
whereas 2-bromothiazole gave 39 in modest yield (46%)
after high heating (90°C) (Scheme S4). Finally, the halogen-
ated nucleotide 6-chloropurine afforded 40 in 85% yield
with mild heating (60°C).
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Scheme 3. Halogenated heterocycle substrate scope.

Following our evaluation of various thiophenols and hal-
ogenated heterocycles, a handful of thiols and selenols were
evaluated (Scheme 4A). Benzeneselenol functioned analo-
gously as benzenethiol producing 41 in 90% yield. Alkyl
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thiols generally showed no reaction aside from ethyl glyco-
late likely due to its increased acidity (pKa ~ 13 vs 17,
DMSO0).12b Thiourea produced 43 in good yield (77%),
providing an alternative to TM mediated approaches to ar-
ylated thioureas.'® Finally, thiocarboxylic acids effectively
form thioester products. Remarkably, thiobenzoic acid
formed thioester 44 in 86% yield, while thioacetic acid pro-
duced free thiol 45 in 60% yield. In the latter case, S->N acyl
transfer is known and perhaps mediates hydrolysis of the
intermediate thioester.'” This reaction represents a rare
traceless thiol installation and provides a valuable alterna-
tive to previous approaches using thiol surrogates like the
Newman-Kwart rearrangement.'6418 To demonstrate the
utility of this transformation, thiopurine 46 was synthe-
sized from 6-chloropurine in 92%, representing a 2-step
formal total synthesis of the immunosuppressant azathio-
prine (Scheme 4B).1219

To gauge distinct reactivity differences between 2 and 4-
halopyridines we ran competition experiments between 2-
fluoro-5-trifluoromethylpyridine (47) and 2-amino-4-io-
dopyridine (48) under nucleophile ionization and dual ion-
ization conditions (Scheme 4C). Unsurprisingly given its
high electrophilicity, complete selectivity for 47 was ob-
served when using sodium methyl-4-mercaptobenzenethi-
olate (ArSNa) (49) (Reaction 1).2> Remarkably, when me-
thyl 4-mercaptobenzoate (ArSH) (24) is used, the selectiv-
ity profile flips forming 27 exclusively (Reaction 2). Alt-
hough Reaction 1 shows that 47 is significantly more elec-
trophilic than 48, Reaction 2 demonstrates how proton
transfer remarkably enhances the electrophilicity of 4-ha-
lopyridines beyond even highly electrophilic 2-ha-
lopyridines.?b These experiments paired with those shown
in Tables 2/3 help showcase valuable differences in
chemoselectivity that could be exploited in complex mole-
cules containing multiple sites of halogenation.

A. ThloI/SeIenoI Scope

coza NH Ph
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41, 90% 42, 64%, 43, 77%, 44, 86% 45, 60%
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* no reaction with 48

Ar = CgH4COMe

Scheme 4. A. Thiol/selenol scope. X represents the leaving
group used. B. Formal total synthesis of azathioprine. C.
Competition experiments between 47 and 48.

After establishing the reaction scope, we performed reac-
tion progress kinetic analysis (RPKA) to validate our mech-
anistic hypothesis (Scheme 5).2° The reaction between me-
thyl 4-mercaptobenzoate (24) and 2-amino-4-iodopyridine
(48) in DMSO at varying equivalents and temperatures was
monitored using Fourier Transform Infrared Resonance
(FT-IR) Spectroscopy. These data were then modeled to Re-
action Lab software which fit rate-limiting proton transfer
(RLPT) pre-equilibrium (Keq = 10-%) as the initial step.2! Of
note, fitting initial addition of 24 prior to proton transfer
did not fit our rate data (Figure S13-16). The resulting pyr-
idinium thiolate ion pair A then forms 27-HI, at three orders
of magnitude faster rate than proton transfer. Initial RLPT
pre-equilibrium is unique for several reasons, most notably
because addition is the archetypal RDS for SxAr reactions.
Additionally, while a RLPT has been characterized in some
SNAr reactions with amine nucleophiles, proton transfer
takes place after an initial addition step, thus providing no
electrophile activation.!120> This finding also helps explain
how more acidic/less nucleophilic thiols (like methyl 4-
mercaptobenzoate) proceed with increased rate compared
to less acidic/more nucleophilic thiols, and analogously
how less basic haloheterocycles (pKa<2) struggle to form
product.

Although RPKA resolved the initial proton transfer step,
the subsequent steps to product could not be determined
experimentally due to thermodynamic pre-equilibrium
control from the RLPT step. While an addition step was as-
sumed to occur next, it was unclear if this followed a classi-
cal stepwise elimination pathway (Scheme S2) or was con-
certed (cSnAr). Of note, cSnAr is a rapidly growing class of
SNAr reactions where strong electron withdrawing and
good leaving groups that stabilize the classical Meisenhei-
mer complex are superfluous.?? In turn, computational stud-
ies were undertaken to elucidate the final steps of the mech-
anism. Following DFT calculations at the B3LYP-D3 level of
theory, a two-coordinate potential energy surface (PES)
scan was performed (Figure S17).22 This was done to iden-
tify saddle point(s) along the PES which could serve as tran-
sition state (TS) candidates. This scan identified a single
candidate which was confirmed as the TS (B) for the addi-
tion step by intrinsic reaction coordinate (IRC) calculations
(Scheme 5). All attempts to locate a ground state sigma-
complex or a second TS corresponding to a stepwise path-
way failed. These results support an asynchronous cS~Ar,
consistent with other examples in the literature.?? Addition-
ally, in line with our RPKA, the relatively low barrier (13.2
kcal/mol) for this TS reinforces thermodynamic control of
the reaction rate by proton transfer pre-equilibrium.

Given this reaction’s divergence from traditional SnAr re-
actions, we have termed this mechanistic pathway proton
transfer dual ionization (PTDI) SnAr (Scheme 5). Like nucle-
ophile ionization, anion formation proceeds the addition
step which by contrast is not the RDS.?28 For electrophile
ionization, proton transfer is often rate determining but di-
verges from PTDI in that RLPT follows the addition.?t PTDI
capitalizes on the advantages of both nucleophile and elec-
trophile ionization present in disparate SnAr reactions. In
theory, other types of appropriately matched nucleophiles
and electrophiles could participate in SnAr reactions
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following a similar mechanism. Efforts to uncover such re-
actions are currently underway within our group.
Proton Transfer Dual lonization (PTDI SyAr)

& &
lo 10 sad |* SAr
SAr P
A 7 BN
® Cl, ®
N
@H NH, @H NH, @H eNH2
A B 1

PTDI (RDS) SNATr (concerted) 27-HI

48

Ar = CgH4CO,Me
Scheme 5. Proposed reaction mechanism supported by
RPKA and computational studies.

Conclusion

In conclusion, efforts to develop general photochemical
conditions for C-S coupling uncovered a mild, light, transi-
tion metal and exogenous base free coupling between thiols
and halogenated heterocycles. Control and 'H NMR titration
experiments identified substrate structural requirements
and preliminary mechanistic features that guided substrate
scope evaluation. 40 products derived from thiols and halo-
genated heterocycles could be generated cleanly at ambient
temperature or with mild heating. RPKA and computation
supports a unique mechanism involving dual nucleophile
and electrophile ionization through a RLPT event, followed
by cSnAr. This transformation compliments modern syn-
thetic approaches to aryl thioethers and motivates addi-
tional research evaluating PTDI as a general activation
mode when coupling nucleophiles and electrophiles.
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