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Thiomethylation
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Thiomethylation, Nitro Reduction and Tandem Reduction/SMe
Insertion of Nitrogen Heterocycles Using BFzeSMe>

Marcus Soderstrom,? Edouard Zamaratski,[@ and Luke R. Odell*®

/ Abstract: Herein, a general, solvent free and straightforward thi-
omethylation of electron deficient heterocycles using BFzeSMe; as
a dual thiomethyl source and Lewis acidic activator is presented. A
range of heterocycles including pyrimidine, pyrazine, pyridazine,
thiazole and purine derivatives were successfully substituted using
this method. An unexpected reductive property of BF;eSMe;

towards nitropyridines was also discovered including an intriguing
tandem reduction/SMe insertion process in certain substrates. No-
table features of the present work include its convenience and use
of a non-malodorous reagent while the discovery of novel chemi-
cal transformations using BFs«SMe; provides fundamental new in-
sights into the reactivity of this commonly employed reagent.

Introduction

Drug scaffolds containing sulfur are commonplace in medicine, and
as a consequence have an important role in medicinal chemistry.t
Examples of common structures found in medicinal chemistry are
the sulfonamides (sumatriptan, valdecoxib), thioether (ticagrelor,
azathioprine, axitinib), sulfoxide (lanzoprasole, omeprazole) and
sulfone (dorzolamid, tipranavir) moiety. Amongst these, com-
pounds containing thiomethyl derivatives are highly prevalent and
include thioridazine, sulindac and florfenicol. As a result, significant
effort has been invested into developing synthetic methods for the
preparation of these compounds. The classical method for in-
stalling a thioether moiety on an electron deficient aromatic sub-
strate is via an SyAr using thiolate salts as the nucleophile.2-9 Alt-
hough thiolate salts are good nucleophiles, these types of reagents
suffer from a range of drawbacks including volatility, instability,
toxicity, and strong, unpleasant odors.10-13 Disulfides can also be
used for the thiomethylation of aryl halides using nickel catalysts
and zinc4-19 (Scheme 1a) or aryl diazaonium salts2° and boronic ac-
ids? (Scheme 1c) under radical conditions although they are also
known to be highly odorous. Recently, DMSO has emerged as an
attractive thiomethyl source for the functionalization of a range of
substrates?2-28 (scheme 1a and b) however, these reactions require
high temperatures as well as the use of stoichiometric amounts of
copper salts.
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Department of Medicinal Chemistry, Uppsala University
Uppsala, Biomedical Center, P. O. Box 574
SE-751 23 Uppsala, Sweden
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Homepage: www.ilk.uu.se

Supporting information for this article is given via a link at the end of
the document.

In response to these limitations, the transition metal-free thi-
omethylation of aryl halides using DMSO0 or S-methylisothiou-
rea??® (Scheme 1d) has been described. In these reactions, base-me-
diated formation of dimethylsulfide or methylsulfide in situ fol-
lowed by a SNAr on the halide substrates led to the thiomethyl ether
products. Thus, the development of cheap, convenient and metal-
free methods for the installation of a thiomethyl ether group re-
mains a topic of considerable interest.

Herein, we present a method for the thiomethylation of heter-
ocycles using BF;eSMe; as a dual Lewis acid activator39-32 and nu-
cleophilic SMe source (Scheme 1e and f). Importantly, this method
is solvent and base-free and requires the addition of only one rea-
gent, making the process highly convenient. In addition, novel nitro
reduction and cascade nitro reduction/thiomethylation processes
have also been discovered showcasing BFzeSMe; as a surprisingly
diverse reagent with uses far beyond its standard role as a demeth-
ylation33-37 and debenzylation37:38 agent.
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Scheme 1. Previous work on the thiomethylation of a range of substrates and
the present work exploring the reactivity of BFs.SMez.

Results and Discussion

This work was initiated when a serendipitous thiomethylation of 2-
chloro-4-methoxypyrimidine (1a) to afford 4-methoxy-2-(methyl-
thio)-pyrimidine (A) was observed during an attempted iodination
reaction in one of our medicinal chemistry programs (Scheme 2).
As there was no other sulfur source present in the reaction, it was
proposed that DMSO was the source of the SMe group with the
product being formed by the reduction of DMSO to DMS in acidic
conditions, followed by a SyAr reaction with DMS.
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Scheme 2. Initial observation on the thiomethylation of 1 using DMSO.

It was envisaged that DMSO could serve as an alternative rea-
gent to current metal-free thiomethylation methods, with the ad-
vantages of being non-expensive, easy to use and readily available.
Initial attempts to optimize this reaction were unsuccessful as the
in situ reduction of DMSO to DMS resulted only in low yields, re-
quired exhaustive work up and displayed substrate compatibility
problems. Attention therefore turned to the boron trifluoride-di-
methyl sulfide complex (BFs*SMey), as this would provide DMS
without any prerequisites of reduction, as well as providing a Lewis
acid activator. Compared to thiolate salts and sulfides this reagent
is non-hygroscopic, non-malodorous and easily dosed due to it be-
ing a liquid at room temperature.

Initial experiments were conducted in DCM, and 4 equivalents
of BFs*SMe; was found to provide full conversion of 2-chloropyrim-
idine (1b) after heating at 60 °C for 16h. While scouting for suitable
reaction conditions, it was observed that chlorinated solvents
tended to react with the reagent at elevated temperatures (DCM,
DCE or CHCl3). To avoid any unwanted interaction with solvent, sol-
vent free conditions were explored and this appeared to be a rather
attractive strategy given that the reagent is a non-viscous liquid.
Pleasingly, the solvent-free conditions also resulted in full conver-
sion of 1b and even when the amount of BFz*SMe; was reduced to
2 equivalents, the desired product 2b was isolated in 80% yield (Ta-
ble 1).



Table 1. Scope of the thiomethylation reaction.

2b, 80 %flal 2¢, 57 %
2a, 83% X=Cl X =Br
X=Cl
2d,71% 2e, 44%lal 2f, 92 %
X=Br X=Cl X=Cl
2g’, 31 %l 2h, 86 %[l
0,
2?(, E%A] X=Cl X=Cl
i 0/ [dl]
21 80 % 2] ,)(1_58/: 2k 93 %
X =Br - X=Cl
2m, 88 %
21,55 % X=Cl
X=Cl

Isolated yields. [a] isolated as HCI salt.[b] 1.1 equiv BFs*SMe:. [c] 36h re-
action time. [d] 72h reaction time

Next the scope and limitations of the BF;*SMe, mediated thi-
omethylation reactions was explored using a range of heteroaryl
halides (Table 1). 2-Bromopyrazine (1c), 3-bromopyridazine (1d)
and 4-bromoquinazoline (1f) were all found to be productive sub-
strates and the desired products were isolated in moderate to ex-
cellent yields. 4,6-Dichloropyrimidine (1g) was readily di-substi-
tuted using an excess of BFs*SMe, while the use of 1 equivalent
afforded both mono-substituted 2-chloro-4 (methylthio)pyrimidine
(2g) and di-substituted 2g in 31% and 33% yield, respectively. The
introduction of a phenyl substituent was well tolerated (2h) as was
the presence of a highly electron-releasing primary amino-group
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(1i). Interestingly, the later reaction was highly selective for substi-
tution at the 5-position and this is most likely due to coordination
by the ortho-NH; group. This is consistent with the lower reactivity
exhibited by 5-bromopyrazine-2-amine (1j) where an extended re-
action time led to only a modest yield of the thiomethylated prod-
uct. 6-Chloro-7H-purine (1k) was also successfully transformed into
the desired product in 93% yield and the presence of an amino-
group (1l) was again well tolerated and 2-(thiomethyl)-7H-purin-6-
amine was isolated in 55% vyield. Finally, 2-chlorobenzo[d]thiazole
(1m) was efficiently thiomethylated to afford 2m in 88% yield.

Further exploration of the scope and limitations revealed a
preference for heterocycles containing two or more heteroatoms
with at least one of these being capable of mesomeric activation of
the halide leaving group. Accordingly, the reaction of 2-chloro-
pyridine (1n) and 5-bromopyrimidine (10) afforded only unreacted
starting -material. Compared to previously reported transition
metal-free reactions, the present method allows the selective func-
tionalization of these widely employed and medicinally important
ring systems.

Based on the results above, the reaction is believed to proceed
through a SyAr process, with boron trifluoride as Lewis acid activa-
tor to facilitate the nucleophilic attack of the relatively weak nucle-
ophile SMe; (Scheme 3). The crucial role of BF; is supported by a
control reaction on 1b using only SMe,, which resulted in the for-
mation of only trace amounts of 2b even after heating at 60 °C for
16 hrs. Thus, substrate or thermal mediated liberation of SMe, fol-
lowed by BF; capture by the nitrogen heterocycle affords the acti-
vated electrophilic complex 3. Subsequent nucleophilic attack by
SMe, and demethylation leads to the BF; complex 4. Finally,
waorkup with a suitable protic solvent (MeOH) affords the thiometh-
ylated product 2b.

~N ~N
(\/)N\ BF;-SMe, @ >S5S~ (\ @
N“>cl T Nl

BF; 3
MeOH SN
fx N CA e — LA
4\C| MeCl BF3 4 2b

Scheme 3. Plausible mechanism for thiomethylaion using BFz*SMe:2

In an attempt to extend the method to more electron-deficient
pyridine derivatives, we next turned our attention to nitro group
bearing substrates. To this end, 2-chloro-5-nitropyridine (5a) was
treated with BF;*SMe; using the conditions outlined in Table 1. This
led to the unexpected formation of 2-chloro-5-aminopyridine (6a)



arising from reduction of the nitro group and 6-chloro-2-(methyl-
thio)pyridin-3-amine (7a) via a nitro reduction and C-S bond for-
mation cascade (Tables 2 and 3). To the best of our knowledge, nei-
ther of these reactions utilizing BF;*SMe; have been previously re-
ported and, in the latter case, the nitro group reduction/SMe inser-
tion is unprecedented in the literature. Accordingly, we sought to
explore these reactions further.

During our initial investigations, it was observed that full con-
sumption of the starting material required the addition of 6 equiv-
alents of BFs3*SMe; and the reduction/insertion product 7a was iso-
lated in 30% yield (Table 2). The reaction time could be reduced to
1 hour without a significant erosion in yield. In both cases, the for-
mation of 7a was accompanied by production of 2-chloro-5-amino-
pyridine (6a). The use of excess BF;*SMe- under solvent free con-
ditions led to difficulties during the reaction workup, which was
overcome by the addition of a co-solvent. Under these conditions
10 equivalents of BFs*SMe; was needed to reach full consumption
of 5a and 7a was isolated in 35% yield. To investigate whether DMS
or BF; alone could accomplish the reduction/insertion, boron triflu-
oride eterate and DMS were each reacted with 5a under similar
conditions. In both cases, the reactions returned only unreacted
starting material indicating that both components are crucial for
the reaction to occur.

Table 2. Optimization of reduction and reduction/insertion reactions of 5a

entrytal solvent T (°C) BF3*SMe: t (h) yield [%](a
equiv.

1 neat 60 2 16 -21

2 neat 60 6 16 -130

3 neat 60 6 1 -128

4 DCM 60 10 16 32/34

5 DCM 60 10 3 30/35

6 DCM 60 10! 3

7 DCM 60 10l 3

[a] Isolated yields 6a/7a; - = not isolated [b] SMe:2 [c] BFz+OEto.

Next, the reaction was extended to other nitro pyridine deriva-
tives (Table 3). 2-Chloro-3-nitropyridine (5b) was also found to un-
dergo both reduction (6b) and reduction/insertion (7b) and the two
products were isolated in 51% and 21% yield respectively. Absence
of the chloro-substituent was deleterious for the reduction/inser-
tion reaction as 3-nitropyridine afforded only the reduced product
3-aminopyridine (6¢) in 54% yield. The position of the nitro group
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was also important for determining the reaction outcome as 5-
chloro-2-nitropyridine returned only the reduced product 6d in
72% yield. In both cases, the reduction/insertion product was not
observed by LCMS analysis of the crude reaction mixture. Similarly,
2-nitropyridine underwent rapid reduction under these conditions
to afford a moderate yield of 2-aminopyridine (5e). Although the
reduction/insertion reaction was only detected in two substrates,
the regio- and chemoselective formation of the highly substituted
pyridine products is noteworthy.

Table 3. Scope of the reduction/insertion reaction on nitropyridine sub-
strates.

entry substrate 6a-eld 7a,bl T (h)

1 3
5a 6a, 30 % 7a,35%

2 4
5b 6b, 51 % 7b,21 %

3 - 4
5¢c 6¢, 54 %

4 - 0.5
5d 6d, 72 %

5 - 0.5
5e 6e, 45 %

[a] Isolated yield.

Finally, the scope of the reduction reaction was examined using
a range of different substrates. Interestingly, the reaction was
highly selective for nitropyridine substrates as various nitroben-
zene derivatives (5f-5i) were found to be unreactive towards
BF3*SMe; under these conditions. Substrates with other potentially
reduction sensitive functional groups (CO2H, SOsH, CONHz and CN)
afforded only unreacted starting material, even after heating for 24
h indicating BFs*SMe; is highly selective towards the reduction of
nitropyridine substrates.
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Figure 1. Exploring chemoselectivity — substrates found to be unreactive to-
wards BFs*SMe2

The methoxy-bearing substrate 50 and methyl ester 5p both
underwent rapid demethylation, which is in accordance with the
known reactivity profile of BFz;eSMe; (Scheme 4).33-37 Notably,
treatment of 3-quinolinecarboxaldehyde (5q) led to the formation
of the thioacetal product 8c and represents a valuable alternative
to the use of methanethiol for the installation of this protecting
group. More importantly, this is to the best of our knowledge, the
first known example using BFz*SMe; to prepare thioacetal deriva-
tives.

A BF3'SM€2 X
| —_— I
Cl” "N oMe ClI” 'N” "OH
50 8a, 79%
0 0
| B OMe BF3'SM€2 | N OH
N N
5p 8b, 67%
o SMe
N H BF3-SMe; ©|\/ﬁ)\SMe
N N°
5q 8c, 41%

Scheme 4. Additional substrates found to undergo demethylation and thioacetal
formation using BFz*SMe:.

Mechanistically, the reduction reaction is suggested to proceed
via a BFz-assisted nucleophilic attack on the nitro group to give in-
termediate 9, which then collapses to afford nitroso species 10 and
DMSO (Scheme 5, path A). An oxygen transfer mechanism is sup-
ported by NMR studies confirming the formation of DMSO in the
reduction of 5d. A second deoxygenation reaction leads to for-
mation of a nitrene®® and subsequent hydride abstraction® pre-
sumably from DMSO# or excess SMez and methanolic workup fur-
nishes the aminopyridine product 6¢
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Scheme 5. Suggested mechanisms for the BFs*SMe2 mediated reduction (A)
or the cascade reduction/SMe insertion (B and C) of nitropyridine derivatives.

In the thiomethyl insertion process, capture of the nitrene in-
termediate 11 by Me,S produces an azasulfunium derivative42-46
which can undergo ortho-insertion and rearomatization“s to give 12
(Scheme 5, path B) Finally, demethylation and methanolic workup
leads to formation of the reduction/SMe insertion product 7a. Al-
ternatively, reaction of nitroso derivative 13 with SMe; to give in-
termediate 14 followed by othro-insertion and rearomatization



leads to the formation of sulfinium derivative 15. Similar to path-
ways A and B, demethylation, deoxygenation, H-abstraction and

treatment with MeOH during workup furnishes the final product 7a.

Conclusions

In conclusion, the chemistry of BF3*SMe; has been significantly
enhanced to include transformations beyond its traditional role as
a dealkylating reagent. During the course of this work, four novel
BFs;*SMe, mediated reactions have been discovered expanding the
scope and versatility of this commonly employed reagent. Firstly, a
general method for the thiomethylation of halogenated electron-
poor heterocycles was identified, where BF;*SMe; acts as a dual
Lewis acid activator and thiomethyl source. Importantly, the
method is solvent-free, convenient and non-malodorous and al-
lows the selective thiomethylation of heterocyclic substrates con-
taining more than one heteroatom. Secondly, an unexpected re-
ductive property of BF;*SMe, was uncovered resulting in the de-
velopment of novel nitropyridine reduction and reduction/inser-
tion protocols useful for the preparation of aminopyridines or
highly functionalized methylthio-substituted amino heterocycles.
Finally, preliminary studies also indicate that BFs*SMe; can be used
to prepare thioacetal derivatives and further studies to explore the
use of BFs*SMe;, in this, and other synthetic, transformations are
ongoing in our laboratory.

Experimental Section

General methods: All reagents and solvents were of commercial
quality and used without further purification. Yields are for isolated,
homogenous and spectroscopically pure material. Silica gel chro-
matography was carried out on E. Merck silica gel (60 A pore size,
particle size 40-63 nm) column. *H NMR spectra were recorded at
400 MHz and 13C NMR spectra at 100 MHz. The chemical shifts for
IH NMR and 13C NMR were referenced to tetramethylsilane via re-
sidual solvent signals (*H: methanol-d, at 3.31 ppm, CDCl; at 7.26
ppm and DMSO-ds at 2.50 ppm; 13C: methanol-ds at 49.0 ppm,
CDCl3 at 77.16 ppm and DMSO-dg at 39.52 ppm). LC/MS was per-
formed on an instrument equipped with a CP-Sil 8 CB capillary col-
umn (50 x 3.0 mm, particle size 2.6 um, pore size 100 A) running at
an ionization potential of 70 eV with a CH3CN/H,0 gradient (0.05%
HCOOH). Accurate mass values were determined via electrospray
ionization with a 7-T hybrid ion trap and a TOF detector running in
positive mode.

General procedure for the substitution reaction. To an 8 ml sep-
tum-cap vial was added the substrate (0.5 mmol) and BFzeSMe; (1
mmol). The vial was sealed and heated under stirring at 60 °C for
16-72 h. After the reaction was deemed to have reached comple-
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tion the mixture was quenched with MeOH (0.2-0.5 mL), concen-
trated under reduced pressure and 5 ml of saturated Na,CO3z was
added. The aqueous phase was extracted with DCM or EtOAc (3 x
20ml) and the organic phases dried over NaSOs, filtered and con-
centrated under reduced pressure. The resulting mixture was puri-
fied by silica gel chromatography eluting with i-Hexane/EtOAc or
MeOH/DCM.

Alternative method with HCI formation for compound 2b: To an 8
ml septum-cap vial was added 2-chloropyrimidine (57.3 mg, 0.5
mmol) and BFseSMe; (1 mmol). The vial was sealed and heated un-
der stirring at 60 °C for 16 h. After cooling to room temperature the
mixture was quenched with MeOH (0.2 mL), diluted with DCM (1
ml) and filtered over silica using EtOAc. To the pooled product frac-
tions was added 4M HCl in Dioxane (0.14 ml, 1 equiv) and the mix-
ture was stirred for 1h. The mixture was then concentrated under
reduced pressure yielding the product as a yellow solid (65 mg,
80 %).

General procedure for reduction and reduction/insertion: To a 4
ml screwcap vial was added the substrate (0.5 mmol) and 2 ml of
dry DCM. BF3¢SMe; (10 equiv.) was added and the vial was sealed
and heated under stirring at the 60 °C. After the reaction was
deemed to have reached completion the mixture was quenched
with MeOH (1 mL), concentrated under reduced pressure and 5 ml
of saturated Na,CO; was added. The aqueous phase was extracted
with EtOAc. The organic phase was dried over NaSOy, filtered and
concentrated under reduced pressure. The resulting mixture was
purified by silica gel chromatography eluting with i-Hexane/EtOAc
or MeOH/DCM.

2-(methylthio)pyrimidine-4-ol (2a):47 white solid (58.8 mg, 83 %)
1H NMR (400 MHz, DMSO-dg) 6 2.47 (s, 3H), 6.08 (d, J = 5.9 Hz, 1H),
7.85(d, J=5.9 Hz, 1H), 12.67 (s, 1H). 3CNMR (101 MHz, DMSO-de)
612.9,109.9, 154.2, 163.3, 162.6.

2-(methylthio)pyrimidine hydrochloride®® (2b): yellow solid (65
mg, 80 %). *H NMR (400 MHz, methanol-dy4) 6 2.65 (s, 3H), 7.39 (t, J
=5.0Hz, 1H), 8.77 (d, J = 5.0 Hz, 2H). 13C NMR (101 MHz, methanol-
ds) 6 14.1, 118.2, 158.8, 171.6. HRMS calcd for CsH7N-S, 127.0330;
found, 127.0320.

2-(methylthio)pyrazine (2c):4 white solid (36.0 mg, 57 %). 1H NMR
(400 MHz, CDCl3) 6 2.55 (s, 3H) 8.17 (d, J= 2.7 Hz, 1H), 8.34 (dd, J =
2.7, 1.6 Hz, 1H), 8.44 (d, ] = 1.3 Hz, 1H). 13C NMR (101 MHz, CDCls)
612.7,139.2, 143.6, 144.0, 157.8.

3-(methylthio)pyridazine (2d): brown solid (44.7 mg, 71 % 'H NMR
(400 MHz, CDCl3) & 2.67 (s, 3H), 7.19 (dd, J = 8.7, 4.7 Hz, 1H), 7.30
(dd, J=8.7, 1.6 Hz, 1H), 8.85 (dd, J = 4.7, 1.6 Hz, 1H). 13C NMR (101
MHz, CDCls) 6 13.3, 125.3, 125.7, 148.0, 163.1. HRMS calcd for
CsH7N.S, 127.0330; found, 127.0328.

4-(methylthio)pyrimidine hydrochloride (2€):3° yellow solid (35.5
mg, 44 %). IH NMR (400 MHz, methanol-d.) & 2.62 (s, 3H), 7.54 (d,
1=5.9Hz, 1H), 8.45 (s, 1H), 8.97 (s, 1H). 3C NMR (101 MHz, me-
thanol-d4) 6 13.0, 120.3, 152.1, 156.8, 176.6.

4-(methylthio)quinazoline (2f):5! white solid (81.3 mg, 92 %). H
NMR (400 MHz, CDCls) 6 2.65 (s, 3H), 7.49 (ddd, J = 8.3, 6.9, 1.2 Hz,
1H), 7.76 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.89 (ddd, J = 8.4, 0.9 Hz,
1H), 8.00 (ddd, J = 8.4, 1.4, 0.7 Hz, 1H), 8.94 (s, 1H). 13C NMR (101



MHz, CDCl3) 6 12.6, 123.8, 124.0, 127.3, 128.8, 133.6, 147.7, 153.6,
171.8.

4,6-bis(methylthio)pyrimidine (2g): white solid (73.0 mg, 85 %). *H
NMR (400 MHz, CDCls) & 2.49 (s, 6H), 6.97 (d, J = 1.3 Hz, 1H), 8.65
(d, J = 1.3 Hz, 1H). 13C NMR (101 MHz, CDCls) & 12.6, 114.3, 157.1,
168.7. HRMS Calcd for CgHgN,S,, 173.0207; found, 173.0203.

4-chloro-6-(methylthio)pyrimidine (2g):32 white solid (24.6 mg,
31 %). IH NMR (400 MHz, CDCl3) & 2.56 (s, 3H), 7.20 (d, J = 1.1 Hz,
1H), 8.71 (d, J= 1.1 Hz, 1H). 23C NMR (101 MHz, CDCls) 5 12.9, 118.0,
158.1, 159.3, 172.9.

3-(methylthio)-6-phenylpyridazine (2h): white solid (86.6 mg,
86 %). IH NMR (400 MHz, CDCl3) 6 2.73 (s, 3H), 8.04 — 7.97 (m, 2H),
7.58(d, J = 9.0 Hz, 1H), 7.52 — 7.38 (m, 3H), 7.33 (d, J = 9.0 Hz, 1H),
2.73 (s, 3H). 13C NMR (101 MHz, CDCl3) & 13.3, 123.0, 126.1, 126.6,
129.0, 129.8, 136.0, 155.8, 161.2. HRMS calcd for CiiH1iN-S,
203.0643; found, 203.0650.

5-bromo-3-(methylthio)pyrazin-2-amine (2i): yellow solid (87.8 mg,
80 %). H NMR (400 MHz, CDCls) 6 2.61 (s, 3H), 4.61 (bs, 2H), 7.78
(s, 1H). 3CNMR (101 MHz, CDCl3) 6 13.2, 126.6, 137.9, 142.6, 150.3.
HRMS calcd for CsH7N3SBr, 219.9544; found, 219.9550.

5-(methylthio)pyrazin-2-amine (2j): yellow solid (10.8 mg, 15 %).
1H NMR (400 MHz, CDCl3) & 2.51 (s, 3H), 4.27 (bs, 3H), 7.93 (d, =
1.6 Hz, 1H), 7.96 (d, J = 1.6 Hz, 1H). 13C NMR (101 MHz, CDCls) &
14.8,132.1,140.7, 143.8, 151.8. HRMS calcd for CsHgN3S, 142.0439;
found, 142.0442.

6-(methylthio)-7H-purine (2k):5 white solid (77.6 mg, 93 %). H
NMR (400 MHz, DMSO-ds) & 2.66 (s, 3H), 8.43 (s, 1H), 8.70 (s, 1H),
13.50 (bs, 1H). 13C NMR (101 MHz, DMSO-ds) & 11.2, 130.3, 143.0,
149.0, 151.5, 159.1.

2-(methylthio)-7H-purin-6-amine (2I): yellow solid (50.0 mg, 55 %).
1H NMR (400 MHz, DMSO-ds) & 2.44 (s, 3H), 7.18 (5, NHy), 7.98 (s,
1H), 12.73 (bs, NH). 3C NMR (101 MHz, DMSO-ds) & 13.6, 116.0,
138.1, 151.2, 155.2, 163.7. HRMS calcd for CgHgNsS, 182.0500;
found, 182.0504.

2-(methylthio)benzo[d]thiazole (2m):53 white solid (79.6 mg, 88 %).
1H NMR (400 MHz, CDCls) 6 2.78 (s, 3H), 7.27 (ddd, = 8.0, 7.3, 1.2
Hz, 1H), 7.41 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H), 7.74 (ddd, J = 7.9, 1.3,
0.6 Hz, 1H), 7.88 (ddd, J = 8.2, 1.2, 0.6 Hz, 1H). 13C NMR (101 MHz,
CDCls) 6 16.0, 121.0, 121.4, 124.1, 126.1, 135.2, 153.4, 168.1.

6-chloropyridin-3-amine (6a):54 light brown solid (19 mg, 30 %) H
NMR (400 MHz, CDCl3) 6 3.67 (bs, 2H), 6.95 (dd, J = 8.5, 3.0 Hz, 1H),
7.07 (d, )= 8.5 Hz, 1H), 7.84 (d, J = 3.0 Hz, 1H). 13C NMR (101 MHz,
CDCl3) 6 124.3, 125.0, 136.4, 140.3, 141.8.

6-chloro-2-(methylthio)pyridin-3-amine (7a): light brown solid (30
mg, 35%) H NMR (400 MHz, CDCls) & 2.61 (s, 3H) 3.63 (bs, 2H),
6.81 (d, J = 8.1 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H). 13C NMR (101 MHz,
CDCl3) 6 13.5, 120.0, 122.9, 139.0, 139.8, 144.5. HRMS calcd for
CesHsN2SCl, 175.0097; found, 175.0104.

2-chloropyridin-3-amine (6b):55 tan solid (32.5 mg, 51 %) H NMR
(400 MHz, CDCls) & 4.06 (bs, 2H), 7.06-7.01 (m, 2H), 7.82-7.75 (m,
1H). 3¢ NMR (101 MHz, CDCl3) 6 122.6, 123.5, 137.0, 138.6, 139.8.

2-chloro-6-(methylthio)pyridin-3-amine (7b): light brown solid
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(18.5 mg, 21 %). H NMR (400 MHz, CDCl3) & 2.52 (s, 3H), 6.94 (d, J
= 8.2 Hz, 1H), 6.97 (d, J = 8.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) &
14.4,121.8, 124.2, 136.3, 136.6, 147.4. HRMS Calcd for C¢HgN»SCI,
175.0097; found, 175.0099.

3-aminopyridine (6c¢):56 light brown solid (25.6 mg, 54 %). *H NMR
(400 MHz, CDCl3) 6 3.67 (bs, 2H), 6.95 (ddd, J = 8.2, 2.8, 1.4 Hz, 1H),
7.05(ddd, J=8.2,4.7,0.8 Hz, 1H), 7.99 (dd, J = 4.7, 1.4 Hz, 1H), 8.08
(dd, 3= 2.9, 0.8 Hz, 1H). 13C NMR (101 MHz, CDCls) 6 121.6, 123.8,
137.5, 140.0, 142.7.

5-chloropyridin-2-amine (6d):57 white solid (46.2 mg, 72 %). H
NMR (400 MHz, CDCls) & 4.50 (bs, 2H), 6.44 (d, J = 8.7, 0.7 Hz, 1H),
7.36 (dd, J = 8.7, 2.6 Hz, 1H), 7.99 (d, J = 2.5 Hz, 1H). 13C NMR (101
MHz, CDCl3) 6 109.6, 121.0, 137.7, 146.4, 156.9.

2-aminopyridine (6e):58 white solid (21.1 mg, 47 %). 1H NMR (400
MHz, CDCl3) & 4.39 (bs, 2H), 6.50 (dd, J=8.3, 0.9 Hz, 1H), 6.63 (ddd,
1=7.2,5.1,1.0Hz, 1H), 7.42 (ddd, J= 8.3, 7.2, 1.9 Hz, 1H), 8.05 (ddd,
J=5.1,1.9, 0.9 Hz, 1H). 13C NMR (101 MHz, CDCl5) 6 108.9, 114.1,
138.0, 147.9, 158.4.

6-chloropyridin-2-ol (8a): white solid (52.5 mg, 79 %). *H NMR (400
MHz, CDCl3) 6 6.68 (dd, J = 8.5, 0.8 Hz, 1H), 6.73 (dd, J= 7.5, 0.8 Hz,
1H), 7.54 (dd, J=8.5, 7.5 Hz, 1H), 12.04 (bs, 1H). 13C NMR (101 MHz,
CDCl3) 6111.8,113.5,142.4,144.2, 165.1. HRMS calcd for CsHsNOCI,
130.0060; found, 130.0059.

nicotinic acid (8b):5° white solid (41.5 mg, 67 %). *H NMR (400 MHz,
DMSO-dg) 6 7.52 (ddd, J = 7.9, 4.9, 0.9 Hz, 1H), 8.25 (dd, J= 7.9, 2.0
Hz, 1H), 8.77 (dd, J = 4.9, 1.8 Hz, 1H), 9.07 (dd, J = 2.2, 0.9 Hz, 1H).
13C NMR (101 MHz, DMSO-ds) 6 123.8, 126.8, 137.0, 150.3, 153.3,
166.4.

3-(bis(methylthio)methyl)quinoline (8c): yellow oil (48 mg, 41 %).
1H NMR (400 MHz, CDCls) & 2.13 (s, 6H), 4.99 (s, 1H), 7.54 (ddd, J =
8.1,6.9, 1.2 Hz, 1H), 7.70 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.81 (ddd, J
=8.2,1.7,0.8 Hz, 1H), 8.09 (dd, J = 8.5, 0.9 Hz, 1H), 8.15(d, J = 2.2
Hz, 1H), 8.96 (d, J = 2.3 Hz, 1H). 13C NMR (101 MHz, CDCls) & 14.9,
54.1,127.1,127.5,127.9, 129.3, 129.7, 132.6, 133.9, 147.7, 150.8.
HRMS calcd for C1oH14NS,, 236.0568; found, 236.0564.

Supporting Information

Addtional experimental details and copies of 1H and 13C NMR
spectra for all products are provided in the supporting information.
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