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Abstract

A selection of heteroaryl fluorosulfates were readily synthesized using commercial SO5F5 gas.
These substrates are highly efficient coupling partners in the Suzuki reaction. Through judicious
selection of Pd-catalysts, the fluorosulfate functionality is differentiated from bromide and
chloride; the order of reactivity being: -Br > -OSO5F > -Cl. Exploiting this trend allowed the
stepwise chemoselective synthesis of a number of polysubstituted pyridines, including the drug,
Etoricoxib.
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Introduction

Polysubstituted pyridines comprising aryl substituents are important functional moieties,
finding use in applications as diverse as chemosensors,1] molecular electronics(?! and
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pharmaceuticals.[3! Figure 1 illustrates a selection of functional polysubstituted pyridines
including, the COX-2 selective inhibitor, Etoricoxib.[4>] Over the years, numerous synthetic
strategies have been developed to access these valuable structures.[8-191 Many involve
classical multi-component condensation reactions (e.g. Knoevenagel and Hantzsh
condensation using p-keto esters etc.), which often rely upon the formation of the
heterocyclic ring in the last step. Conceptually, the controlled stepwise installation of
substituents directly into an aromatic core is a more direct and modular strategy (Scheme 1).
In discovery research, this is often accomplished by a sequence of one or more Suzuki cross
coupling reactions.[!1] By exploiting the distinct reactivity prolife of common electrophilic
leaving groups, which follows the general order: -1 > -Br = -OTf > -Cl, the chemoselective
introduction of substituents directly into the aromatic core can sometimes be
accomplished.[12.13]

Fluorosulfates have long been known to participate in transition-metal catalyzed reactions,
serving as triflate surrogates in Negishi and Stille cross-couplings,[*4! and in palladium-
catalyzed alkoxy carbonylation reactions. Early published syntheses of aryl fluorosulfates
include the pyrolysis of arenediazonium fluorosulfonate salts, and the reaction of sodium
phenolates with CISO,F or fluorosulfonic acid anhydride in the presence of pyridine or
sodium hydride. These methods suffer from dangerous reaction conditions, expensive
starting materials and/or low yields.[1%]

In 2014, the Sharpless group reported a simple and reliable method for the synthesis of aryl
fluorosulfates from phenols and sulfuryl fluoride (SO5F»), in the presence of
triethylamine.[16] The efficient Suzuki cross couplings of aryl fluorosulfates with aryl
boronic acids was subsequently disclosed in early 2015,[17] demonstrating the -OSO,F
group as atom efficient and economically viable alternative to triflate.[8] More recently,
Hanley[19] and coworkers published a study on how the fluorosulfate handle fits into the
hierarchy of leaving group in Suzuki aryl couplings. This work confirmed the following: (i)
almost no chemoselective discrimination was observed between the competing triflate and
fluorosulfate substrates, (ii) there was reasonable selectivity for the bromide over the
fluorosulfate, and (iii) there is absolute preference for the fluorosulfate vs. the chloride.

Here we report that heteroaryl fluorosulfates give outstanding results in the Suzuki coupling,
demonstrating distinct reactivity from the corresponding halogens and triflates. Harnessing
the unique reactivity of fluorosulfates, enabled the synthesis of a number of polysubstituted
pyridines with exquisite chemoselective control.

and Discussion

The present study commenced with the gram-scale synthesis of the heteroaryl fluorosulfates
1-1 — 1-7,126] accomplished by exposure of the corresponding pyridinol substrates to
SO,F,[201 under our standard conditions [triethylamine (TEA, 1.5 equiv.), DCM, r.t. 2—24 h]
(Table 1). The conversion of the more challenging 2-pyridones into the corresponding
fluorosulfates required additional optimization of conditions. Despite a thermodynamic
preference for the formation of the A-fluoro sulfamoy! fluoride,[21] the substituted pyridin-2-
yl fluorosulfates were obtained by substituting TEA for A, A-diisopropylethylamine
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(DIPEA) in acetonitrile (ACN) (Table 1, 1-8 — 1-17). The N- and S- containing
hydroxyheterocyles, including, quinolin-8-ol, 1 A-indol-5-ol, methyl 3-hydroxythiophene-2-
carboxylate and benzo[ #]thiophen-4-ol, were also converted into their fluorosulfates in good
yield (Table 1, 1-18 — 1-20), whereas A-fluorosulfonation of the ZAH-indol-5-ol produced the
fluorosulfate-fluorosulfamate 1-21.

We next evaluated the practicality of the heteroaryl fluorosulfates as substrates in the Suzuki
cross coupling reaction. An extensive survey of reaction parameters revealed optimal
conditions (Supporting Information; Table S1, entry 7), that were subsequently employed in
the coupling of fluorosulfate (1-8) with the boronic acids (2-1 — 2-18). Gratifyingly, the
fluorosulfate substrates performed well, yielding the corresponding biaryl products 3-1 — 3—
18 in excellent yield (Table 2). Likewise, the Suzuki coupling of the heteroaryl
fluorosulfates (1-1, 1-2, 1-9 — 1-13, 1-18 — 1-20) and the phenyl boronic acid 2-1,
proceeded smoothly to give the biaryl products 4-1 — 4-11 in good yields (Table 3).

The relative reactivity of the pyridyl fluorosulfates and other common electrophiles were
then calibrated by performing competition experiments. For example, when a 1:1 mixture of
the 2-fluorosulfate pyridine (1-8) and the 2-bromopyridine (5-1) was subjected to the
phenylboronic acid 2-1 (1.5 equiv) and Pd(PPh3)4/KF in refluxing toluene, the 2-
bromopyridine (5-1) was completely consumed within 3 hours; the unreacted 2-fluorosulfate
pyridine (1-8) was fully recovered (Figure 2A).

A similar experiment was performed with a 1:1 mixture of the pyrid-2-yl fluorosulfate (1-8)
and the 2-chloropyridine (5-2). When subjected to the phenylboronic acid (2-1) (3 equiv)
[Pd(PPh3)4/NaHCO3 (dioxane/water (1/1) at room temperature], the pyrid-2-yl fluorosulfate
(1-8) was consumed within 48 hours, whereas 51% of the unreacted 2-chloropyridine was
recovered (Figure 2B). Based upon these observations, we conclude that the relative
reactivity of the electrophiles examined in these coupling reaction follows: -Br > -OSO,F > -
Cl.

Experiments were then performed on pyridines with both fluorosulfate and halide
substituents juxtaposed on the same ring. In concert with Hanley’s related work on aryl
fluorosulfates, the coupling of the bis-substituted chloropyridin fluorosulfates 1-14, 1-17,
1-3 with the phenylboronic acid (2-1), realized the chlorophenylpyridines 6-1, 6-2 and 6-3,
respectively (Figure 3A). More importantly, when the bromopyridin fluorosulfates (1-15, 1—-
16, 1-4 — 1-6) were reacted with the boronic acid 2-1, exclusive formation of the mono-
substituted fluorosulfate products 7-1 — 7-5 was observed (Figure 3B).

Unlike its fluorosulfate analogue 1-4, the triflate 8, when treated under the same cross
coupling conditions generated a [1.4: 1.0] mixture of the coupling products 9 and 10,
respectively (Figure 3C). This unprecedented level of chemoselectivity demonstrated by the
fluorosulfate group presents a window of reactivity distinct from the triflate. From these
particular experiments, we rank the relative order of leaving group potential for substituted
pyridines as: Br = -OTf > -OSO,F > -Cl.
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We next explored the possibility of exploiting the fluorosulfate group in the synthesis of
polysubstituted heteroarenes. The 5-bromo-6-chloropyridin-3-yl fluorosulfate (1-7) building
block was selected as a model substrate. Treatment of 1-7 with the phenylboronic acid (2-1)
and Pd(PPh3)4/KF/toluene, gave the 6-chloro-5-phenylpyridin-3-yl fluorosulfate 11 as the
sole product (Figure 4A). This impressive chemoselectivity was mirrored in the subsequent
Suzuki coupling of 11 with the methylphenylboronic acid (2-2), giving the 2-chloro-3-
phenyl-5-(p-tolyl)pyridine (12) in 91% yield. Finally, Suzuki coupling of the heteroaryl
chloride 12 with 4-trifluoromethylpheylboronic acid (2-5) [Pd-PEPPSI-1Pr, aqueous
ethanol], afforded the tri-substituted pyridine 13 in 98% yield. This concise synthesis of the
tri-substituted pyridine 13 was achieved in just three steps with an overall yield of 73%.
Moreover, each step in the reaction sequence could be scaled up to gram-quantities without
compromising the yield.

In another example, the tri-substituted pyridine (16) was assembled in excellent yield
through sequential cross couplings of the fluorosulfate 1-7 with the functionalized aryl- (2—
10) and heteroaryl boronic acids (2-18 & 2-16), respectively (Figure 4B).

We next turned our attention to the synthesis of Etoricoxib,[4>] which has previously been
synthesized via a six-step sequence from the 3-bromo-5-chloropyridin-2-ol (17) building
block (Scheme 2A).151 We anticipated that our fluorosulfate chemistry would enable a more
direct access to Etoricoxib, by circumventing protecting group chemistry. Beginning with
the same 5-bromo-6-chloropyridin-3-yl fluorosulfate (17) starting material, the formation of
the pyridin-2-yl fluorosulfate (18) was readily achieved by reaction with sulfuryl fluoride.
The synthesis of Etoricoxib was successfully completed by the sequential installation of the
4-(methylsulfonyl)phenyl and 6-methylpyridin-3-yl substituents into the pyridine core
respectively, in an overall 40.3% yield (Scheme 2B). To the best of our knowledge, the
synthetic approach to Etoricoxib described here is the most concise to date.[2?]

Conclusions

In summary, we have developed an efficient protocol for the synthesis of functional
heteroaryl fluorosulfates. This was made possible by harnessing the incredible reactivity of
the sulfur connector, SO,F,. The heteroaryl fluorosulfates were demonstrated as versatile
electrophilic cross coupling partners in the Pd-catalyzed Suzuki reaction, exhibiting distinct
reactivity from the corresponding halogens and triflates. Harnessing the unique reactivity of
fluorosulfates, enabled the synthesis of a number of polysubstituted pyridines with exquisite
chemoselective control.

The privileged nature of the fluorosulfate leaving group was further demonstrated with the
concise synthesis of the drug, Etoricoxib, in just 3 steps. The scalability of heteroaryl
fluorosulfates to kilogram quantities, coupled with the plethora of available Pd catalysts,
render fluorosulfates ideal substrates for both process and discovery applications.
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Experimental Section

General procedure for Preparation of heteroaryl fluorosulfates 1 with TEA in DCM

A three-neck round-bottom flask equipped with a thermometer was charged with the
corresponding hydroxyheterocycle, DCM (10 mL/g) and TEA (1.5 equiv). The mixture was
stirred at room temperature for 10 minutes. The reaction flask was then sealed with a
septum. The atmosphere above the solution was removed under a gentle vacuum, and the
SO,F5 gas (sulfuryl fluoride, Vikane) was introduced from a balloon through a three-way
valve joint. For large scale reactions, the depletion of the sulfuryl fluoride from the balloon
was observed, and additional SO,F, gas introduced via a fresh balloon as required. The
reaction mixture was stirred vigorously at room temperature between 2—-24 hours, and the
reaction progress monitored by TLC. The reaction mixture was then washed with saturated
sodium bicarbonate and brine, dried over Na;SOy, filtered and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography over silica gel to
give the heteroaryl fluorosulfates 1.

General procedure for Preparation of heteroaryl fluorosulfates 1 with DIPEA in ACN

A three-neck round-bottom flask equipped with a thermometer was charged with the
corresponding hydroxyheterocycle, ACN (10 mL/g) and DIPEA (1.5 — 3 equiv). The
mixture was stirred at room temperature for 10 min. The reaction flask was then sealed with
a septum. The atmosphere above the solution was removed with gentle vacuum, and SO,F,
gas (sulfuryl fluoride, Vikane) from a balloon was introduced through a three-way valve
joint. For large scale reactions, depletion of the sulfuryl fluoride from the balloon was easily
observed, and more SO,F5 gas was introduced with a fresh balloon when required. The
reaction mixture was vigorously stirred at room temperature for 2-24 hours, monitoring by
TLC. After completion, the solvent was removed by rotary evaporation. The residue was
dissolved in EtOAc, washed with saturated sodium bicarbonate and brine, dried over
NaySQy, filtered and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel to give heteroaryl fluorosulfates 1.

General procedures for Pd-catalyzed Suzuki reactions

Method A. General Suzuki procedure associate with (aqueous) alcohol
solution—Het-OSO,F (1.0 mmol, 1.0 equiv), (hetero)arylboronic acid (1.5 mmol, 1.5
equiv), Pd-catalyst (1-10 mol%), base (3.0 mmol, 3.0 equiv) were successively added to a
50 mL flask equipped with a stirring bar and a thermometer. The air in the flask was
replaced by nitrogen gas by vacuum, and then (aqueous) alcohol solution (with different
ratios) (1-20mL) was injected into the flask through a rubber plug. The reaction mixture was
placed into an oil bath, heated to the corresponding temperature and stirred for between 1—
24 hours as determined by TLC or HPLC analysis. After completion, most of organic
solvent was removed by rotary evaporation. The residue was dissolved in EtOAc, washed
with saturated brine, dried over NaySQOy, filtered and concentrated under reduced pressure.
The residue was purified by flash column chromatography over silica gel to afford the
coupling product.
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Method B. General Suzuki procedure associate with aqueous NaHCO3
solution in 1,4-dioxane at room temperature—Het-OSO5F (1.0 mmol, 1.0 equiv),
(hetero)arylboronic acid (1.5 mmol, 1.5 equiv), Pd(PPh3)4 (10 mol%) were successively
added to a 50 mL flask equipped with a stirring bar and a thermometer. The air in the flask
was replaced by nitrogen gas by vacuum, and then 1,4-dioxane (10 mL) was injected into the
flask through a rubber plug. The reaction mixture was stirred for 10 min and then NaHCO3
(3.0 mmol, 3 equiv) in 10 mL water was injected into the flask. The reaction mixture was
stirred at room temperature for 3—24 hours as monitored by HPLC. After completion, the
mixture was diluted with EtOAc (20mL), washed with saturated brine, dried over NapSOy,
filtered and concentrated under reduced pressure. The residue was purified by column
chromatography on silica gel to afford the coupling product.

Method C. General Suzuki procedure associate with KF in toluene or 1,4-
dioxane at refluxing temperature—Het-OSO,F (1.0 mmol, 1.0 equiv), arylboronic acid
(1.5 mmol, 1.5 equiv), Pd(PPh3)4 (10 mol%), KF (3.0 mmol, 3.0 equiv) were successively
added to a 50 mL flask equipped with a stirring bar and a thermometer. The air in the flask
was replaced by nitrogen gas by vacuum, and then toluene or 1,4-dioxane (10 mL) was
injected into the flask through a rubber plug. The reaction mixture was placed into an oil
bath, heated to reflux for between 3-10 hours as determined by HPLC analysis. After
completion, the mixture was diluted with EtOAc (20 mL), washed with saturated brine,
dried over Na,SOy, filtered and concentrated under reduced pressure. The residue was
purified by flash column chromatography over silica gel to afford the coupled product.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Examples of functional polysubstituted pyridines.
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Competition experiments based on the Suzuki cross coupling of 2-fluorosulfate pyridine, 2-
chloropyridine, and 2-bromopyridine with phenyl boronic acid.
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OSOsF substituted product in 7-2 is 9:1.
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Figure 4.
Preparation of tri-substituted pyridines through successive and selective Suzuki reactions.
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Classical Approach This work
R2-B(OH),
R= densation /i h fecth
o J 9 “closing approach:  R® sequentiaicouplings B
I P " Pd or Ni I P
RS0 O RS R! °"N” °R3 Cl N~ "OSO.F
NH4OAc R? -B(OH), RS-B(OH)z
Scheme 1.

Synthetic approaches to polysubstituted pyridines.
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A) Merck Synthesis of Etoricoxib - Patent WO 1998003484 A1

0.0
5
Cla B h
\El\?l':o 6-steps &l /I
H e
—_— SN S
17 |,
N
Etoricoxib

B) Chemoselective cross coupings to Etoricoxib
2-9, Pd(PPh3) (10 mol%),

ClﬁBr SO5F; Cl \me KF (3 equiv)
DIPEA, ACN 1,4-dioxane

Non 1S h N°OSOF reflux, 8 h
17 18
90%
0.0
O 2-18, Pd(PPh3)4 (10 mol%)
Cl NaHCO; (3 i

| D 2 st equ) > Etoricoxib

N“ > 0S0.F 1,4-dioxane/H ,0 71%

80°C,8h
19
63%
Scheme 2.

A) Merck synthesis of Etoricoxib; B) chemoselective sequential Suzuki cross coupling/
SuFEXx approach to Etoricoxib.
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Table 1

Synthesis of heteroaryl fluorosulfates.

oH /l )j SOF, @ v OSOF
‘ Base, Solvent b

rt,2~24h 1
A) 3-pyridyl
(j/osozF rj/oso; ﬁosozF /(j/osozF
98% 346g 90% 1769 78%1669 91% 2329
N OSOF BN A OSOF  Bra o~ - OSOF
g g g
N Br N Cl N

B) 2-pyridyl and 4-pyridyl

. Or. L T

OSOZF OSOZF 0SO.F N7 ~0SOF
1-10 1-11
87%, 15459 74% 071g 71%,1.36 g 98%, 1.86 g
COOMe
z 7z c z z
N I 3 I N I N3 |
N”T0SOF N7 T0SOF N7 0SOF  Br”” “N” TOSOF
112 113 1-14 1-15
92%,1.75 g 72%,0.43 g 90%, 0.95 g 85%,2.17 g
Br 0SO.F
z 2
. I
N
N OSOF N cl
1-16 117
79%, 0.41 g 56%, 0.95 g
C) others
FO,S0
0SOF 0SOF Z I 2 m
3
3. ) : :
57 COMe s OSOF SO.F
1-18 1-19 1-20 1-21
93%, 4.47 g 70%, 1.42 g 97%, 4.43 g 97%,1.43 g

Page 14

Reaction conditions: A) TEA (1.5 equiv), DCM, rt 2-24 h. B) DIPEA (1.5 ~ 3 equiv), CH3CN, rt, 24 h, C) 1-18, 1-19, the same as conditions A.

1-20, 1-21, the same as conditions B.
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Table 2

Suzuki reaction of pyridin-2-yl fluorosulfates with a range of aryl- and heteroaryl boronic acids (2)./4

1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

: Pr =\ Pr
: N_N
Pd-PEPPSI-IPr (1 mol% 5%’ v j@
N (1mole) e ]/Pﬁ
| K,CO3 (3 equiv) I i 1-Pd-Cl
N“~oso,F + RBOH): . NR N
2 EtOH/H,0 (3/1), 35 3C ; 2
18 2 3 S
; cl

Pd-PEPPSI-IPr

Boronic acid (2)

Product (3)

Boronic acid (2) Product (3)

N OH N on
(HO),B I, (HO)B |
\© N N®
241 341 2-10 3-10
97% 99%
(HO),B S (HO)B OH [
©\ N? 0 N® OH
2:2 3.2 2-11 311
95% 73%
(HO);B S (HO),B NHAC {7
\©\ N? \©/ N’ NHAc
OMe
23 3.3 OMe 2412 312
96% 98%
S S
(HO)2B - (HO)2B NOz || NO
Q. o o™
F
24 34 F 213 3-13
95% 93%
A A
(HO)ZB\CL IN, (HO)zB\?\© 'N, P
CF4
25 35 CFs 214 314
97% 83%
S S
N O g
cN
2.6 36 CN 2-15 3415
94% 92%
S A
(HO):B - (HO)B O cHo | o
\©\CHO N U N )—cHo
2.7 3.7 CHO 2-16 316
94% 7%
S S
(HO)B | . (HO)B | .
@ N \Ov NS
COOEt z N
28 - COOEt 217 347
92%[0! 72%l
» >
HO),B
(HO) \©\ N7 (HO)zBu N |\
SO Me SOMe N N?
2-9 3-3 2-18 3-18
94% 4l

1duosnuen Joyiny

[a]Reaction conditions: 1-8 (1.0 mmol), (hetero)aryl boronic acid 2 (1.5 mmol), Pd-PEPPSI -1 Pr (1 mol%), K2CO3 (3.0 mmol), EtOH/H20 (10
mL, 3/1), in nitrogen at 35 °C.

LI

he reaction was run in EtOH.

lel,

he reaction was run in 10 mL 1,4-dioxane/H20 (3/1) at refluxing temperature.
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Suzuki reactions of heteroaryl fluorosulfates (1) with phenylboronic acid 2-1./27

Table 3

A OSOF B(OH)
O
1 241

Pd-PEPPSI-IPr (1 mol%)

K2COj3 (3 equiv)

L

EtOH/H,0 (3/1), 35 °C

Fluorosulfate (1) Product (4) Fluorosulfate (1) Product (4)
X B N OSOF
B N 1 l\
N 0SO.F FON p
1-9 441 1-2 47
67%!! 90%
A
S I \ .
c N P N
N“~0SO.F N
1410 42 0SO.F O
o
96% 1-20 4-8
92%
X |
1 N®
N”"OSOF
1 s FO,SO N O
96% N 3
< N
N SOF SoF
X | 1-21 4-9
. N 87%
N”"OSOF
112 44
o
99% OSO,F
COOEt
COOMe Q $7~COMe 7
A ® g7 ~COMe
N 0SOF N 118 410
98%
113 4-5
86%!°!
0SO.F O
N, OSOF
< | 2 ) A\
N S, S @ N
N s
141 4-6 119 411

98%

92%

faf
3/1), in nitrogen at 35 °C.

[b]The reaction was run with 2 mol% of Pd-PEPPSI -I Pr.

[e]

Transesterification to the ethyl ester occurred under the reaction conditions.
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Reaction conditions: 1 (1.0 mmol), phenylboronic acid 2-1 (1.5 mmol), Pd-PEPPSI-I Pr (1 mol%), K2CO3 (3.0 mmol), EtOH/H20 (10 mL,
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