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Haiyao Ji,* Han Cao,®* Guan Wang,? Feifei Xing,*2 Michal Szostak*c and Chengwei Liu*?

We report a general method for the direct decarbonylative thioetherification of carboxylic acids using air- and moisture-
stable nickel precatalysts. In this approach, ubiquitous carboxylic acids are directly employed as aryl electrophiles and

common thiols serve as sulfide donors. This protocol features excellent functional group tolerance and broad substrate

scope using robust, bench- and air-stable catalysts, offering rapid entry for the synthesis of valuable aryl sulfides. The

synthetic potential is showcased in the late-stage modification of pharmaceuticals directly utilizing carboxylic acid

functional group. Nickel-catalyzed intermolecular decarbonylative thioetherification via C(0)-O cleavage is merged with

intramolecular decarbonylation via C(O)-S cleavage, wherein thioesters are formed by thioesterification of activated

carboxylic acids. Considering the significant interest in synthesis thioethers and the great utility of Ni(ll) precatalysts as the

privileged class of operationally-simple catalysts, we anticipate that this method will find broad applications in organic

synthesis.

Aryl thioethers represent prevalent and highly valuable
structural motifs in organic chemistry with broad applications
ranging from the industrial production of surfactants through
functional materials and pharmaceuticals (Figure 1A).12
Transition-metal-catalyzed thioetherification of halides or
pseudohalides (Ar—X) is one of the most common industrial
and academic methods for the synthesis of aryl thioethers
(Figure 1B).3-5> However, this method by necessity relies on the
availability of halide or pseudohalide starting materials.

In this context, decarbonylative cross-couplings have
emerged as a powerful approach to use carboxylic acid
derivatives (Ar—CO,R) as electrophiles as an alternative
paradigm to aryl halides and pseudohalides, while exploiting
the highly desirable orthogonal availability and reactivity of
carboxylic acids.®” This decarbonylative platform heavily
benefits from the ubiquitous presence of carboxylic acids in
late-stage intermediates and pharmaceuticals, enabling for
new reactivity pathways and functional group interconversions
not accessible from aryl halides.5"¢7 To date, amides,”-8 esters,®
thioesters,© carboxylic acids!® and acyl halides® have been
employed as electrophiles for decarbonylative cross-coupling
reactions. These carboxylic acid derivatives combine facile
oxidative addition of the C(O)—X bond into a transition metal
with bench-stability and availability of various precursors that
could be used to tune the decarbonylative cross-coupling
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reactivity. From the synthetic standpoint, the most desirable is
the direct use of carboxylic acids.}® This pathway can be
achieved after in situ conversion into a mixed anhydride,
which obviates preactivation steps and enables to directly
engage ubiquitous carboxylic acids for the formation of new C—
C and C—X bonds.

Recently, there has been a surge of interest in the
decarbonylative synthesis of aryl sulfides.'> Most notably, in
2018 the Sanford group®? and our group3® concurrently
reported  Ni-catalyzed synthesis of thioethers by
intramolecular decarbonylation of thioesters. Furthermore,
transition-metal-catalyzed decarbonylative thioetherifications
of different precursors have been reported.%12-16 However,
all of these methods are limited by the preparation of acyl
electrophiles requiring separate synthetic and isolation steps,
which restricts applicability of these approaches especially in
the context of late-stage functionalization of pharmaceuticals.
Thus, we hypothesized that a method directly using carboxylic
acids as pervasive and widely available electrophiles would
offer a major advantage in the decarbonylative synthesis of
aryl thioethers. Furthermore, we were cognizant of the recent
advances in the use of well-defined, air- and moisture-stable
Ni(ll) precatalysts as vastly preferred catalysts for industrial
and academic research.!? In particular, the area of well-defined
Ni(ll) precatalysts has been thriving in recent years due to
economic and reactivity advantages of nickel,'® where the use
of bench-stable, operationally-simple precatalysts has been
deemed essential to extend the applicability of nickel in
organic synthesis, drug discovery and medicinal chemistry.19.20

Herein, we report a general method for the direct
decarbonylative thioetherification of carboxylic acids using air-
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and moisture-stable nickel precatalysts. The method uses air-
stable, well-defined Ni(ll) catalysts that are operationally-easy
to handle and permits for a direct decarbonylative
thioetherification of carboxylic acids for broad applications in
organic synthesis, we anticipate that this approach will
significantly expand the synthetic toolbox available to
researchers in academic and industrial settings (Figure 1C).

A. Examples of biologically active aryl thioethers

Os_NHMe N
H ! s
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Me N OH
HN ;
- Me
H,N™ N J
Axitinib Thymitaq AZD4407 Me
VEGF inhibitor anticancer lipogenase inhibitor
B. Transition-metal-catalyzed thioetherification of aryl halides
ML] s
AréX +  H-SR Ar-SR
halides thiols thioethers
C. Thioetherification of carboxylic acids by air-stable nickel catalysts [this work]
Ni(dppp)CI;
Ar$COH + H-SR A SR
27 examples
up to 98% yield
carboxylic acids thiols Piv,0 -CO thioethers

Figure 1 (A) Examples of biologically active thioethers. (B) Direct
synthesis of aryl thioethers from aryl halides. (C) Direct
decarbonylative synthesis of aryl thioethers from carboxylic acids by
air- and moisture-stable nickel catalysts (this work).

The following features of our study are noteworthy: (1)
direct one-step decarbonylative synthesis of aryl thioethers
from widely available carboxylic acids and thiols; (2) air-stable,
well-defined and readily available Ni(ll) precatalysts, enabling
operational-simplicity, modularity, robustness and bench-top
set-up; (3) broad substrate scope and functional group
tolerance using directly carboxylic acids for the synthesis of
aryl thioethers, including applications to the late-stage
functionalization of pharmaceuticals.

The optimization results are summarized in Table 1. 2-
Naphthoic acid 1b and thiophenol 2a were selected as
reaction optimization. After
unpromising results using Pd and Rh, we were delighted to
identify that a combination of Ni(dppp)Cl, as a catalyst, Piv,0
as an activator and Et3N as a base afforded the desired 2-
naphthyl phenyl sulfide 3b in 15% yield (Table 1, entry 1).
Further screening showed that using excess of thiophenol

modular substrates for

dramatically decreased the yield due to competing acylation of
Piv,0 (Table 1, Furthermore, DMAP (4-
dimethylaminopyridine) was identified as a superior base to
EtsN, providing the aryl thioether product in much higher yield
(Table 1, entries 4-5). The catalyst loading was next
investigated and 20 mol% catalyst loading was identified as the
optimal choice (Table 1, entries 6-7). Furthermore, inorganic
bases and protic additives were screened, showing that

entries 2-3).

2 | Org. Chem. Front., 2018, 00, 1-3

organic bases are preferred for this process (Table 1, entries 8-
10). Different air- and moisture-stable Ni(ll)-phosphine
precatalysts were screened, showing that precatalysts with
monodentate phosphine ligands, such as Ni(PCys),Cl, or
Ni(PPh3),Cl, are ineffective (Table 1, entries 11-12).
Interestingly, Ni(dppe)Cl, showed high reactivity (Table 1,
entry 13), however, no product was observed using Ni(dppf)Cl,
as a precatalyst (Table 1, entry 14). Furthermore, toluene was
identified as another suitable solvent for the reaction (Table 1,
entry 15). Finally, as expected, no product was observed in the
absence of Piv,0, in agreement with the C—O acyl activation
pathway (Table 1, entry 16, vide infra).

Table 1. Optimization of Reaction Conditions.?

(]
SH  [Ni], additive, Piv,0 S
O
dioxane, 160 °C, 15 h
1a 2a 3a

entry [Ni] cat loading additive  Yield(%)
1 Ni(dppp)Cl, 10 mol% EtsN 15
2b Ni(dppp)Cl, 10 mol% EtsN <2
3¢ Ni(dppp)Cl, 10 mol% EtsN <2
4 Ni(dppp)Cl, 40 mol% EtsN 34
5 Ni(dppp)Cl, 40 mol% DMAP 88
6 Ni(dppp)Cl, 20 mol% DMAP 86
7 Ni(dppp)Cl, 10 mol% DMAP 45
8 Ni(dppp)Cl, 20 mol% Na,CO; <2
9 Ni(dppp)Cl, 20 mol% K,CO3 <2
10 Ni(dppp)Cl, 20 mol% H3BO3 <2
11 Ni(PCys),Cl, 20 mol% DMAP <2
12 Ni(PPh3),Cl, 20 mol% DMAP <2
13 Ni(dppe)Cl, 20 mol% DMAP 85
14 Ni(dppf)Cl, 20 mol% DMAP <5
15d Ni(dppp)Cl, 20 mol% DMAP 78
16¢ Ni(dppp)Cl, 20 mol% DMAP <5

a) Conditions: 2-naphthoic acid 1a (0.20 mmol), thiophenol 2a
(2.0 equiv), [Ni] (x mol%), additive (1.2 equiv), Piv,0 (1.2 equiv),
dioxane (0.20 M), 160 °C, 15 h. b) thiophenol (3.0 equiv). c)
thiophenol (4.0 equiv). d) toluene. e) without Piv,0.

With the optimized conditions in hand [1 (1.0 equiv), 2
(2.0 equiv), Ni(dppp)Cl, (20 mol%), DMAP (1.2 equiv), Piv,0
(1.2 equiv), dioxane (0.2 M), 160 °C, 15 h], the scope of this
direct decarbonylative thioetherification of carboxylic acids
investigated (Scheme 1). As shown, this
transformation shows broad functional group tolerance and
compatibility, resulting in an
chemoselective synthesis of aryl thioethers, permitting all

was next

operationally-simple,

reactions to be performed on a bench-top without resorting to
air-sensitive and capricious Ni(0) catalysts. The C—O bond of
the aromatic acyl part is selectively activated, rather than the
C—0 bond on the side of the acyl side of the tert-butyl group,
demonstrating high chemoselectivity of this approach. As such,
a range of electronically-varied carboxylic acids is well-
tolerated in this reaction, including electron-neutral (3a),
electron-rich (3b), and electron-deficient (3c) substrates.
Moreover,
sensitive functional groups, such as ester (3d) and ketone (3e).

the approach tolerates substrates containing

This journal is © The Royal Society of Chemistry 2018
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It is particularly noteworthy that meta-substituted (3f-3g)
carboxylic acids are also compatible in this process.
Furthermore, the method tolerates heterocyclic substrates,
such as quinolinyl (3h) and thienyl (3i). Finally, this approach
could be extended to cinnamic acids, affording vinyl thioethers
in high yields (3j).

@* zge
s© m@rw L0

3a: 86% yield

S S
NeaslNens
o o
3d: 97% yield
U0 U0
3f: 64% yield 3g: 83% yield
S S S
U0 gU oYU
\N s

3h: 97% yield 3i: 75% vyield 3j: 86% yield

SH Nl(dppp)Clz (20 mol%)

DMAP Piv,0
dioxane, 160 °C

3b: 66% yield 3c: 85% vyield

3e: 94% vyield

Scheme 1. Decarbonylative thioether synthesis: carboxylic acid
scope.

Next, the thiol scope in this decarbonylative
thioetherification was briefly investigated (Scheme 2). As
shown, electronically- and sterically-differentiated thiols are
well-accommodated by this process, including electron-neutral
(3k, 3a’, 3l), electron-rich (3b’) and electron-deficient
substrates (3m-3n). Furthermore, ortho-substituted thiols (30-
3q) and even alkyl thiols (3r-3s) are well compatible with this
method, affording desired thioethers in high yields. As
expected, aliphatic carboxylic acids are not compatible due to
competing S-hydride elimination.

This journal is © The Royal Society of Chemistry 2018
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OH , | SH  Ni(dppp)Cl; (: b) S |A>
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3
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2,20 equw

©S© oo oQ,,

3k: 93% vyield 3a’: 64% yield 3I: 68% yield

oG, T, UoC,

3b’: 90% vyield 3m: 69% vyield 3n: 58% yield
Me OMe CF3
saolsasENcas

30: 72% yield 3p: 64% yield 3q: 57% yield

o OO

3r: 65% yield 3s: 62% vyield

Scheme 2. Decarbonylative thioether synthesis: thiol scope.

Owing to the prominent role of sulfur as a pharmacophore,
aryl thioethers represent an increasingly important functional
group in drug molecules and are widely utilized in medicinal
chemistry research.?12 To highlight the synthetic potential of
this decarbonylative synthesis of aryl thioethers, we applied
this protocol to the late-stage functionalization of
pharmaceuticals (Scheme 3). The synthesis of aryl thioethers
from carboxylic acids derived from Adapalene (3t), Probenecid
(3u) and Febuxostat (3v) demonstrate the synthetic potential
of this method, providing direct access to valuable thioethers

from ubiquitous carboxylic acids.
@* &'e
2, 2.0 equiv
S Me
e, Q O
Me/\/N

3t: 66% yield
Adapalene

@IO

3v: 61% yield
Febuxostat

SH Nl(dppp)Clz (20 mol%)

DMAP, P|v20
dioxane, 160 °C

3u: 98% yield
Probenecid

Scheme 3. Late-stage thioetherification of pharmaceuticals.

Gram scale reaction was performed, resulting in high yield
on this scale (Scheme 4A). Nonsymmetrical aryl anhydride was
synthesized and applied to this reaction (Scheme 4B). The
reaction showed that both sides of the aryl anhydride can be
converted into aryl sulfide products, while the side with ortho-
substitution showed higher reactivity. Furthermore, aryl/tert-
butyl nonsymmetrical anhydride was synthesized and applied
to the reaction conditions (Scheme 4C). As expected, the aryl

Org. Chem. Front., 2018, 00, 1-3 | 3
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3 side was efficiently converted into the aryl product, while the decarboxylation and decarbonylation reactions are not
4 tert-butyl side did not react. occurring under the reaction conditions.®?
5 CO,H  HS Nu(dppp)cl2 (20 mol%) CO.H SPh 0. _SPh
2
6 ° Giovane, e DMAP, Piv,0
7 10mmol 1221g 2d, 2.0 equiv 71%y|eld 1549 ‘ + PhSH O + O
8 R O dioxane, 160 °C O O
O O Me
Ni(dppp)Cl, (20 mol%)
9 ©)L k@ \O\ DMAP Piv,0 O \©\ fj :l
10 dioxane, 160 °C 1a 2a 3a: 0% yield 4a: 63% yield
2d, 2.0 equiv 3b’: 38% yield 3w: 53% yield
11 Scheme 6. Mechanistic studies.
12 Ni(dppp)Cl (20 mol%)
13 @ dDMAP PO @ ©\ . Me \©\ (3) To gain further insight into the decarbonylative
14 2d, 2.0 equiv 3b%: 84% yield 3x: 0% yield pathway, control reactions with thioesters have been
15 Scheme 4. Mechanistic studies. performed (Scheme 7). As shown, 3a formed as a minor
16 product under standard conditions, and only trace 3a formed
17 Mechanistic studies were performed to gain insight into  without base (entries 1-2). Furthermore, similar results were
18 this decarbonylative process (Schemes 5-7). obtained in the absence of Piv,O (entries 3-4). Overall, these
19 (1) Intermolecular competition experiments showed that results are consistent with intermolecular C(0)-O cleavage as
20 electron-deficient carboxylic acids are inherently more reactive  the major pathway in this process.
21 than electron-rich counterparts (4-CF3:4-OMe = 69:31), while 0. _SPh 0. _SPh
22 sterically-hindered substrates showed higher reactivity than s O- .SPh
23 unsubstituted substrates (2-Me:2-H = 54:46) (Scheme 5A). conditions +
24 Furthermore, electron-deficient thiophenols showed higher dioxane, 160 °C
25 reactivity than electron-rich counterparts (4-CF3;:4-OMe = 4b 4b 4c
26 67:3.3), whl.le unsubstituted substrates are more reactive than entry N additive activator yield (3k) yield (4b) yield (4c)
27 sterically-hindered substrates (2-H:2-Me = 56:44) (Scheme 5B).
28 These effects are consistent with decarbonylation favored by 1 Ni(dppp)Cl, DMAP  Piv,0 22% 42% 35%
29 the steric demand of carboxylic acid (cf. thiophenol) and 2 Ni(dppp)Cly, - Piv,0 <29 71% 27%
30 reductive elimination as kinetically relevant step.
3 Ni(dppp)Cl; DMAP - 23% 76% -
31 A. CO,H CO,H SPh SPh
PhSH 4 Ni(d Cl - - <29 979 -
32 (0.5 oquiv) (dppp)Cl2 % %
¥
33 standard Scheme 7. Mechanistic studies.
34 conditions CFs; OMe
35 1q, 1.0 equ|v 1b, 1.0 equiv 3y 3b The proposed mechanism is shown in Figure 2. First, aryl
36 carboxylic acid is activated by Piv,O to give unsymmetrical
37 CO.H CO.H (O.Zhesquiv) SPh SPh anhydride, which can be converted to thioester by acylation.
38 Me + ﬁ' Me + Divalent nickel precatalyst is activated to nickel(0) by a Ni—N or
39 Cf,,fg,tf,;s by a nickel-nickel transmetallation.1’¢ Next, oxidative addition
40 ir,1.0equiv 1k, 1.0 equiv 30 3K of the C(O)-O bond of carboxylic anhydride and C(O)-S bond
41 B. SH SH ph~s Ph. of thioester afford the respective acyl-metal intermediates,
42 (ggigﬁli-\i/) S followed by decarbonylation. In the C(O)—O thioetherification
43 + ' + cycle, ligand exchange of Ar—Ni—OPiv gives Ar—Ni—SR
44 ) cs;zg;jﬂ%;ds intermediate, which undergoes reductive elimination. In the
45 3 ) Ole . CFs OMe C(0O)-S cycle, the product is formed by reductive elimination of
46 2, 1.0equiv - 2d, 1.0 equiv 3y 3b the Ar—Ni—SR decarbonylation intermediate.
47 SH SH PhCO,H Ph.g Ph.g
48 @ . Me@ (0.5 equiv) @ . ©/Me
standard
gg conditions
51 2a, 1.0 equiv 2g, 1.0 equiv 3k 30
52 - .
53 Scheme 5. Competition studies.
54 (2) The reaction without metal catalyst resulted in high
55 yield of thioester formed by acylation of carboxylic acids with
56 thiophenol, while thioether formation was not observed
57 (Scheme 6). This finding is consistent with thioester as a
58 potential intermediate in the process. This result further
59 demonstrates that in the absence of a transition metal
60
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Figure 2. Plausible mechanism.

Conclusions

In conclusion, we have reported a general method for the
direct decarbonylative thioetherification of carboxylic acids
using air- and moisture-stable nickel precatalysts. The method
is operationally-simple, robust and modular using well-
defined, air- and bench-stable Ni(ll) precatalysts. This method
shows broad substrate scope and excellent functional group
tolerance, enabling the synthesis of valuable thioethers from
ubiquitous carboxylic acids and thiols. The utility of this
process has been highlighted in the late-stage derivatization of
pharmaceuticals, exploiting the prevalent carboxylic acids.
Considering the interest in decarbonylative synthesis of
thioethers and the great utility of Ni(ll) precatalysts as the
privileged class of operationally-simple catalysts, we anticipate
that this method will find broad applications in organic
synthesis, drug discovery and medicinal chemistry.

Acknowledgements

We thank Shanghai University (C.L.), Overseas High-Level
Talents Introduction Program of Shanghai (C.L.), Rutgers
University (M.S.), the NSF (CAREER CHE-1650766, M.S.),
Zaozhuang University (H.C.) for generous support. Additional
support was provided by the Rutgers Graduate School in the
form of Dean’s Dissertation Fellowship.

Author contributions

*These authors contributed equally to this work.

Notes and references

1 (a) M. B. Smith, March’s Advanced Organic Chemistry:
Reactions, Mechanisms, and Structure, Wiley: Hoboken,
2013; (b) F. Terrier, Modern Nucleophilic Aromatic
Substitution, Wiley: Hoboken, 2013; (c) L. Ackermann,
Modern Arylation Methods, Wiley: Hoboken, 2009.

2 For leading reviews on sulfur-containing drugs, see: (a) E. A.
llardi, E. Vitaku, J. T. Njardarson, Data-Mining for Sulfur and
Fluorine: An Evaluation of Pharmaceuticals To Reveal
Opportunities for Drug Design and Discovery, J. Med. Chem.

This journal is © The Royal Society of Chemistry 2018

Organic-:Chemistry-Frontiers

2014, 57, 2832-2842; (b) M. Feng, B. Tang, S. H. Liang, X.
Jiang, Sulfur Containing Scaffolds in Drugs: Synthesis and
Application in Medicinal Chemistry, Curr. Top. Med. Chem.
2016, 16, 1200-1216; (c) B. R. Beno, K. S. Yeung, M. D.
Bartberger, L. D. Pennington, N. A. Meanwell, A Survey of the
Role of Noncovalent Sulfur Interactions in Drug Design, J.
Med. Chem. 2015, 58, 4383-4438.

(a) M. Yus, P. Martinez, D. Guijarro, Direct Transformation of
Allylic and Benzylic Thiols, Thioethers, and Disulfides into
Organolithium Compounds, Synth. Commun. 2003, 33, 2365-
2376; (b) C. E. Hoyle, C. N. Bowman, Thiol-Ene Click
Chemistry, Angew. Chem., Int. Ed. 2010, 49, 1540-1573; (c)
0. Lucchi, U. Miotti, G. Modena, The Pummerer Reaction of
Sulfinyl Compounds, Org. React. 1991, 40, 157-184.

For representative reviews of C—S bond formation, see (a) T.
Kondo, T. Mitsudo, Metal-Catalyzed Carbon-Sulfur Bond
Formation, Chem. Rev. 2000, 100, 3205-3220; (b) I. P.
Beletskaya, V. P. Ananikov, Transition-Metal-Catalyzed C-S,
C-Se, and C-Te Bond Formation via Cross-Coupling and
Atom-Economic Addition Reactions, Chem. Rev. 2011, 111,
1596-1636.

For selected methods on C-S bond-formation, see: (a) F. Y.
Kwong, S. L. Buchwald, A General, Efficient, and Inexpensive
Catalyst System for the Coupling of Aryl lodides and Thiols,
Org. Lett. 2002, 4, 3517-3520; (b) M. A. Fernandez-
Rodriguez, Q. Shen, J. F. Hartwig, A General and Long-Lived
Catalyst for the Palladium-Catalyzed Coupling of Aryl Halides
with Thiols, J. Am. Chem. Soc. 2006, 128, 2180-2181; (c) M.
Sayah, M. G. Organ, Carbon—Sulfur Bond Formation of
Challenging Substrates at Low Temperature by Using Pd-
PEPPSI-IPent, Chem. Eur. J. 2011, 17, 11719-11722; (d) X.
Wang, G. D. Cuny, T. Noél, A Mild, One-Pot Stadler-Ziegler
Synthesis of Arylsulfides Facilitated by Photoredox Catalysis
in Batch and Continuous Flow, Angew. Chem., Int. Ed. 2013,
52, 7860-7864; (e) C. Uyeda, Y. Tan, G. C. Fu, J. C. Peters, A
New Family of Nucleophiles for Photoinduced, Copper-
Catalyzed Cross-Couplings via Single-Electron Transfer:
Reactions of Thiols with Aryl Halides Under Mild Conditions
(0 °C), J. Am. Chem. Soc. 2013, 135, 9548-9552; (f) P.
Saravanan, P. Anbarasan, Palladium Catalyzed
Aryl(alkyl)thiolation of Unactivated Arenes, Org. Lett. 2014,
16, 848-851; (g) G. Yin, I. Kalvet, U. Englert, F. Schoenebeck,
Fundamental Studies and Development of Nickel-Catalyzed
Trifluoromethylthiolation of Aryl Chlorides: Active Catalytic
Species and Key Roles of Ligand and Traceless MeCN
Additive Revealed, J. Am. Chem. Soc. 2015, 137, 4164-4172;
(h) M. S. Oderinde, M. Frenette, D. W. Robbins, B. Aquila, J.
W. Johannes, Photoredox Mediated Nickel Catalyzed Cross-
Coupling of Thiols with Aryl and Heteroaryl lodides via Thiyl
Radicals, J. Am. Chem. Soc. 2016, 138, 1760-1763; (i) M.
Jouffroy, C. B. Kelly, G. A. Molander, Thioetherification via
Photoredox/Nickel Dual Catalysis, Org. Lett. 2016, 18, 876-
879; (j) Z. Qiao, X. Jiang, Ligand-Controlled Divergent Cross-
Coupling Involving Organosilicon Compounds for Thioether
and Thioester Synthesis, Org. Lett. 2016, 18, 1550-1553; (k)
B. Liu, C.-H. Lim, G. M. Miyake, Visible-Light-Promoted C-S
Cross-Coupling via Intermolecular Charge Transfer, J. Am.
Chem. Soc. 2017, 139, 13616-13619; (I) J. You, Q. Chen, Y.
Nishihara, Nickel-Catalyzed Decarbonylative
Thioetherification of Acyl Fluorides via C—F Bond Activation,
Synthesis 2021, 53, 3045-3050.

(a) H. Lu, T.-Y. Yu, P.-F. Xu, H. Wei, Selective Decarbonylation
via  Transition-Metal-Catalyzed  Carbon-Carbon  Bond
Cleavage, Chem. Rev. 2021, 121, 365-411; (b) R. Takise, K.
Muto, J. Yamaguchi, Cross-Coupling of Aromatic Esters and
Amides, Chem. Soc. Rev. 2017, 46, 5864-5888.

(a) C. Liu, M. Szostak, Twisted Amides: From Obscurity to
Broadly Useful Transition-Metal-Catalyzed Reactions by N—C

Org. Chem. Front., 2018, 00, 1-3 | 5



oNOYTULT D WN =

10

11

12

13

14

6|

Organic:Chemistry-Frontiers

Amide Bond Activation, Chem. Eur. J. 2017, 23, 7157-7173;
(b) C. Liu, M. Szostak, Decarbonylative Cross-Coupling of
Amides, Org. Biomol. Chem. 2018, 16, 7998-8010.

(a) G. Meng, M. Szostak, General Olefin Synthesis by the
Palladium-Catalyzed Heck Reaction of Amides: Sterically
Controlled Chemoselective N-C Activation, Angew. Chem.
Int. Ed. 2015, 54, 14518-14522; (b) S. Shi, G. Meng, M.
Szostak, Synthesis of Biaryls through Nickel-Catalyzed Suzuki-
Miyaura Coupling of Amides by Carbon—Nitrogen Bond
Cleavage, Angew. Chem. Int. Ed. 2016, 55, 6959-6963; (c) C.
Liu, M. Szostak, Decarbonylative Phosphorylation of Amides
by Palladium and Nickel Catalysis: The Hirao Cross-Coupling
of Amide Derivatives, Angew. Chem. Int. Ed. 2017, 56, 12718-
12722.

(a) S. C. Lee, H. H. Liao, A. Chatupheeraphat, M. Rueping,
Nickel-Catalyzed C-S Bond Formation via Decarbonylative
Thioetherification of Esters, Amides and Intramolecular
Recombination Fragment Coupling of Thioesters, Chem. Eur.
J. 2018, 24, 3608-3612; (b) R. Isshiki, K. Muto, J. Yamaguchi,
Decarbonylative C—P Bond Formation Using Aromatic Esters
and Organophosphorus Compounds, Org. Lett. 2018, 20,
1150-1153.

(a) F. Sun, M. Li, C. He, B. Wang, B. Li, X. Sui, Z. Gu, Cleavage
of the C(O)-S Bond of Thioesters by Palladium/
Norbornene/Copper Cooperative Catalysis: An Efficient
Synthesis of 2-(Arylthio)aryl Ketones, J. Am. Chem. Soc. 2016,
138, 7456-7459; (b) H. Ochiai, Y. Uetake, T. Niwa, T. Hosoya,
Rhodium-Catalyzed Decarbonylative Borylation of Aromatic
Thioesters for Facile Diversification of Aromatic Carboxylic
Acids, Angew. Chem. Int. Ed. 2017, 56, 2482-2486.

(a) C. Liu, C. L. Ji, X. Hong, M. Szostak, Palladium-Catalyzed
Decarbonylative Borylation of Carboxylic Acids: Tuning
Reaction Selectivity by Computation, Angew. Chem. Int. Ed.
2018, 57, 16721-16726; (b) C. Liu, C. L. Ji, T. Zhou, X. Hong,
M. Szostak, Bimetallic Cooperative Catalysis for
Decarbonylative Heteroarylation of Carboxylic Acids via C-
O/C-H Coupling, Angew. Chem., Int. Ed. 2021, 60, 10690-
10699; For a review, see: (c) L. J. Goossen, N. Rodriguez, K.
Goossen, Carboxylic Acids as Substrates in Homogeneous
Catalysis, Angew. Chem. Int. Ed. 2008, 47, 3100-3120. For
another representative study, see: (d) T. Qin, J. Cornella, C.
Li, L. R. Malins, J. T. Edwards, S. Kawamura, B. D. Maxwell, M.
D. Eastgate, P. S. Baran, A General Alkyl-Alkyl Cross-Coupling
Enabled by Redox-Active Esters and Alkylzinc Reagents,
Science 2016, 352, 801-805.

For reviews on decarbonylative C-S formation, see: (a) N.
Lalloo, C. E. Brigham, M. S. Sanford, Mechanism-Driven
Development of Group 10 Metal-Catalyzed Decarbonylative
Coupling Reactions, Acc. Chem. Res. 2022, 55, 3430-3444; (b)
C. Liu, M. Szostak, Forging C-S Bonds Through
Decarbonylation: New Perspectives for the Synthesis of
Privileged Aryl Sulfides, ChemCatChem 2021, 13, 4878-4881.
For representative nickel-catalyzed intramolecular
decarbonylation of thioesters, see: (a) N. Ichiishi, C. A.
Malapit, L. Wozniak, M. S. Sanford, Palladium- and Nickel-
Catalyzed Decarbonylative C-S Coupling to Convert
Thioesters to Thioethers, Org. Lett. 2018, 20, 44-47; (b) C.
Liu, M. Szostak, Decarbonylative Thioetherification by Nickel
Catalysis Using Air- and Moisture-Stable Nickel Precatalysts,
Chem. Commun. 2018, 54, 2130-2133; (c) K. Ishitobi, R.
Isshiki, K. K. Asahara, C. Lim, K. Muto, J. Yamaguchi,
Decarbonylative Aryl Thioether Synthesis by Ni Catalysis,
Chem. Lett. 2018, 47, 756-759; (d) C. E. Brigham, C. A.
Malapit, N. Llalloo, M. S. Sanford, Nickel-Catalyzed
Decarbonylative Synthesis of Fluoroalkyl Thioethers, ACS
Catal. 2020, 10, 8315-8320.

For representative palladium-catalyzed intramolecular
decarbonylation of thioesters, see: H. Cao, X. Liu, F. Bie, Y.

Org. Chem. Front., 2018, 00, 1-3

15

16

17

18

19

20

Shi, Y. Han, P. Yan, M. Szostak, C. Liu, General and Practical
Intramolecular Decarbonylative Coupling of Thioesters via
Palladium Catalysis, Org. Chem. Front. 2021, 8, 1587-1592.
For representative rhodium-catalyzed intramolecular
decarbonylation of thioesters, see: H. Cao, X. Liu, F. Bie, Y.
Shi, Y. Han, P. Yan, M. Szostak, C. Liu, Rh(l)-Catalyzed
Intramolecular Decarbonylation of Thioesters, J. Org. Chem.
2021, 86, 10829-10837.

For representative studies on C-S activation, see: (a) C. Liu,
M. Szostak, Decarbonylative Sulfide Synthesis from
Carboxylic Acids and Thioesters via Cross-Over C=S Activation
and Acyl Capture, Org. Chem. Front. 2021, 8, 4805-4813; (b)
F. Bie, X. Liu, H. Cao, Y. Shi, T. Zhou, M. Szostak, C. Liu, Pd-
Catalyzed Double-Decarbonylative Aryl Sulfide Synthesis
through Aryl Exchange between Amides and Thioesters, Org.
Lett. 2021, 23, 8098-8103; (c) R. Isshiki, M. B. Kurosawa, K.
Muto, J. Yamaguchi, Ni-Catalyzed Aryl Sulfide Synthesis
through an Aryl Exchange Reaction, J. Am. Chem. Soc. 2021,
143, 10333-10340.

For representative studies on bench-stable Ni(ll)
precatalysts, see: (a) D. Zim, V. R. Lando, J. Dupont and A. L.
Monteiro, NiCl,(PCys),: A Simple and Efficient Catalyst
Precursor for the Suzuki Cross-Coupling of Aryl Tosylates and
Arylboronic Acids, Org. Lett., 2001, 3, 3049-3051; (b) R. L.
Jezorek, N. Zhang, P. Leowanawat, M. H. Bunner, N. Gutsche,
A. K. R. Pesti, J. T. Olsen, V. Percec, Air-Stable Nickel
Precatalysts for Fast and Quantitative Cross-Coupling of Aryl
Sulfamates with Aryl Neopentylglycolboronates at Room
Temperature, Org. Lett., 2014, 16, 6326-6329; (c) N. H. Park,
G. Teverovskiy, S. L. Buchwald, Development of an Air-Stable
Nickel Precatalyst for the Amination of Aryl Chlorides,
Sulfamates, Mesylates, and Triflates, Org. Lett., 2014, 16,
220-223; (d) E. A. Standley, S. J. Smith, P. Mdller, T. F.
Jamison, A Broadly Applicable Strategy for Entry into
Homogeneous Nickel(0) Catalysts from Air-Stable Nickel(ll)
Complexes, Organometallics, 2014, 33, 2012-2018; (e) J. D.
Shields, E. E. Gray, A. G. Doyle, A Modular, Air-Stable Nickel
Precatalyst, Org. Lett., 2015, 17, 2166-2169; (f) J. Magano, S.
Monfette, Development of an Air-Stable, Broadly Applicable
Nickel Source for Nickel-Catalyzed Cross-Coupling, ACS
Catal., 2015, 5, 3120-3123; (g) R. Y. Liu, J. M. Dennis, S. L.
Buchwald, The Quest for the Ideal Base: Rational Design of a
Nickel Precatalyst Enables Mild, Homogeneous C—N Cross-
Coupling, J. Am. Chem. Soc. 2020, 142, 4500-4507.

For leading reviews on Ni catalysis, see: (a) S. Z. Tasker, E. A.
Standley, T. F. Jamison, Recent Advances in Homogeneous
Nickel Catalysis, Nature, 2014, 509, 299-309; (b) V. P.
Ananikov, Nickel: The “Spirited Horse” of Transition Metal
Catalysis, ACS Catal., 2015, 5, 1964-1971.

For leading reviews on precatalysts, see: (a) H. Li, C. C. C.
Johansson-Seechurn, T. J. Colacot, Development of
Preformed Pd Catalysts for Cross-Coupling Reactions,
Beyond the 2010 Nobel Prize, ACS Catal., 2012, 2, 1147-
1164; (b) N. Hazari, P. R. Melvin, M. M. Beromi, Well-Defined
Nickel and Palladium Precatalysts for Cross-Coupling, Nat.
Rev. Chem., 2017, 1, 25.

For representative studies using air-sensitive catalysis, see: T.
Xu, X. Zhou, X. Xiao, Y. Yuan, L. Liu, T. Huang, C. Li, Z. Tang, T.
Chen, Nickel-Catalyzed Decarbonylative Thioetherification of
Carboxylic Acids with Thiols, J. Org. Chem. 2022, 87, 8672-
8684.

This journal is © The Royal Society of Chemistry 2018

Page 6 of 6



