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ABSTRACT: A Pd(II)-catalyzed sulfonylation of unactivated
C(sp®>)—H bonds with sodium arylsulfinates using an 8-
aminoquinoline auxiliary is described. This reaction demon-
strates excellent functional group tolerance with respect to
both the caboxamide starting material and the sodium
arylsulfinate coupling partner, affording a broad range of aryl
alkyl sulfones. Moreover, the late-stage modification of
complex molecules was achieved via this sulfonylation
protocol.
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Aryl alkyl sulfones constitute an important class of
compounds that find widespread use as pharmaceuticals
and materials." They are also versatile precursors in synthetic
chemistry, including in fragment coupling and in Julia
olefination.” Therefore, considerable efforts have been devoted
to the synthesis of sulfones.’ The most commonly used
methods for aryl alkyl sulfone preparation are nucleophilic
substitution of carbon electrophiles with sodium sulfinates or
thiophenols followed by oxidation (Scheme la).* These
methods have disadvantages in that they require multistep
sequences to preinstall a leaving group and that they are
incompatible with numerous functional groups. From the
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viewpoint of step and atom economy, an attractive and
complementary alternative would be direct sulfonylation of
C(sp®)—H bonds.’ In 2009, Dong and co-workers reported a
pioneering study on Pd(Il)-catalyzed ortho-C(aryl)—H sulfo-
nylation with arylsulfonyl chlorides directed by a pyridine
coordinating group.®* Shortly thereafter, mechanistic experi-
ments from the same group showed the first direct evidence of
C(sp*)-S0, reductlve elimination from high-valent Pd(IV)
intermediates.® Although these seminal studies demonstrated
the strategic value of directed sulfonylation through a Pd(1I)/
Pd(IV) catalytic cycle, reactions of this type have generally been
limited to C(sp*)—H bonds with substrates that are unsuitable
for further elaboration.” This, in turn, has significantly limited
synthetic applications toward structurally complex molecules.
Over the past decade, transition-metal-catalyzed C(sp*)—H
functionalization has emerged as a powerful means of
incorporating diverse functional groups into complex mole-
cules.” However, direct sulfonylation of unactivated C(sp*)—H
bonds remained elusive, largely due to the difficulty of
identifying proper sulfonylation reagents that are sufficiently
reactive yet do not interfere with or inhibit the C—H activation
process. Recently, our group and others have demonstrated the
nickel- catalyzed thiolation of C(sp’)—H bonds to form
thioethers® and the corresponding sulfones could be synthe-
sized followed by oxidation (Scheme 1b).* These established
methods, however, suffer from several limitations, including the
use of odorous disulfides; a substrate scope restricted to
carboxamides bearing a-quaternary centers; and the need for a
two-step thiolation/oxidation sequence to afford aryl alkyl
sulfones. As part of our continuing efforts on Pd- catalyzed
functionalization of unactivated C(sp*)—H bonds,” we
hypothesized that sodium sulfinates would be effective for
this purpose for several reasons: (1) sodium sulfinates are
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readily accessible and stable to air and moisture; (2) sodium
sulfinates have been extensively used as sulfonyl nucleophiles in
metal-catalyzed allylic substitution;'’ and (3) they prefer S-
coordination to the palladium center over O-coordination
because of the soft nature of sulfur. Inspired by the seminal
work of Daugulis on Pd-catalyzed functionalization of
unactivated C(sp®)—H bonds with N,N-bidentate directing
groups,'"'* we report herein a palladium-catalyzed direct
sulfonylation of unactivated C(sp®)—H bonds with sodium
sulfinates for the synthesis of diverse aryl alkyl sulfones
(Scheme 1c). This protocol tolerates a wide range of functional
groups and is compatible with the late-stage sulfonylation of
complex molecules. Notably, this transformation represents the
first example of transition-metal-catalyzed sulfonylation of
unactivated C(sp*)—H bonds.

To test our hypothesis, we commenced our investigation by
examining the reaction of alanine derivative 1 with PhSO,Na
(Table 1). After extensive screening of various solvents and

Table 1. Optimization of the Reaction Conditions”
Pd(OAc); (10 mol %)

0 additive (20 mol %) Q
PhthN:,_f‘LN,Q 2.0 equiv PhSO;Na_PhthN,, ., .Q
H 2.0 equiv Ag,CO; H
H DCM, 80 °C SOzPh
1 1a
entry additive yield (%)

1 / 49
2 Boc-Gly-OH S5
3 Boc-Phg-OH 62
4 Boc-Phe-OH 60
S Boc-Val-OH 65
6 Boc-Tle-OH 73
7 Boc-lle-OH 63
8 Ac-lle-OH SS
9 (BnO),PO,H 44
10 MesCO,H 75(72)¢
11 2,4-Dimethyl-BzOH 54
12 2,6-Dimethyl-BzOH 69
13 2-Ph-BzOH 45
14 1-AdCO,H 38
15 TsOH-H,0 30

“Reaction conditions: 1 (0.1 mmol), PhSO,Na (0.2 mmol), Pd(OAc),
(10 mol %), additive (20 mol %), and Ag,CO; (0.2 mmol) in DCM
(1.0 mL) at 90 °C for 24 h under N,. *Yield determined by 'H NMR
using CH,Br, as the internal standard. “Isolated yield in parentheses.

oxidants, the desired product la was obtained in 49% yield
when the reaction was conducted in DCM at 90 °C using
Ag,CO; as the oxidant (entry 1; see the Supporting
Information for further details). Recently, several elegant
studies have shown that simple carboxylic acids,”> amino
acids,"* and other types of organic acids"> promote catalytic
C(sp®)—H bond functionalization when used as additives.
Encouraged by these precedents, we then surveyed the effect of
a series of organic acids. To our delight, the sulfonylation
reaction was facilitated by a variety of mono-N-protected a-
amino acids (entries 2—8, 55—73% yields). Notably,
MesCO,H, a sterically bulky benzoic acid, proved to be the
most effective additive, affording the desired product 1a in 72%
isolated yield without any detectable formation of the
desulfinative arylation product (entry 10). Other organic
acids were less efficient than MesCO,H (entries 11—15). The

3553

structure of sulfonylated product la was confirmed by single-
crystal X-ray analysis.'®

With the optimized conditions in hand, the scope of sodium
sulfinates was examined. As shown in Figure 1, a variety of

Pd(QAc); (10 mol %)

2 MesCOOH (20 mol %) a
PhthN,, . -Q  20equivArSO;Na_  PhthN, 2. .Q
H 2.0 equiv AgzCO5 H
H DCM, 80 °C Ar0;S

1, 61%
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|
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H
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Figure 1. Scope of sodium sulfinates. Reaction conditions: 1 (0.2
mmol), ArSO,Na (0.4 mmol), Pd(OAc), (10 mol %), MesCO,H (20
mol %), and Ag,CO; (0.4 mmol) in DCM (2.0 mL) at 90 °C for 24 h.
Isolated yields.

sodium arylsulfinates bearing both electron-donating (1b—1e,
R = Me, OMe, 'Pr and ‘Bu) and -withdrawing groups (1f—1i, R
= F, Cl, Br, and CF;) were tolerated and gave the desired
sulfonylated products in good yields. It is noteworthy that
halides, such as fluoride, chloride, and bromide, survived under
the standard reaction conditions, giving the sulfonylated
products in moderate to good yields (1f—1h). This offers the
opportunity for further elaboration of these versatile functional
groups by traditional cross-coupling. A more sterically hindered
sodium sulfinate, sodium 2-naphthylsulfinate, also reacted
smoothly with 1 to give the desired product in 59% yield.
Unfortunately, no sulfonylation products were obtained when
sodium alkyl sulfinates were used as the coupling partners.
The scope of aliphatic carboxamide substrates was next
examined (Figure 2). Generally, the reaction preferentially
functionalizes f-methyl C(sp*)—H bonds over other potential
sites. The reaction was sensitive to steric hindrance; substrates
with linear aliphatic chains at the a-position gave lower yields
(2a—4a), while substrates bearing sterically bulky groups at the
a-position afforded the desired products in higher yields (7a
and 8a). Notably, a TIPS-protected terminal alkyne, which
could be used to attach biologically important fluorescent tags
via click chemistry, was compatible with this protocol (5a).
Substrates bearing aryl groups (9a—17a) were more reactive
than those with aliphatic chains. A number of functional groups,
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Figure 2. Scope of aliphatic amides. Reaction conditions: 2—18 (0.2
mmol), PhSO,Na (0.4 mmol), Pd(OAc), (10 mol %), MesCO,H (20
mol %), and Ag,CO; (0.4 mmol) in DCM (2.0 mL) at 90 °C for 24 h.
Isolated yields.

such as fluoro, chloro, bromo, and trifluoromethyl substituents,
were tolerated on the aromatic ring. In addition, the electron-
rich naphthyl group (17a) remained intact under the optimized
conditions. However, the protocol can only be applied to the
sulfonylation of pB-methyl C(sp®)—H bonds under the
optimized reaction conditions. Notably, the sulfonylation of
7-C(sp*)—H bond was also feasible, albeit in lower yield (18a,
35%).

Next, we demonstrated the viability of this C(sp®)—H
sulfonylation protocol in the late-stage modification of natural
products. Carboxamide 19, a derivative of pS-citronellol, was
successfully converted into the corresponding sulfone 19a in
34% yield (Scheme 2a). Moreover, derivatives of (—)-santonin
(20) and cholic acid (21) were also reacted smoothly with
sodium sulfinate to afford the corresponding products 20a and
21a in moderate yields (Schemes 2b and 2c).

To further demonstrate the practicality of this protocol, the
removal of the quinolinyl auxiliary was conducted as shown in
eq 1. The corresponding carboxylic acid 9b was easily obtained
from the sulfonylated Broduct 9a through a mild, two-step
sequence in 65% yield."

i} (Boc),0 (3.0 equiv)

9 DMAP (1.0 equiv) 2
Ph B MeCN, rt Ph OH
N (1)
SOzph i) LiOH'HZO (1.5 equiv) SOzph
H»05 (3.0 equiv)
9a THF/H,O (3:1, viv), rt 9b, 65%

3554

Scheme 2. Late-Stage C(sp®)—H Sulfonylation of Natural
Products
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In conclusion, we have reported the first example of Pd(II)-
catalyzed sulfonylation of an unactivated C(sp*)—H bond with
sodium sulfinates. The reaction is characterized by a broad
substrate scope, excellent functional group tolerance, and high
regioselectivity. This transformation has been successfully
applied to the late-stage sulfonylation of complex molecules
and thus provides a powerful tool for the synthesis of aryl alkyl
sulfones.

B ASSOCIATED CONTENT
© Supporting Information

Experimental details, CIF information, and spectral data for all
new compounds. The Supporting Information is available free
of charge on the ACS Publications website at DOIL: 10.1021/
acs.orglett.5b01634.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: bfshi@zju.edu.cn.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from the National Basic Research Program of
China (2015CB856600), the NSFC (21422206, 21272206),
and the Fundamental Research Funds for the Central
Universities is gratefully acknowledged.

B REFERENCES

(1) (a) Shcroft, C. P.; Hellier, P.; Pettman, A.; Wakinson, S. Org.
Process Res. Dev. 2011, 15, 98. (b) Fromtling, R. A. Drugs Future 1989,
14, 1165. (c) Reck, F.; Zhou, F.; Girardot, M.; Kern, G.; Eyermann, C.
J.; Hales, N. J,; Ramsay, R. R.; Gravestock, M. B. J. Med. Chem. 2008,
48, 499.

(2) For reviews, see: (a) El-Awa, A.; Noshi, M. N.; du Jourdin, X. M.;
Fuchs, P. L. Chem. Rev. 2009, 109, 2315. (b) Plesniak, K.; Zarecki, A.;
Wicha, J. Top. Curr. Chem. 2007, 275, 163. (c) Simpkins, N. S. Sulfones
in Organic Synthesis, Tetrahedron Organic Chemistry Series; Pergamon
Press: New York, 1993; Vol. 10.

(3) For recent examples, see: (a) Xi, Y,; Dong, B; McClain, E. J;
Wang, Q.; Gregg, T. L; Akhmedov, N. G.; Petersen, J. L.; Shi, X.
Angew. Chem., Int. Ed. 2014, 53, 4657. (b) Yuan, Z.; Wang, H.-Y.; Muy,

DOI: 10.1021/acs.orglett.5b01634
Org. Lett. 2015, 17, 3552—3555



Organic Letters

X,; Chen, P.; Guo, Y.-L;; Liu, G. . Am. Chem. Soc. 2015, 137, 2468.
(c) Xu, K; Khakyzadeh, V.; Bury, T.; Breit, B. J. Am. Chem. Soc. 2014,
136, 16124. (d) Tang, X,; Huang, L.; Xu, Y.; Yang, J.; Wu, W,; Jiang,
H. Angew. Chem.,, Int. Ed. 2014, 53, 420S. (e) Lu, Q; Zhang, J.; Zhao,
G; Qi Y; Wang, H,; Lei, A. J. Am. Chem. Soc. 2013, 135, 11481.
(f) Liu, Q; Zhang, J.; Wei, F.; Qi, Y.; Wang, H; Liu, Z.; Lei, A. Angew.
Chem,, Int. Ed. 2013, 52, 7156. (g) Yang, F.-L.; Tian, S.-K. Angew.
Chem.,, Int. Ed. 2013, 52, 4929. (h) Yuan, G.; Zheng, J.; Gao, X,; Li, X;
Huang, L,; Chen, H,; Jiang, H. Chem. Commun. 2012, 48, 7513.

(4) Solladie, G. In Comprehensive Organic Synthesis; Trost, B. M,
Fleming, I, Eds.; Pergamon Press: Oxford, UK., 1991; Vol. 6.

(5) [Pd]: (a) Zhang, D.; Cui, X.; Zhang, Q.; Wu, Y. J. Org. Chem.
2018, 80, 1517. (b) Xu, Y,; Liu, P; Li, S.-L; Sun, P. J. Org. Chem.
2015, 80, 1269. (c) Wu, Z.; Song, H.; Cui, X.; Pi, C.; Du, W.; W, Y.
Org. Lett. 2013, 15, 1270. [Cu]: (d) Liu, J; Yu, L; Zhuang, S.; Gui,
Q.; Chen, X,; Wang, W.; Tan, Z. Chem. Commun. 2015, 51, 6418.
(e) Li, X;; Xu, Y.; Wu, W,; Jiang, C; Qi, C,; Jiang, H. Chem.—Eur. ].
2014, 20, 7911. (f) Rao, W.-H.; Shi, B.-F. Org. Lett. 2015, 17, 2784.
[Ni]: (g) Yokota, A.; Chatani, N. Chem. Lett. DOL: 10.1246/cl.150239.

(6) (a) Zhao, X; Dimitrijevi¢, E; Dong, V. M. J. Am. Chem. Soc.
2009, 131, 3466. (b) Zhao, X;; Dong, V. M. Angew. Chem., Int. Ed.
2011, 50, 932.

(7) For recent reviews on C(sp>)—H activation, see: (a) Gutekunst,
W. R; Baran, P. S. Chem. Soc. Rev. 2011, 40, 1976. (b) Baudoin, O.
Chem. Soc. Rev. 2011, 40, 4902. (c) Wasa, M.; Engle, K. M;; Yu, J.-Q.
Isr. J. Chem. 2010, 50, 60S. (d) Yeung, C. S.; Dong, V. M. Chem. Rev.
2011, 111, 12185. (e) Li, H; Li, B.-J.; Shi, Z.-J. Catal. Sci. Technol. 2011,
1, 191. (f) Jazzar, R; Hitce, J.; Renaudat, A.; Sofack-Kreutzer, J.;
Baudoin, O. Chem.—Eur. ]. 2010, 16, 2654. (g) Lyons, T. W.; Sanford,
M. S. Chem. Rev. 2010, 110, 1147. (h) Daugulis, O.; Do, H-Q;
Shabashov, D. Acc. Chem. Res. 2009, 42, 1074. (i) Liu, C.; Liu, D.; Lei,
A. Acc. Chem. Res. 2014, 47, 3459. (j) Mo, E.; Tabor, J. R; Dong, G.
Chem. Lett. 2014, 43, 264.

(8) (a) Yan, S.-Y,; Liu, Y.-J,; Liu, B.; Liu, Y.-H.; Zhang, Z.-Z.; Shi, B.-
F. Chem. Commun. 2015, 51, 7341. (b) Liu, C.; Yu, W,; Yao, J.; Wang,
B.; Liu, Z.; Zhang, Y. Org. Lett. 2015, 17, 1340. (c) Wang, X; Qiu, R;
Yan, C; Reddy, V. P,; Zhu, L,; Xu, X,; Yin, S.-F. Org. Lett. 2015, 17,
1970. (d) Ye, X.; Petersen, J. L.; Shi, X. Chem. Commun. 2015, 51,
7863. (e) Xiong, H.-Y.; Besset, T.; Cahard, D.; Pannecoucke, X. J. Org.
Chem. 20185, 80, 4204.

(9) (a) Zhang, Q.; Chen, K;; Rao, W.-H.; Zhang, Y.; Chen, F.-J.; Shi,
B.-F. Angew. Chem,, Int. Ed. 2013, 52, 13588. (b) Chen, K; Hu, F;
Zhang, S.-Q.; Shi, B.-F. Chem. Sci. 2013, 4, 3906. (c) Chen, F.-].; Zhao,
S;; Hu, F; Chen, K; Zhang, Q.; Zhang, S.-Q.; Shi, B.-F. Chem. Sci.
2013, 4, 4187. (d) Chen, K.; Shi, B.-F. Angew. Chem., Int. Ed. 2014, 53,
11950. (e) Chen, K; Zhang, S.-Q.; Jiang, H.-Z,; Xu, J-W.; Shi, B.-F.
Chem.—Eur. ]. 2015, 21, 3264. (f) Zhang, Q.; Yin, X.-S; Zhao, S.;
Fang, S.-L.; Shi, B.-F. Chem. Commun. 2014, 50, 8353. (g) Chen, K;
Zhang, S.-Q.; Xu, J-W.; Hu, F.; Shi, B.-F. Chem. Commun. 2014, S0,
13924.

(10) For examples, see: (a) Trost, B. M.; Crawley, M. L.; Lee, C. B. J.
Am. Chem. Soc. 2000, 122, 6120. (b) Felpin, F.-X,; Landais, Y. J. Org.
Chem. 2005, 70, 6441. (c) Chandrasekhar, S.; Jagadeshwar, V.; Saritha,
B.; Narsihmulu, C. J. Org. Chem. 2005, 70, 6506. (d) Ueda, M,;
Hartwig, J. F. Org. Lett. 2010, 12, 92. (e) Wu, X.-S.; Chen, Y.; Li, M.-
B.; Zhou, M.-G.; Tian, S.-K. J. Am. Chem. Soc. 2012, 134, 14694.

(11) For pioneering work on the use of the 8-aminoquinoline
auxiliary, see: (a) Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am.
Chem. Soc. 2005, 127, 13154. (b) Shabashov, D.; Daugulis, O. J. Am.
Chem. Soc. 2010, 132, 3965.

(12) For representative reviews, see: (a) Rouquet, G.; Chatani, N.
Angew. Chem,, Int. Ed. 2013, 52, 11726. (b) Corbet, M.; De Campo, F.
Angew. Chem,, Int. Ed. 2013, 52, 9896. (c) Zhang, B.; Guan, H.-X,; Liu,
B.; Shi, B.-F. Chin. J. Org. Chem. 2014, 34, 1487. (d) Daugulis, O.;
Roane, J.; Tran, L. D. Acc. Chem. Res. 2015, 48, 1063. (e) Rit, R. K;;
Yadav, R.; Ghosh, K.; Sahoo, A. K. Tetrahedron 2015, 71, 4450.

(13) For reviews, see: (a) Engle, K. M.; Yu, J.-Q. J. Org. Chem. 2014,
79, 8927. (b) Ackermann, L. Chem. Rev. 2011, 111, 1315.

3555

(14) For selected examples, see: (a) Chan, K. S. L,; Fu, H.-Y,; Yu, J.-
Q. J. Am. Chem. Soc. 2015, 137, 2042. (b) Chan, K. S. L.; Wasa, M;
Chu, L.; Laforteza, B. N.; Miura, M.; Yu, J.-Q. Nat. Chem. 2014, 6, 146.
(c) Novak, P.; Correa, A; Gallardo-Donaire, J.; Martin, R. Angew.
Chem,, Int. Ed. 2011, 50, 12236.

(15) Zhang, S.; He, G.; Nack, W. A; Zhao, Y.; Li, Q; Chen, G. J. Am.
Chem. Soc. 2013, 135, 2124.

(16) CCDC 1040925 (la) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

(17) Feng, Y.; Chen, G. Angew. Chem,, Int. Ed. 2010, 49, 958.

DOI: 10.1021/acs.orglett.5b01634
Org. Lett. 2015, 17, 3552—3555



