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Abstract. A pyridyl group-assisted palladium-catalyzed a) Sanford (2004

secondary C(sp3)-H arylation protocol was developed. \N °a;hf’(‘2§2§‘ o)z
A substituent at the 3-position of the pyridyl group is

proved to be important for promoting C-H arylation and

controlling the regioselectivity. Aryl iodides can be b) Daugulis (2005)

used as coupling partners. The reaction proceeded in cat. Pd(OAc),
good to excellent yields with good functional group O\) __ AgOAc _
tolerance, even on the gram-scale. The preliminary

asymmetric reaction was investigated using an L-

proline derivative as a chiral ligand. c) Maes and Schnurch (2012)
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2-Phenethylpyridine  moieties are very important or —_— or
skeletons that are commonly found in pharmaceuticals, R R
agricultural chemicals, and natural products (Figure 1).4 j:j |
Many pharmaceuticals containing the 2-phenethylpyridine H)N\ N HN™ N
motif have been applied in many fields, such as clinical Ph H Ph Ar
treatments. However, traditional methods of synthesizing d) This work N
this motif usually require complicated routes.! cat. Pd(OPiv), | R
—R4 AgOAc SN N
(R3—Me Ph) R®

Figure 2. Examples of C(sp®-H transformations using
pyridine directing group.

Recently, the development of direct C-H transformations
has provided a unique solution for this problem. As is well
known,direct C(sp?)-H transformations have been rapidly

Receptor agonist TAN-67  Cannabinoid receptor modulator

NH % developed over the past few decades.®! Direct C(sp?)-H

Py i S transformations catalyzed by a transition metal have also

Me N” “NH, N7 been reported.d In 2004, Sanford achieved the first

x example of palladium(Il)-catalyzed C(sp®)-H acetoxylation

| N7 0 using an oxime or pyridine moiety as a directing group

N F (Figure 2a).5] Subsequently, Daugulis and co-workers

cl reported the palladium(ll)-catalyzed arylation of 2-

Na*/H* exchanger inhibitor Factor Xa inhibitor ethylpyridine (Figure 2b).] Maes and Mihovilovic
Figure 1. Bioactive compounds containing a 2-  independently reported pyridyl group-assisted arylation of
phenethylpyridine moiety. the C(sp®)-H bond adjacent to a heteroatom or in the
1
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benzylic position (Figure 2c¢).l"# However, many reactions
proceed at the terminal and/or activated C(sp%)-H bond.
Pyridyl group-assisted secondary C(sp®)-H activation is
still rare. The poor reactivity of the secondary C(sp®)-H
compared to activated and terminal C(sp®)-H bonds is
attributed to the higher bond energy and steric hindrance of
the former.[®) In addition, pyridyl groups are strongly
chelating directing groups that generally form
thermodynamically stable cyclometalated intermediates
that are less reactive in the subsequent functionalization
steps.[*¥!

Herein, we report pyridyl group-assisted secondary
C(sp®)-H arylation process catalyzed by Pd(ll). It was
envisioned that an acid additive could decrease the
coordination ability of the nitrogen atom of the pyridyl
group and therefore enhance the reactivity of the
cyclometalated intermediates in the arylation step.[*!

The reaction of 3-methyl-2-propylpyridine (1a) with 4-
methyliodobenzene (2a) in the presence of Pd(OAc), (5.0
mol%) and acetic acid (1.5 equiv) as an additive resulted in
25% vyield of the arylated product 3a (Table 1, entry 1).
The yield of 3a increased slightly when trifluoroacetic acid
was used (Table 1, entry 2). Other acid additives, however,
did not give better results (Table 1, entries 3 and 4).
Several palladium(ll) salts were further investigated (Table
1, entries 5-7), where the vyield of 3a improved
dramatically with the use of Pd(OPiv): as a catalyst (Table
1, entry 6). Several solvents were also screened along with
neat conditions (Table 1, entries 8-11).
Hexafluoroisopropanol (HFIP) was the best solvent (Table
1, entry 6). In order to further increase the yield of 3a, we
also screened the amount of catalyst and acid additive. The
reaction conditions in entry 6 gave the best result (see the
Supporting Information for details).

Table 1. Optimization of reaction conditions.[?

Me
[Pd] (5.0 mol%)
N AgOAc (3.0 equiv)
| N H acid (1.5 equiv)
P " —o> | SN
Ve solvent, 100 °C, 20 h >
1a | 2a Me 3a
entry [Pd] acid solvent yield/%[b]
1 Pd(OAc), AcOH HFIP 25
2 Pd(OAc), CF;COOH HFIP 30
3 Pd(OAc), Piv(OH) HFIP 17
4 Pd(OAc), PhCOOH HFIP --
5 Pd(TFA), CF;COOH HFIP <10
6 Pd(OPiv), CF3;COOH HFIP 70
7 PdCl, CF;COOH HFIP <10
8 Pd(OPiv), CF3;COOH t-AmylOH
9 Pd(Piv), CF3;COOH 1,4-dioxane 54
10  Pd(OPiv), CF3COOH p-xylene 43
1 Pd(OPiv), CF3;COOH neat 66

[e2a (1.5 equiv).PlYield was determined by *H NMR using
1,1,2,2-tetrachloroethane as an internal standard.

With the optimized conditions in hand, we investigated
the substrate scope of pyridine derivatives 1 and aryl
iodides 2 (Table 2). 2-Propylpyridine, with no substituent
at the 3-position, did not give the desired arylation product.
Jun and Mihovilovic reported that a substituent at the 3-
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position of the pyridine directing group is crucial for
promoting C-H arylation and controlling the
regioselectivity.'¥l They speculated that the substituent at
the 3-position of the pyridine directing group could shorten
the distance between the nitrogen atom of the pyridyl
group and the B-position of the alkyl chain. To our delight,
arylated product 3b was obtained in 82% vyield in the
reaction of a substrate bearing a phenyl group at the 3-
position with 4-iodobiphenyl. Several aryl iodides having a
substituent at the para- or meta-positions were also
investigated. The corresponding arylated products 3c-3i
were produced in 58-69% vyield without loss of the
functional groups (electron-donating or -withdrawing
groups).[>14 Biaryl iodides showed higher reactivity than
monoaryl iodides and provided the corresponding arylated
products 3j-3w in 70-90% yield. The reaction alsc
proceeded smoothly using 3-methyl-2-butylpyridine and 3-
methyl-2-hexylpyridine to give arylated products 3x and
3y in 80% and 72% yields, respectively. The desired
products were afforded with good functional group
tolerance using substrates with an electron-donating or
electron-withdrawing group. However, the desired arylated
products were not obtained using 2-(sec-butyl)-3-
methylpyridine and 2-isopentyl-3-methylpyridine, and
ortho-substituted aryl iodides, probably due to the steric
hindrance.

Table 2. Substrate scope of 2-alkylpyridines and aryl
iodidest

This article is protected by copyright. All rights reserved.
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Pd(OPiv), (5.0 mol%)
AgOAc (3.0 equiv) N

CF3COOH (1.5 equiv) =

HFIP, 100 °C, 20 h R 3

\N R'=Et 3d 64%
OMe3e 60%!!
SN 3f 61%M

Me

Ph 3b 93% 3c 67%!!
RZ
N R2=Me 3g 66% N
0,
| P OMe 3h 58% P
Me Me
3i 69% R
3
R Re=H  3j 87%
Bu 3k 81%
OMe 31 78%
F 3m74%
Cl 3n70% | SN
Br 30 82% »Z
| SN CFy 3p85% | SN Ve
Z COOMe 3q 75% Z
. R*=Me 3s 86%
Me 3r76% E 3t 82%
Cl 3u 84%
n=13x 80%
SN SN \N =3 3y 72%
Me 3v 85% Me 3w 90%

@2 (1.5 equiv).l’! Pd(OPiv), (5.0 mol %), CFsCOOH (1.5
equiv), HFIP, 120 °C, 30 h.

The secondary C(sp®)-H arylation reaction proceeded in
good vyield, even on the gram-scale (Scheme 1a).
Treatment of 1.00 g of 3-methyl-2-propylpyridine (2a)
with biaryl iodide 2j in the presence of a Pd(OPiv), (5.0
mol%) catalyst, AgOAc (1.5 equiv), and CF3COOH (1.5
equiv) gave 1.46 g of arylated product 3j in 69% yield.

We also investigated asymmetric secondary C(sp%)-H
arylation (Scheme 1b).[*31 After screening a series of chiral
ligands, the preliminary result was obtained using N-Boc-
2-methyl-L-proline as a chiral ligand. To the best of our
knowledge, this is the first example of pyridine-directed
enantioselective secondary C(sp%)-H arylation. Efforts to
improve the enantioselectivity are underway in our
laboratory.

10.1002/adsc.202000306

a) Gram-scale reaction
Ph
Ph  Pd(OPiv), (5.0 mol%)

AgOAc (3.0 equiv)
CF3COOH (1.5 equiv) N
HFIP, 100 °C 20 h | _

Me 3j

(1. 00 9) (1.5 equw) 69% (1.46 g)
b) Asymmetric reaction
d(OPiv),
L* (10 mol %)
AgOAc (3.0 equiv)

CF3;COOH (1.5 equiv)

m@ o5

(5.0 mol%)

THFIP, 100°C, 200 ||

Me 35+

COOH 72%, 32% ee

1.5 equw) ,
Boc
Scheme 1. Gram-scale and asymmetric reactions.

We applied this reaction to the synthesis of histamine
antagonist.[*®! Treatment of 1a with iodobenzene under the
standard reaction conditions gave 3c in 67% yield. Product
4 was obtained by oxidation using m-CPBA, then a
successive [3,3]-sigamatropic rearrangement produced the
histamine antaonist 5 in 88% yield. This method was not
only enhanced the yield of 5 dramatically, but also
provided an easy way to synthesize derivatives of 5 with
different aryl group at the B-position.[*7:18]

Pd(OPiv), (5.0 mol%)

AgOAc (3.0 equiv)
(I/\ © CF1COOH (15 equiv) [
—

HFIP, 120 °C, 30 h N

1a (1.5 equiv) 3c 67%
) N TFAA (1.5 equiv)
m-CPBA (1.5 equiv) | DIPEA (2.0 equiv)
—_— +
DCM, 25 °C, 5 h r\ll/ DCM, 25 °C, 2 h
0" 4
N via | A
| N
= |
N oxlo
OH
CF,4

Histamine antagnist 5 88% 3,3-sigamatropic rearrangement

Scheme 2. Application for synthesizing Histamin
Antagnist.
We investigated a kinetic isotope effect (KIE)

experiment to confirm whether C-H activation step is the
rate-determing step (scheme 3). When we performed a
reaction of 3-methyl-2-(propyl-2-d)-pyridine (6) with 4
iodobiphenyl (2j), the arylated proudct 7 was obtained in
81% yield with 63% of deuterium. This result showed the
KIE valuse was 1.18, which indicated that the C-H
activation is not the rate-determing step.

This article is protected by copyright. All rights reserved.
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Ph
Ph  Pd(OPiv), (5.0 mol%)
N D AgOAc (3.0 equiv)
| CF3COOH (1.5 equiv) N

> + —_— | N

HFIP, 100 °C, 20 h P D
Me
6 (D: 82%) 2j Me 7 (D: 63%)

(1.5 equiv) 81%
[KIE = 1.18]

Scheme 3. KIE experiment

The proposed reaction mechanism is as follows (Figure
3):[11d.19-211 (1) A nitrogen atom of the pyridine moiety of 1
coordinates to the palladium catalyst to form intermediate
A and the palladium center approaches the B-position of
the alkyl chain. In this step, the substituent at the 3-
position of the pyridine directing group is very important
for promoting the reaction and controllingthe
regioselectivity; (2) formation of intermediate B proceeds
by a concerted metalation deprotonation (CMD)
mechanism; (3) oxidative addition of aryl iodide 2 to
intermediate B furnishes intermediate C; and (4) reductive
elimination of PdX; species by the participation of silver

acetate yields arylated product 3.
QK/'\ + Agl (;K)\

AgOAc *

N----Pd'V -Ar

ot
]

Figure 3. Proposed mechanism of secondary C(sp®)-H
arylation using pyridine directing group.

Pd"'X,

X = OPiv or OAc

Pd''X,

In summary, we successfully developed a pyridine-
directing-group-assisted palladium-catalyzed secondary
C(sp®)-H arylation protocol. Although several examples of
activated and/or terminal C(sp®)-H bond transformations
assisted by pyridine directing groups have recently been
reported, examples of pyridine directing group-assisted
unactivated C(sp®)-bond arylation are still rare. The key to
success was the introduction of a substituent at the 3-
poistion of the pyridine directing group and utilizing
trifluoroacetic acid as an additive to reduce the strong
coordination ability of the pyridine moiety. Biaryl iodides
can enhance the reactivity compared with monoaryl
iodides. The desired arylation products were obtained in
good to excellent yields, even on the gram-scale, without
loss of the functional groups. Further, preliminary
asymmetric C(sp®)-H arylation was achieved.

Experimental Section

10.1002/adsc.202000306

3-Methyl-2-propylpyridine (1a, 0.250 mmol), substituted
iodobenzene (2, 0.375 mmol, 1.50 equiv), Pd(OPiv); (3.86
mg, 0.0125 mmol, 5.0 mol%), CF;COOH (42.8 mg, 0.375
mmol, 1.5 equiv), and HFIP (2.0 mL) were added into a 10
mL sealed tube. The mixture was stirred at 100 °C for 20 h.
Then, the solvent was removed under vacuum, and the
arylation products were separated by column
chromatography on silica gel (hexane/ethyl acetate = 10:1).

Acknowledgements

This work was partially supported by the 64" China Postdoctoral
Science Foundation Grant Number 2018M641642 and JSPS
KAKENHI Grant Numbers JP 17H03016 and 18H04656.

References

[1] &) J. J. Li, Heterocyclic Chemistry in Drug Discovery,
John Wiley & Sons; Hoboken, NJ, 2013; b) K. Fusa, 1.
Takahashi, S. Watanabe, Y. Aono, H. Ikeda, T. Saigusa,
H. Nagase, T. Suzuki, N. Koshikawa, A. R. Cools,
Neuroscience 2005, 130, 745-755; ¢) S. Li, N. Wang,
M. Hong, H. Y. Tan, G. Pan, Y. Feng, Molecules 2018,
23, 352; d) S. Fukumoto, E. Imamiya, K. Kusumoto, S.
Fujiwara, T. Watanabe, M. Shiraishi, J. Med.
Chem .2002, 45, 3009-3021; ) J. R. Corte, Y. L. Li,
US 20060074103A1, October 4, 2005.

[2] @) E. Reimann, J. M. Friesinger, Arch. Pharm. 1985,
318, 871-878; b) U. Azzena, G. Dettori, C. Lubinu, A.
Mannu, L. Pisano, Tetrahedron 2005, 61, 8663-8668.

[3]Selected review of C(sp?)-H activation: a) D. Kalyani,
N. R. Deprez, L. V. Desai, M., S. Sanford, J. Am. Chem.
Soc. 2005, 127, 7330-7331; b) X. Chen, C. E. Goodhue,
J.-Q. Yu, J. Am. Chem. Soc.2006, 128, 12634-12635; ¢)
D. Shabashov, O. Daugulis, J. Am. Chem. Soc. 2010,
132, 3965-3972; d) G. Rouquet, N. Chatani, Angew.
Chem. Int. Ed. 2013, 52, 11726-11743; e) O. Daugulis,
J. Roane, L. D. Tran, Acc. Chem. Res.2015, 48, 1053-
1064; f) N. M. Mishra, S. Sharma, J. Park, S. Han, I. S.
Kim, ACS Catal. 2017, 7, 2821-2847; g) Y. Ding, S
Fan, X. Chen, Y. Gao, S. Li, G. Li, Org. Lett. 2019, 21,
4224-4228; h) G. Liao, T. Zhou, Q.-J. Yao, B.-F. Shi,
Chem. Commun. 2019, 55, 8514-8523.

[4] Selected review of C(sp®)-H activation: a) Y. Fuchita,
K. Hiraki, T. Uchiyama, J. Chem. Soc., Dalton Trans.
1983, 897-899; b) K. Hiraki, Y. Fuchtta, Y. Matsumoto,
Chem. Lett. 1984, 13, 1947-1948; c) R. Giri, X. Chen,
J.-Q. Yu, Angew. Chem. Int. Ed. 2005, 44, 2112-2115,
d) V. G. Zaitsev, D. Shabashov, O. Daugulis, J. Am.
Chem. Soc. 2005, 127, 13154-13155; e) L. Tran, O.
Daugulis, Angew. Chem. Int. Ed. 2012, 51, 5188-5191;
f) S. Y. Zhang, G. He, W. A. Nack, Y. Zhao, Q. Li, G
Chen, J. Am. Chem. Soc. 2013, 135, 2124-2127; g) R.
K. Rit, M. R.Yadav, K. Ghosh, M. Shankar, A. K.
Sahoo, Org. Lett. 2014, 16, 5258-5261; h) Q. Zhang, X
S.Yin, K. Chen, S. Q. Zhang, B. F. Shi, J. Am. Chem.
Soc. 2015, 137, 8219-8226; i) Y. Xu, M. C. Young, C
Wang, D. M. Magness, G. Dong, Angew. Chem. Int. Ed.
2016, 55, 9084-9087; j) J. J. Topczewski, P. J. Cabrera,
N. I. Saper, M. S. Sanford, Nature 2016, 531, 220-224;

4

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis

k) K. Chen, B. -F. Shi, Angew. Chem. Int. Ed. 2014, 53,
11950-11954; 1) Q. Zhang, X. -S. Yin, S. Zhao, S.-L.
Fang, B.-F. Shi, Chem. Commun. 2014, 50, 8353-8355;
m) F.-J. Chen, S. Zhao, F. Hu, K. Chen, Q. Zhang, S.-
Q. Zhang, B.-F. Shi, Chem. Sci.2013, 4, 4187-4192; n)
Q. Zhang, B.-F. Shi, Chin. J. Chem.2019, 37, 647-656.

[5] a) L. V. Desai, K. L. Hull, M. S. Sanford, J. Am. Chem.

Soc. 2004, 126, 9542-9543; b) K. J. Stowers, K. C.
Fortner, M. S. Sanford, J. Am. Chem. Soc. 2011, 133,
6541-6544.

[6] D. Shabashov, O. Daugulis,Org. Lett. 2005, 7, 3657-
3659.

[7]1 H. Prokopcova, S. D. Bergman, K. Aelvoet, V. Smout,
W. Herrebout, B. Van der Veken, L. Meerpoel, B. U.
W. Maes, Chem. Eur. J. 2010, 16, 13063-13067.

[8] N. Dastbaravardeh, M. Schnirrch, M. D. Mihovilovic,
Org. Lett. 2012, 14, 1930-1933.

[9] @) B. V. S. Reddy, L. R. Reddy, E. J. Corey, Org. Lett.
2006, 8, 3391-3394; b) W. Liu, J. T. Groves, J. Am.
Chem. Soc. 2010, 132, 12847-12849; c) T. Newhouse,
P. S. Baran, Angew. Chem. Int. Ed. 2011, 50, 3362-
3374; d) V. A. Schmidt, R. K. Quinn, A. T. Brusoe, E.
J. Alexanian, J. Am. Chem. Soc. 2014, 136, 14389-
14392.

[10] A. G. Constable, M W. S. McDonald, L. C. Sawkins,
B. L. Shaw, J. Chem. Soc., Dalton Trans. 1980, 1992-
2000.

[11] a) K. Chen, D. Wang, Z. W. Li, Z. Liu, F. Pan, Y. F.
Zhang, Z. J. Shi, Org. Chem. Front. 2017, 4, 2097-
2101; b) M. Kapoor, D. Liu, M. C. Young, J. Am.
Chem. Soc. 2018, 140, 6818-6822; ¢) H. Lin,X. Pan,
A. L. Barsamian, T. M. Kamenecka, T. D. Bannister,
ACS Catal. 2019, 9, 4887-4891; d) J. Calleja, D. Pla,
T. W. Gorman, V. Domingo, B. Haffemayer, M. J.
Gaunt, Nature Chem.2015, 7, 1009-1016.

[12] C.-H. Jun, D.-C. Hwang, S.-J. Na, Chem. Commun.
1998, 1405-1406.

10.1002/adsc.202000306

[13] In the case of aryl iodides with an electron-
withdrawing group, the yields of arylated products
were low: 4-trifluoromethyl iodide benzene (12%); 4-
acyl iodide benzene (8%); 4-nitro iodide benzene
(15%); and methyl 4-iodobenzoate (21%). The yields
of the products were determined by 'H NMR.

[14] In C(sp®)-H arylation of 3-methyl-2-cyclopropyl
pyridine with 2j, the yields of arylated products were
less than 10% (*H NMR).

[15] @) A. P. Smalley, J. D. Cuthbertson, M. J. Gaunt, J.
Am. Chem. Soc. 2017, 139, 1412-1415; b) Q.-F. Wu,
P.-X. Shen, J. He, X.-B. Wang, F. Zhang, Q. Shao,
R.-Y. Zhu, C. Mapelli, J. X. Qiao, M. A. Poss, J.-Q.
Yu, Science 2017, 355, 499-503; ¢) T. G. Saint-Denis,
R.-Y. Zhu, G. Chen, Q.-F. Wu, J.-Q. Yu, Science
2018, 359, 759-771; d) S.-Y. Yan, Y.-Q. Han, Q.-J.
Yao, X.-L. Nie, L. Liu, B.-F. Shi, Angew. Chem. Int.
Ed. 2018, 57, 9093-9097; ) Y.-Q. Han, Y. Ding, T~
Zhou, S.-Y. Yan, H. Song, B.-F. Shi, J. Am. Chem.
Soc. 2019, 141, 4558-4563. f) T. Zhou, M.-X. Jiang,
X. Yang, Q. Yue, Y.-Q. Han, Y. Ding, B.-F. Shi,
Chin. J. Chem. 2020, 38, 242-246.

[16] T. Charles, S. Robert, C. Van, J. Am. Chem. Soc.
1948, 70, 4001-40009.

[17] O. Sugimoto, S. Yamada, K. Tanji, J. Org. Chem.
2003, 68, 2054-2057.

[18] O. Sugimoto, S. Yamada, K. Tanji, Tetrahedron Lett.
2002, 43, 3355-3357.

[19] W. Du, Q. Gu, Z. Li, D. Yang, J. Am. Chem. Soc.
2015, 137, 1130-1135.

[20] E. A. Romero, G. Chen, M. Gembicky, R. Jazzar, J.-Q.
Yu, G. Bertrand, J. Am. Chem. Soc. 2019, 141.
16726-16733.

[21] W. Feng, T. Wang, X. Liu, X. Wang, Y. Dang, ACS
Catal. 2019, 9, 6672-6680.

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis 10.1002/adsc.202000306

COMMUNICATION

Palladium-catalyzed Secondary C(sp®)-H Arylation
of 2-Alkylpyridines

SY cat. Pd(OPiv), R2
Adv. Synth. Catal. Year, Volume, Page — Page Q\/\ +©~R2 AgOAc | \/N
R! I R

Hong-Liang Li,* Yoichiro Kuninobu* (R"=Me, Ph)

This article is protected by copyright. All rights reserved.



