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ABSTRACT: A general Pd-catalyzed intermolecular
reductive Heck reaction of both terminal and internal
unactivated aliphatic alkenes has been first developed.
This method affords y- and 6-arylated alkyl carboxylic acid
derivatives in high yields with complete anti-Markovnikov
selectivity. Notably, the coupling process is stereoretentive
for the alkyl chain. Mechanistically, alkyl palladacycle
intermediates stabilized by directing group and ligand,
hydride species multigenerated from PS/TFA reductant,
are[two key factors] that successfully promote the reaction

and regioselectivity.

Regioselective Heck reaction of aliphatic alkenes has been
extensively exploited and applied for the synthesis of
many pharmaceuticals and natural products.’ In comparison,
the development of reductive Heck reaction, which produces
alternative alkylarenes in the presence of hydride species, has
met with less success.” Since its initial disclosure by the Cacchi
group,” the intramolecular reductive Heck cyclization of
alkenes has been well-exploited.” Recently, the challenging
enantioselective cyclization has also been developed by the
groups of Buchwald,’ ]ia,6 Zhou,” Minnaard® and Zhu.” In
contrast to the significant progress in intramolecular trans-
formations, the development of an intermolecular reductive
Heck reaction is mainly inhibited by the regioselectivity
problem and competitive Heck reaction. The intermolecular
reactions have been primarily limited to cyclic olefins. For
example, specific bi- and oligocyclic alkenes like norbornenes
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Figure 1. Development of intermolecular reductive Heck reaction of
aliphatic alkenes.

the early 1980s, the intermolecular reductive Heck reaction of
unactivated aliphatic alkenes is still unprecedented and remains
a highly challenging task.

We envisioned that the selectivity of intermolecular
reductive Heck reaction involving unactivated aliphatic alkenes

could be addressed by utilizing a suitable directing group to
regioselectively control the formation of the stable palladacycle
intermediate and utilizing an efficient hydride source to
promote the reductive elimination. Herein, we report the first

are ideal substrates.~ The rigidity of the carbocyclic framework
in these substrates does not allow the alkyl palladium
intermediate to undergo rotation to form the usual Heck
product, thus the intermediate reacts with the hydride donor

instead. As for acyclic aliphatic olefins, only activated
conjugated alkenes such as enones have been successfully
reported (Figure 1A)."" In 1983, Cacchi et al. reported the first
palladium-catalyzed reductlve Heck reactions of aryl iodides
with a,f-unsaturated ketones.’ Since then, a number of groups
including Minnaard, Hab g Vrles,”""b Ree kllb Hagiwara, fe
Ornstein,' ' and othersIIEf have extended the substrate scope
of this intermolecular reaction. Most of these examples
exploited the electronic difference of the two olefinic sites to
control the regioselectivity. In summary, although the
reductive Heck reaction has been widely investigated since

-4 ACS Publications  © 2018 American Chemical Society

example of a palladium-catalyzed regiocontrolled intermolec-
ular reductive Heck reaction of unactivated aliphatic alkenes
and organotriflates to provide y or J-functionalized alkyl
carboxylic acid derivatives (Figure 1B). These compounds that
feature remote aryl substituents on their skeletons are
w1despread among 1mportant pharmaceutlcals such as
Ezetimibe,'” Trandolapril,"* Delapril'* and Cilazapril."
Initially, 3-butenoic ac1d derivative bearing 8-aminoquino-
line (AQ) directing group'® (2a) and p-tolyl triflate (1a) were
chosen to evaluate the feasibility of our approach. Through
extensive screening of reaction conditions, a catalytic system
consisting of Pd,(dba);, 2-(dicyclohexylphosphino)biphenyl
(Cy-JohnPhos), 1,8-bis(dimethylamino)naphthalene (Proton
Sponge or PS), trifluoroacetic acid (TFA) and 1,3-dimethyl-
propyleneurea (DMPU) was found to promote the reaction at
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130 °C, affording N-(quinolin-8-yl)-4-(p-tolyl)butanamide
(3a) in 95% yield with exclusive anti-Markovnikov regiose-
lectivity (Table S1 in Supporting Information, entry 1).
Replacement of Cy-JohnPhos with other monophosphines led
to lower yield albeit with good regioselectivity (Table S,
entries 2—20). Biphosphines were found to be catalytically
inactive (Table S1, entries 21—25). When the ligand was
omitted, Pd,(dba); alone showed no catalytic activity (Table
S1, entry 26).

Notably, the catalyst loading and ratio of Pd/Ligand were
crucial for the chemoselectivity and reactivity (Table S2 and
S3), lower catalyst loading generated more Heck byproduct,
and when the ratio of Pd,(dba);/Cy-Johnphos'” was increased
to 1:2, the competitive Heck reaction was completely omitted.
These results indicated that high loading of Pd complex played
an important role in efficient hydride generation to promote
reductive elimination, while an optimized Pd/Ligand ratio
favored the stable palladacycle formation to inhibit competitive
B-H elimination side reaction.

The choice of suitable hydride source was also critical. Since
the combination of amine/acid has been reported to act as an
effective reductant in Pd-catalyzed reactions,”'”'" several
combinations of amine (Et;N, Pr,NEt and etc.) and TFA
were examined (Table S4). Eventually, PS/TFA was identified
to be the optimal reductant. Without the assistance of TFA,
only 17% yield of reductive Heck product was obtained even
though PS was previously regported as an excellent hydride
source (Table SS, entry 1).” For other reaction condition
optimizations, see the Supporting Information.

Under the optimal reaction conditions, we first investigated
the aryl scope in the intermolecular reductive Heck reaction of
unactivated terminal alkene (2a). The para substituents on the
aromatic rings could be either electron-donating or electron-
withdrawing, affording the corresponding y-arylated products
in good to excellent yields with complete anti-Markovnikov
selectivity (Table 1, 3e—1). As expected, the reactivity and
regioselectivity were not influenced by the steric hindrance at
the para position (Table 1, 3a—d). The electronic effect at the
meta position also remained minimal, the desired arylated
products bearing both mono- and disubstituents were obtained
in high yields and exclusive regioselectivity (Table 1, 3m—p).
Moreover, slightly lower yield was observed for strong steric
hindered substrate carrying an ortho-OMe group (Table 1, 3r).
Notably, 2-naphthyl and heteroaryl groups also performed well
(Table 1, 3q, 3s and 3t). The biologically relevant molecule 3-
estrone functionalized product was also afforded in 82% yield
(Table 1, 3u). The absolute configuration of both 3e and 3u
were confirmed by X-ray crystallography'® while all other
products were assigned based on NMR similarities. In
summary, this reductive Heck reaction of unactivated aliphatic
alkenes has a fairly broad aryl scope.

To further explore the scope of this reaction, we next
evaluated various aliphatic alkenes in the y-selective reductive
Heck reaction by using phenyl triflate (1b) as a representative
aryl reagent. Several sterically hindered nonconjugated a-alkyl
substituted terminal alkenes were tested, the corresponding
linear arylated products were afforded in moderate yields with
complete anti-Markovnikov selectivity (Table 2, 4a—c). To our
gratification, this approach was also highly effective with
unactivated internal alkenes. An array of alkyl-substituted
internal alkenes proceeded well to provide branch reductive
Heck products in excellent yields and exclusive regioselectivity
(Table 2, 4d—j). The steric difference in the alkyl groups
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Table 1. Aryl Scope of Intermolecular Reductive Heck

. a
Reaction
Pd,(dba); (10 mol%) :
Q Cy-Johnphos (20 mol%) o H H O
g Cy-Johnpl i
Aot + ol — 04— A PCy,
AQ X AQTR ‘
a7 PSITFA (3:3) aly H
tau 2a DMPU, 130 °C 32 i O

1.5 equiv 1 equiv

Cy-Johnphos

1
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3d, 94%

AQ’

3g, 93%
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ISUsan
AQ

3k, 97%

Me
QL
AQ Me

30,91%

AQ Z

3s, 77%

g

AQ’
3¢, 97%

g

AQ
3f, 88%
COPh

AQ AQ

3h, 82% 3i,89%

AQ’ AQ OMe

31,76% 3m, 82%

OMe
1§91
AQ’ OMe AQ

3p, 87%

o ol - it

3t, 74%

g

AQ
3j, 86%

{o]

=
o
o

AQ’
3n,93%

5

AQ
OMe

3q, 96% 3r, 68%

3u, 82% [X-ray]

“Reactions were run on a 0.3 mmol scale. Percentages represent
isolated yields.

Table 2. Aliphatic Alkene Scope in y-Selective
Intermolecular Reductive Heck Reaction”

Pdj(dba)s (10 mol%)

O H
o
PhOTF + Aa o B\ Ry Cy-Johnphos (25 mol%) QJj\a(kﬁrYPh
R, T PSITFA (3:3) Ry Ry
1b 2b-k DMPU, 130 °C 12
1.5 equiv 1 equiv
QO H 0 H O o H o H
AQ AQ AQ AQ
Me O Me” “Me Me
4a, 58% 4b, 62% 4c, 78% 4d, 94%
o H O H O H o H O
AQ AQ AQ AQ
- »
Me
Me
4e, 92% 4f, 90% 49, 88% 4h,91%
o H O o H
AQ AQ

O Me” ~Me

4i, 72% 4j, 84%

“Reactions were run on a 0.3 mmol scale. Percentages represent
isolated yields.

(from Me to 'Pr) has no obvious effect on the reactivity of
relative internal alkenes. Collectively, we reasoned that
exclusive regioselectivity and reactivity for y-addition of
terminal or internal alkenes were favored by efficient formation
of the directing group controlled S-membered palladacycle in
our reductive Heck catalytic systems."”

In contrast to the highly preferred formation of the rigid 5-
membered alkyl palladacycles in AQ-directed reaction, the
flexible 6-membered alkyl palladacycles were not easily
established probably due to facile f-H elimination, which has
made the J-arylation more challenging.'” In order to assess the
potential limitations of our reaction, 4-pentenoic acid

DOI: 10.1021/jacs.8b03619
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derivative masked with the same directing group AQ (Sa) was
examined. Gratifyingly, the reaction produced the complete 6-
selective addition product in 63% yield (Table 3, 6a). As

Table 3. Aliphatic Alkene Scope in §-Selective
Intermolecular Reductive Heck Reaction”

Pd,(dba)s (10 mol%)

O R; R3

a Cy-Johnphos (25 mol%) v
PhOTf +  aq PRy ————————— A" 35 Ph
Ry PSITFA (3:3) Ry H
1b 5a-1 DMPU, 130 °C cad
1.5 equiv 1 equiv

AQ AQ

g

6c, 48%

O 6d, 61%

6a, 63% 6b, 72% (86%)°

6e, 41% (55%)°

O Me (o} Me
AQ AQ
H H

6f, 73%

6j, 56%
from syn-alkene

AQ

6g, 68%

O  Me

AQ'
Me H

Me H

6k, 52%
from anti-alkene

6i, 62% (75%)°
dr=1.2:1

6l, <10%
R = Me, Et, Cy, Ph

“Reactions were run on a 0.3 mmol scale. Percentages represent
isolated yields. £20 mol % Pd,(dba); and 40 mol % Cy-Johnphos.

expected, various terminal alkene substrates bearing an alkyl
group at either a- or f-position of the amide also performed
well (Table 3, 6b—h). Moderate to good yield of the exclusive
oO-selective adduct was obtained in consistent with the relative
steric effect of alkyl substituents. With increased catalyst
loading, higher yield of corresponding product could be
achieved. Encouraged by the results, more sterically hindered
a,f-dimethyl substituted alkene was then tested, a mixture of
two unseparated diastereomers was obtained in 75% yields
(Table 3, 6i). Subsequently, geometrically pure syn or anti-
alkene®® (5j or Sk) was also subjected to the reaction
conditions, they performed similarly and afforded the stereo-
retentive products in 56% and 52% yield, respectively (Table 3,
6j and 6k). Therefore, we proposed that this coupling process
was stereoretentive during the alkyl palladacycle formation. As
for the challenging internal alkenes, only trace amount of the
desired products was observed from GC analysis (Table 3, 61),
which is resulted from the fact that more substituted distal
olefin is too sterically hindered to form stable 6-membered
palladacycle intermediate."

In order to demonstrate the synthetic practicality of this
intermolecular reductive Heck reaction of unactivated aliphatic
alkenes, a multigram scale reaction was conducted to afford the
exclusive y-arylated product (3k) in 80% yield. As shown in
Scheme 1, eq 1, removing the directing group provided the
long-chained carboxylic acid (7) in 93% yield; meanwhile, the
ketone substituent was also reduced to the corresponding
secondary alcohol under this basic condition.”' The product
(7) is a potentially useful intermediate for the synthesis of
various biological active compounds.”” Further studies on the
coupling of commercially available aryl halides were conducted
by adding Ag,COj as halide abstracter, both phenyl iodide and
bromide showed moderate reactivity with poor chemo-
selectivity (Scheme 1, eq 2).

The unique reductive Heck reactivity enabled by this AQ-
directed reaction system has supported our hypothesis. Further
investigation on how the hydride is generated from the
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Scheme 1. Synthetic Practicality and Reaction Expansion
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efficient PS/TFA reductant will ofter deeper understanding of
this reaction system. Initially, three deuterium-labeling experi-
ments were conducted to determine the hydride sources
(Scheme 2, eq 1). The reaction using CF;CO,D produced the

Scheme 2. Study on Generation of Hydride Species

Pd(dba)s (10 mol%) o COsEt
o D
1) Etozc—O—OTf + AQJJ\/\ Cy-Johnphos (20 mol A’), aq )K/k/@
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o
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3i, 89 %
Cy-PS, ~30%

AQ

3i,~25 %

° Pdy(dba); (10 mol%)
Cy-Johnphos (20 mol%
3) EQOZC—O—OTf N N Cy-Johnphos (2D mot™ 08 (20 mol%)
Cy-PS (1 equiv)
DMPU, 130 °C

desired product (3i) in 85% yield with no deuterium atoms at
the -CH, proton, which clearly excluded the possibility of
proton depalladation as the termination step. The reaction
using d,-DMF produced the desired product (3i) in 65% yield
with no deuterium atoms at the -CH, proton, which ruled out
DMEF as the hydride source. Surprisingly, no reductive Heck
product (3i) was detected in the reaction using d,-PS, the
Heck product was obtained in 88% yield instead. We proposed
that the reductive Heck reaction was inhibited probably
because of the more difficult #-D elimination of Pd complex in
d,-PS.>* During our studies, we always observed an
unexpected byproduct Cy-PS in addition to our desired
products (Scheme 2, eq 2). Notably, replacing PS/TFA
reductant with Cy-PS, the desired arylated product (3i) was
also obtained in about 25% yield (Scheme 2, eq 3). This result
showed that Cy-PS might also function as the hydride source.

On the basis of these observations and previously reported
studies on the transformation of Proton Sponge,™”* we
proposed an explanation on how the PS/TFA reductant
provided the hydride species for the reaction (Figure 2).
Demethylation of Proton Sponge occurred under the acidic
condition to produce PS-1.”* This step was confirmed in our
TFA/DMPU conditions (see Supporting Information).
Subsequently, the hydride was generated under the Pd-
catalyzed B-H elimination of PS-1; meanwhile, Cy-PS was
formed to act as another hydride source. Given that there are
more than one hydride-generation pathways operating

DOI: 10.1021/jacs.8b03619
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Figure 2. Proposed reaction route for hydride generation.

concurrently sheds light on the high efficiency of the PS/TFA
reductant in this challenging reductive Heck reaction. This also
explained that high catalyst loading is necessary to generate
adequate amount of the metal hydride species to promote the
reductive elimination.

On the basis of the preceding results and literature studies
on the reductive Heck reaction and palladacycle forma-
tion,””"'*7'? we propose a possible catalytic cycle as depicted
in Figure 3. Initially, oxidative addition to aryl triflate is

H O
a Ay L-
RO H N
n=1,2
reductive
OH

L,Pd®

Cy-JohnPhos Ar—OTf

oxidative

elimination addition

+ -
P L Al ot
n o | PN
R Pdl-Ny Y Nar
H

Ar B
1,2-migratory
insertion (o}
i Y
PSITFA OH N
SN I
Pd'-Ny
R ] A
L
Ar

5- or 6-membered palladacycle

Figure 3. Proposed catalytic cycle for reductive Heck reaction.

conducted by in situ generated active (Cy-JohnPhos),Pd’
catalyst. The resulting cationic ArPd" complex then
coordinates with the alkene and undergoes regioselective 1,
2-migratory insertion to form the key cationic 5- or 6-
membered alkyl palladacycle intermediate A, which is
stabilized by AQ directing group and Cy-JohnPhos ligand.
Subsequently, the hydride species are generated from PS/TFA
reductant system to furnish the neutral palladacycle complex B.
Finally, reductive elimination of complex B affords the desired
7- or O-arylated product with concurrent regeneration of the
active (Cy-JohnPhos),Pd° catalyst.

In conclusion, we have developed the first Pd-catalyzed
regiocontrollable intermolecular reductive Heck reaction of
unactivated aliphatic alkenes. The hydroarylation approach
proceeded well with a broad range of aryl groups and tolerated
both terminal and internal unactivated aliphatic alkenes.
Without modification of the AQ directing group, both y- and
oO-arylated alkyl carboxylic acid derivatives were obtained in
good yields with complete anti-Markovnikov selectivity.
Mechanistically, by utilizing the chelation control of the AQ
directing group and coordination assistance of ligand, the
putative cationic S- and 6-membered Pd" complex inter-
mediates were stabilized to enable reductive elimination under
highly efficient hydride source (PS/TFA). Notably, the
coupling process was found to be stereoretentive with regard
to the olefin stereochemistry in the substrate. The easily
removal of AQ_ directing group also illustrates the potential
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synthetic application of this methodology. Further study on the
detailed mechanism and asymmetric version of this reaction
are currently in progress and will be reported in due course.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.8b03619.

NMR spectra (PDF)

Data for C,;H,oN,O (CIF)
Data for C,;H,,N,O (CIF)
Data for C;;H3,N,0, (CIF)
Data for C,,H,,N;0 (CIF)
Experimental details (PDF)

B AUTHOR INFORMATION

Corresponding Authors
*jamxiaojinwu@njtech.edu.cn
*teckpeng@ntu.edu.sg

ORCID

Teck-Peng Loh: 0000-0002-2936-337X

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge funding from the National Natural
Science Foundation of China (21602104), Natural Science
Foundation of Jiangsu Province, China (BK 20160986) and
the Starting Funding of Research (3983500176) from Nanjing
Tech University, Singapore Ministry of Education Academic
Research Fund [Tier 1: MOE2015-T1-001-070 (RGS/15) and
MOE2014-T1- 001-102 (RG9/14)]. We also thank the
financial support by SICAM Fellowship by Jiangsu National
Synergetic Innovation Center for Advanced Materials.

B REFERENCES

(1) (a) Beletskaya, 1. P.; Cheprakov, A. V. Chem. Rev. 2000, 100,
3009—3066. (b) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew.
Chem., Int. Ed. 2005, 44, 4442—4489. (c) Qin, L.; Ren, X;; Ly, Y.; Li,
Y.; Zhou, J. Angew. Chem., Int. Ed. 2012, 51, 5915—5919. (d) Mei, T.
S.; Patel, H. H.; Sigman, M. S. Nature 2014, 508, 340—344. (e) Patel,
H. H,; Sigman, M. S. J. Am. Chem. Soc. 2015, 137, 3462—3465.
(f) Patel, H. H.; Sigman, M. S. J. Am. Chem. Soc. 2016, 138, 14226—
14229.

(2) (a) Sole, D.; Bonjoch, J.; Garcia-Rubio, S.; Peidro, E.; Bosch, J.
Angew. Chem., Int. Ed. 1999, 38, 395—397. (b) Ichikawa, M,
Takahashi, M.; Aoyagi, S.; Kibayashi, C. J. Am. Chem. Soc. 2004, 126,
16553—16558. (c) Fan, W. Y,; Wang, Z. L.; Fossey, J. S.; Deng, W. P.;
Li, H.-C. Chem. Commun. 2011, 47, 2961—2963. (d) Peng, R.; Van
Nieuwenhze, M. S. Org. Lett. 2012, 14, 1962—1965.

(3) Cacchi, S.; Arcadi, A. J. Org. Chem. 1983, 48, 4236—4240.

(4) (2) Kim, H. S.; Lee, H. S.; Kim, S. H.; Kim, J. N. Tetrahedron
Lett. 2009, 50, 3154—3157. (b) Gao, P.; Cook, S. P. Org. Lett. 2012,
14, 3340—3343.

(5) Minatti, A.; Zheng, X.; Buchwald, S. L. J. Org. Chem. 2007, 72,
9253—-9258.

(6) Shen, C.; Liu, R;; Fan, R; Li, Y,; Xu, T,; Gao, J.; Jia, Y. J. Am.
Chem. Soc. 20185, 137, 4936—4939.

(7) (a) Yue, G.; Lei, K; Hirao, H.; Zhou, J. Angew. Chem., Int. Ed.
2018, 54, 6531—-653S. (b) Qin, X.;; Lee, M. W. Y.; Zhou, J. Angew.
Chem. 2017, 129, 12897—12900.

(8) Mannathan, S.; Raoufmoghaddam, S.; Reek, J. N. H.; de Vries, J.
G.; Minnaard, A. J. ChemCatChem 2017, 9, 551—554.

DOI: 10.1021/jacs.8b03619
J. Am. Chem. Soc. 2018, 140, 9332—-9336


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.8b03619
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b03619/suppl_file/ja8b03619_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b03619/suppl_file/ja8b03619_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b03619/suppl_file/ja8b03619_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b03619/suppl_file/ja8b03619_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b03619/suppl_file/ja8b03619_si_005.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b03619/suppl_file/ja8b03619_si_006.pdf
mailto:iamxiaojinwu@njtech.edu.cn
mailto:teckpeng@ntu.edu.sg
http://orcid.org/0000-0002-2936-337X
http://dx.doi.org/10.1021/jacs.8b03619
Administrator
矩形


Journal of the American Chemical Society

Communication

(9) Kong, W.; Wang, Q.; Zhu, J. Angew. Chem., Int. Ed. 2017, 56,
3987—-3991.

(10) (a) Zhong, J.; Xie, J-H.; Wang, A. E.; Zhang, W.; Zhou, Q. L.
Synlett 2006, 2006, 1193—1196. (b) Namyslo, J. C.; Storsberg, J;
Klinge, J.; Gartner, C; Yao, M.-L;; Ocal, N,; Kaufmann, D. E.
Molecules 2010, 15, 3402—3410. (c) Aida, F.; Sone, H.; Ogawa, R;
Hamaoka, T.; Shimizu, I. Chem. Lett. 2015, 44, 715—717. (d) Atbakar,
M.; Topbastekin, O.; Ocal, N. J. Serb. Chem. Soc. 2016, 81, 1121—
112S.

(11) (a) Gottumukkala, A. L.; de Vries, J. G.; Minnaard, A. J. Chem. -
Eur. J. 2011, 17, 3091-3095. (b) Raoufmoghaddam, S.; Mannathan,
S.; Minnaard, A. J.; de Vries, J. G.; Reek, J. N. H. Chem. - Eur. ]. 2018,
21, 18811—18820. (c) Hagiwara, H.; Eda, Y.; Morohashi, K.; Suzuki,
T.; Ando, M,; Ito, N. Tetrahedron Lett. 1998, 39, 4055—4058.
(d) Sorensen, U. S; Bleisch, T. J.; Kingston, A. E; Wright, R. A,
Johnson, B. G.; Schoepp, D. D.; Ornstein, P. L. Bioorg. Med. Chem.
2003, 11, 197—20S. (e) Tobrman, T.; Dvorak, D. Tetrahedron Lett.
2004, 45, 273—276. (f) Clayton, C.; Regan, A. C. Tetrahedron Lett.
1993, 34, 7493—7496.

(12) Cha, J.-Y.; Park, J.-M.; Lee, H.-J.; Bae, J.-S.; Han, Y.-M; Oh, B.-
C.; Ko, K. H.,; Hahm, K.-B. Curr. Pharm. Des. 2017, 23, 3941—3951.

(13) Kwok, W. H.; Choi, L. S.; Tsoi, Y. K;; Leung, N. W.; Wan, S. M.
Journal of Chromatography A 2017, 1490, 89—101.

(14) De Bortoli, N; Ripellino, C.; Cataldo, N.; Marchi, S. Expert
Opin. Drug Saf. 2017, 16, 1221—1225.

(15) Broccatelli, F.; Cruciani, G.; Benet, L. Z.; Oprea, T. 1. Mol.
Pharmaceutics 2012, 9, 570—580.

(16) (a) Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem.
Soc. 2005, 127, 13154—1315S. (b) Shabashov, D.; Daugulis, O. J. Am.
Chem. Soc. 2010, 132, 3965—3972.

(17) () Yin, J.; Rainka, M. P.; Zhang, X.-X.; Buchwald, S. L. J. Am.
Chem. Soc. 2002, 124, 1162—1163. (b) Reid, S. M,; Boyle, R. C.;
Mague, J. T.; Fink, M. J. J. Am. Chem. Soc. 2003, 125, 7816—7817.

(18) CCDC 1581642 for 3e and CCDC 1581644 for 3u contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre.

(19) (a) Deb, A,; Bag, S.; Kancherla, R.; Maiti, D. J. Am. Chem. Soc.
2014, 136, 13602—13605. (b) Liu, Z.; Zeng, T.; Yang, K. S.; Engle, K.
M. J. Am. Chem. Soc. 2016, 138, 15122—15125. (c) Yang, K. S;
Gurak, J. A, Jr; Liu, Z; Engle, K. M. J. Am. Chem. Soc. 2016, 138,
14705—14712. (d) O’Duill, M. L.; Matsuura, R.; Wang, Y.; Turnbull,
J. L;; Gurak, J. A, Jr.; Gao, D.-W.; Lu, G; Liu, P.; Engle, K. M. J. Am.
Chem. Soc. 2017, 139, 15576—15579. (e) Wang, H.; Bai, Z.; Jiao, Z.;
Deng, Z.; Tong, H;; He, G.; Peng, Q; Chen, G. J. Am. Chem. Soc.
2018, 140, 3542—3546. (f) Liu, Z.; Ni, H.-Q.; Zeng, T.; Engle, K. M.
J. Am. Chem. Soc. 2018, 140, 3223—3227.

(20) CCDC 1827046 for Sj and CCDC 1827047 for Sk contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre.

(21) (a) Manikandan, T. S.; Saranya, S.; Ramesh, R. Tetrahedron
Lett. 2016, S7, 3764—3769. (b) Gichumbi, J. M.; Omondi, B.;
Friedrich, H. B. Eur. J. Inorg. Chem. 2017, 2017, 915—924.

(22) (a) Chiba, K.; Hoshino, Y.; Ohtsuki, M.; Kataoka, H.; Maeda,
Y.; Matsuyuki, H.; Sugahara, K; Kiuchi, M.; Hirose, R.; Adachi, K.
Transplant. Proc. 2005, 37, 102—106. (b) Tollefsen, K. E.; Petersen,
K.; Rowland, S. J. Environ. Sci. Technol. 2012, 46, 5143—5150.

(23) (a) Mueller, J. A;; Goller, C. P.; Sigman, M. S. J. Am. Chem. Soc.
2004, 126, 9724—9734. (b) Hay, M. B.; Wolfe, J. P. J. Am. Chem. Soc.
2005, 127, 16468—16476.

(24) (a) Ozeryanskii, V. A.; Gorbacheva, A. Y.; Pozharskii, A. F.;
Vlasenko, M. P.; Tereznikov, A. Y.; Chernov’yants, M. S. Org. Biomol.
Chem. 2018, 13, 8524—8532. (b) Ozeryanskii, V. A.; Pozharskii, A. F.;
Koroleva, M. G.; Shevchuk, D. A.; Kazheva, O. N.; Chekhlov, A. N.;
Shilov, G. V.; Dyachenko, O. A. Tetrahedron 200S, 61, 4221—4232.
(c) Reich, H. J.; Cohen, M. L. J. Org. Chem. 1979, 44, 3148—3153.

9336

DOI: 10.1021/jacs.8b03619
J. Am. Chem. Soc. 2018, 140, 9332—-9336


http://dx.doi.org/10.1021/jacs.8b03619

