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coupling of anisole derivatives with f-hydrogen containing
ABSTRACT: We report nickel-catalyzed cross-coupling

of methoxyarenes with alkylmagnesium halides, in which a
methoxy group is eliminated. A wide range of alkyl groups, catalyst

including those bearing S-hydrogens, can be introduced QOMS . &M Ni(0)/L @_e

directly at the ipso position of anisole derivatives. We

alkylmagnesium halides.

demonstrate that the robustness of a methoxy group carbon nucleophile

allows this alkylation protocol to be used to synthesize carbon nucleophile:

elaborate molecules by combining it with traditional cross-

coupling reactions or oxidative transformation. The @M R= R7m

success of this method is dependent on the use of \ ~ / * Rwithout f-hydrogens:  known
alkylmagnesium iodides, but not chlorides or bromides, known "Rwith - p-hydrogens: Not Achieved

which highlights the importance of the halide used in

Figure 1. Nickel-catalyzed cross-coupling of anisoles: scope and
developing catalytic reactions using Grignard reagents. & 7 pine P

limitations of carbon nucleophiles.

We initially investigated a nickel(0)-catalyzed reaction of 2-

S ince being discovered in 1900," the Grignard reagents, methoxynaphthalene (1) with #-C;H;;MgBr (2a-Br). The
generally described as RMgX, have been perhaps the most Grignard reagents used in this study were purchased or prepared
widely used organometallic reagents in organic synthesis.”~* The as diethyl ether (Et,0) solutions. The cross-coupling reaction
reactivity of Grignard reagents is affected by many factors, was conducted in toluene after removing excess Et,O prior to
including the Lewis basicity and steric properties of the heat for safety reasons. Initial ligand screening revealed that
solvent”™* as well as external metal salt additives.”® The nature neither tricyclohexylphosphine (PCyj) nor 1,3-dicyclohexylimi-
of the halogen atom in a Grignard reagent can also affect dazol-2-ylidene (ICy), which are reported tol?leé the most
properties such as aggregation state” or basicity” of the reagent. effective ligands for C(@aryl)—O bond activation, ™ * efficiently

formed the desired cross-coupling product 1a with most of 1
being recovered (entries 1 and 2 in Table la). Because
naphthalene (11%) was formed in the case of PCy,; we
hypothesized that f-hydrogen elimination from a putative
alkylnickel intermediate may inhibit efficient catalysis. To
suppress this potential side reaction pathway, a series of
bidentate ligands were examined,” although no bidentate
ligands have been reported to promote the activation of a
C(aryl)~OMe bond. Interestingly, the alkylated product 1a was
produced at 41% yield with 48% of the starting compound 1
being recovered when 1,2-bis(dicyclohexylphosphino)ethane

However, the choice of halide is predominantly determined by its
reactivity in the halogen-magnesium exchange reaction (R—1I >
R—Br > R—Cl)," and the impact of the halide on the reactivity of
Grignard reagents remains underappreciated for most reactions
using them.””"" Here, we report nickel-catalyzed cross-coupling
of anisole derivatives with Grignard reagents, with reactivity
being largely dependent on the halogen atom in the Grignard
reagent being used.

The use of methoxyarenes in cross-coupling reactions as
alternatives to aryl halides has gained considerable attention

because itlgv_illléallow more economical and ecological chemical (deype)™" was used. To further increase the yield of 1a, various
processes. Although significant progress has been made other parameters were investigated using a dcype ligand (see
over the past decade, in particular with a nickel catalyst, the Supporting Information for details of optimization studies). To
diversity of compatible coupling partners remains limited our surprise, the halogen atom in the Grignard reagent 2a was
compared with classical cross-coupling reactions using aryl revealed to exert a tremendous impact on this alkylative cross-
halides. With regard to carbon—carbon bond-forming processes, coupling. While the yield of 1a was low to modest with 2a-Cl and
although methods for arylation'’ ™' and alkynylation®” are 2a-Br, the use of the Grignard reagent prepared from n-C;Hj ],
available, there are no reports on alkylation reactions of anisole ie, 2a-l, led to the formation of 1a in 97% yield without an
derivatives via C(aryl)—O bond cleavage, except for those using accompanying reduced product 3 (entries 1—3 in Table 1b). The
alkylating reagents without $-hydrogens such as methylation or

benzylation23_26 and those using anisoles having a directing Received: March 29, 2016

group”’~** (Figure 1). In this work, we describe the first cross- Published: May 19, 2016
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Table 1. Optimization of Nickel-Catalyzed Alkylation of 2-
Methoxynaphthalene (1)“

a Effect of ligands

Ni(cod), (5 mol%)

OMe
Ligand
toluene
1 2a-Br (1.5 equiv) 80°C,14h
GC yield (%)
entry ligand (x mol%) H
1 PCys (10) 2 11 84
2 ICy-HCI (10) 0o 0 99 3
3 IPr-HCI (10) o 1 97
4 deype (5) 41 6 48
5 dcypp (5) 22 3 7
6 dcypb (5) 8 12 74
7 deypf (5) 0 2 94
[\ +
R-NN-R § Spey,
— Cy,P PCy, Fe PC
cl = "
- deype (n=2)
ICy-HCI (R = cyc!ohexyl) deypp (n = 3) deypf
IPr-HCI (R = 2,6-Pr,CeH3) deypb (n = 4)

b Effect of the halide in the Grignard reagent

OMe

Ni(cod), (5 mol%)
dcype (5 mol%)

1a + 3
toluene
X 80°C, 14 h
1 2a-X (1.5 equiv)
. GC yield (%)
entn Xin H11MgX
y 5M11Mg. 1a 3 1
1 Br 41 6 48
2 Cl 21 8 65
3 | 97 0 0
4b Br 9 0 0
5b cl 99 0 0

“Reaction conditions: 1 (0.25 mmol), 2a-X (0.38 mmol), Ni(cod),
(0.013 mmol), and ligand (0.025 mmol for monodentate ligands;
0.013 mmol for bidentate ligands) in toluene (1 0 mL) at 80 °C for 14
h; yield refers to yield determined by GC. MgIZ (0.38 mmol) was
added.

cross-coupling with 2a-Cl and 2a-Br proceeds quantitatively
when 1.5 equiv of Mgl, is added (entries 4 and S). The addition
of Lil also improved the yield but was less effective than Mgl,
(see Supporting Information for details). An accelerating effect
of M§X has been observed in other cross-coupling reac-
tions.

Under these optimized conditions, the scope of Grignard
reagents was investigated (Scheme 1). This method was able to
introduce a wide range of f-hydrogen containing alkyl groups to
1 efficiently. Grignard reagents derived from simple linear alkyl
halides such as 2a—c are excellent coupling partners to form the
corresponding alkylated products, irrespective of chain length. A
phenethyl group, which is highly prone to p-hydrogen
elimination, underwent cross-coupling with 1 successfully to
provide 1d. Grignard reagents containing a cis-alkene 2e, a f-
branched alkyl 2f, a y-branched alkyl 2g, and a methoxy group 2h
were compatible for this cross-coupling, which allows structural
modification of methoxy groups with elaborate alkyl groups.
Notably, this Ni/dcype system was also able to couple several
secondary alkylmagnesium iodides. Isopropylmagnesium iodide
(2i) underwent the cross-coupling with 1 to generate 2-
isopropylnapthalene along with 2-propylnaphthalene (iso/
normal = 92:8, 68% combined yield). Five to seven cycloalkyl
groups can readily be introduced by using the corresponding
Grignard reagents to generate 1j—1l. PhMgBr can also be

6712

Scheme 1. Scope of Grignard Reagents”

OMe

Ni(cod), (5 mol%)
dcype (5 mol%)

toluene
1 2a-21 14h 1a-1l
(1.5 equiv)
e U SN NN
Meo™~"ngl  Me Mgl Me” Mgl

1a 97% (80 °C)

Oy GOS0

1f 94% (80 °C)°

1b 97% (80 °C) 1c 93% (100 °C)

1d 78% (120 °C)

1g 99% (80 °C)

Q*Mgl

1j 82% (80 °C)

1e 98% (80 °C)
Me

MeO. _~_~ MgCI

Me Mgl

1i 68% (70 °C)P¢

oY

11 53% (80 °C)

1h 92% (120 °C)°

1k 96% (80 °C)

“Reaction conditions: 1 (0.25 mmol), Grignard reagent (0.38 mmol),
Ni(cod), (0.013 mmol), and dcype (0. 013 mmol) in toluene (1.0 mL)
for 14 h; yield refers to isolated yield. Mg12 (0.38 mmol) was added.

“The product was obtained as a 92:8 mixture of iso and normal
isomers.

coupled with 1 even in the absence of Mgl, under Ni/dcype-
catalyzed conditions (64%).

Nickel/dcype-catalyzed alkylative cross-coupling of various
aryl ethers were investigated next (Scheme 2). A methoxy group
on an array of aromatic rings such as naphthalene and
phenanthrene can be substituted by an alkyl group under these
conditions to form the corresponding products 4a—7a. The
cross-coupling can proceed even in the presence of protic
functionalities including OH and NH groups simply by
increasing the amount of the Grignard reagent to 2.5 equiv, as
exemplified in the production of 9a—11la, 24a, and 25a. A
phenoxy group can serve as a better leaving group than a methoxy
group to form 12b. This reactivity was successfully applied to an
alkylative ring-opening reaction of dibenzofuran (13) for the
synthesis of a 2,2'-disubstituted biphenyl derivative. This
alkylation protocol was further extended to enol ether substrates
such as 14—16.

Consistent with previously reported nickel-catalyzed cross-
couphng reactions of methoxyarenes with other nucleo-
philes,'>'® substrates without fused aromatic rings were much
less reactive. For example, simple anisole (17) did not generate
the alkylated product at all under the standard conditions.
However, the cross-coupling of less reactive methoxyarenes
becomes viable by adding an extra equivalent of Mgl, (Scheme
2b). Under these modified conditions, anisole derivatives 17—21
can be alkylated successfully. Substrates containing heteroar-
omatic moieties such as indoles and pyridines (10, 11, 22—24)
could also undergo this alkylative cross-coupling. This method
can successfully be used for the alkylation of methoxy groups
included in alkaloidal and steroidal scaffolds as in 11, 24, and 25.
These results demonstrate that the lipophilicity of bioactive
compounds can easily be modified by our method through the
introduction of various alkyl groups, which is essential for
regulating drug properties such as bioavailability and metabolic

DOI: 10.1021/jacs.6b03253
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Scheme 2. Scope of Aryl Ethers”

"CeHy—Mgl (2a-)  Ni(cod), S mal%)  pr—nc b, 4a-25a
deype (5 mol%)
Ar—OMe  + or W or
425 "CioHz—Mgl (2b-) 1OUE Ar="CyoHz 8b-22b
(1.5 equiv)

a Reactive substrates

owe o 2" Q
Beoin spoon

[with 2a-1] [with 2a-1]° [with 2a-l] [with 2a-1]
4a 72% 5a 96% 6a 90% 7a 98%
MeO \ OMe HO . OMe MeO. — ,
T ™ AR A S
N N
H Me H
[with 2b-I]? [with 2a-]9 [with 2a-1]9 [with 2a-1]9
8b 52% (14%)° 9a 99% 10a 99% 1a 72%
HO.
SRS J
g
[with 2b-I] [with 2a-] Me
12b 80% 13a 84%
O +OSiMe; N N
. OMe \ _—
—/ OSiMe; S~ Me
O [with 2a-l]  [with 2b-] EIZ = 39:61 ElZ = 36:64
14a 96%  15b 54% [with 2a-1) 16a 55%
b Less reactive substrates (with 3.0 equiv of Mgl)
+.OMe . O Me,N \.OMe  MeO./ ~_.OMe
O™ O-Opow Mgy ™™ (¥
[with 2b-1] [with 2a-l] [with 2a-] [with 2b-I at 80 °C] [with 2b-1]¢
17b 70% 18a 90% 19a 91% 20b 74% 21b 61%
Me OH

NBn,
~OMe
O Qe / Oﬁ
N
H
MeO”

[with 2b-l at 85 °C]
22b 65%

[with 2a-1]
23a 61%

[with 2a-1)¢
24a 75%

[with 2a-l at 85 °C for 65 h]’
25a 81%

“Reaction conditions: 1 (0.25 mmol), Grignard reagent (0.38 mmol),
Ni(cod), (0.013 mmol), and dcype (0.013 mmol) i in toluene (1.0 mL)
at 100 °C for 14 h; yield refers to isolated yield. Grlgnard reagent
(0.75 mmol), Ni(cod), (0.025 mmol), and dcype (0.025 mmol) were
added. “Yield of a dialkylated product 21b. “Grignard reagent (0.63
mmol) was added. “Mgl, (1.5 mmol) was added.

stability. The current limitation of this catalytic alkylation
reaction is its sensitivity to steric effects (1-methoxy-2-
methylbenzene is completely unreactive even in the presence
of Mgl,.)

To demonstrate the scalability of this method, alkylation of 26
was conducted on a 1.1 g scale (Figure 2a). Although we
routinely used Ni(cod), for our exploratory studies, air-stable
Ni(acac), (acac = acetylacetonate) served as a useful precatalyst
to provide the alkylated product 26a in good yield.

Combination of this methoxy alkylation method with other
synthetic transformations enables rapid access to more elaborate
aromatic compounds. For example, one of the straightforward
methods for the preparation of triphenylene derivatives involves
Suzuki—Miyaura arylation of diboromide 27, followed by
oxidative cychzatlon (Figure 2b). The latter transformation
often requires methoxy-substituted substrates to facilitate the
oxidative process, which in turn has limited the range of the
triphenylene derivatives accessible by this sequence. Our method
allows for substitution of the methoxy groups in 29 with a diverse
range of alkyl groups, which will be useful to control the physical
properties of 7-conjugated molecules, including solubility and
aggregation behaviors.

Although the mechanistic details of this alkylative cross-
coupling largely remain to be elucidated, several preliminary

6713

a Scalability
2a-l (1.5 equiv)
Ni(acac); (5 mol%) Me
! dcype (5 mol%
N toluene N
Me 100°C, 14 h Me
26 (1.19) 26a 81% (1.0 g)

b Late-stage alkylation

MeD:Br
Me Br

OMe

C DpbQ
O [ref 36]

cat. Pd
ArB(OH),

Me l
Me

27 (Ar = 3-MeOCgH,)
28 OMe
OMe Me
2a-l (3 equiv)
Ni(cod), (10 mol%) O
Me O‘O deype (10 mol%) Me O‘
Me Mgl (6.0 equiv) Me
toluene
100 °C, 14 h
OMe Me

29 30a 95%

Figure 2. Scalability and synthetic application.

experiments provided us some insights. One possible mechanism
for C—O bond cleavage in this reaction is oxidative addition to
Ni(dcype), which can be facilitated by the coordination of the
ether oxygen atom to Lewis acid Mgl,. However, this mechanism
is unlikely based on the following observation. A mixture of
Ni(cod), (1 equiv), deype (1 equiv), Mgl, (2 equiv), and 1 (2
equiv) in toluene-dg was heated to 80 °C. Monitoring the mixture
by *'P NMR over 14 h revealed that C—O bond cleavage did not
occur under these conditions, and 1 was recovered quantitatively
(see Supporting Information). These results indicate that the
presence of Grignard reagents is essential for the cleavage of
C(aryl)~OMe bond. On the basis of theoretical studies on a
related arylation reaction,”” anionic nickelate(0) species
generated by the reaction of Ni(dcype) with RMgL>*~** rather
than neutral Ni(dcype), is presumably responsible for the C—O
bond cleavage process.

It is well established that the constitution of Grignard reagents
in solution is complex, and in a simplified sense, RMgX is in
equilibrium with R,Mg and MgX, (Schlenk equilibrium).”” This
raises the possibility that R,Mg might serve as the true alkylating
reagent in Ni/dcype-catalyzed cross-coupling. However, cross-
coupling of 1 with Et,Mg under our standard catalytic conditions
resulted in a lower yield of 1c (16%), suggesting that RMgX
serves as the major alkylating reagent in our catalytic reaction.
The use of RMgl, not RMgCl or RMgBr, is the key to achieve this
alkylative cross-coupling of methoxyarenes. The reactivity
difference between halides (I > Br > Cl) cannot be attributable
to the different ratios of RMgX/R,Mg since the cross-coupling
reactions were conducted with an excess amount of a Grignard
reagent and the Schlenk equilibrium should be much faster than
the cross-coupling reaction. For the same reason, the role of an
extra amount of Mgl, in the reactions of less reactive substrates
(Table 1b) should not be able to drive the Schlenk equilibrium
from R,Mg to RMgl. Consistent with this consideration,
addition of MgCl, or MgBr, in cross-coupling using RMgCl or
RMgBr, respectively, did not improve the yield of the products.

In summary, we have developed the first general method for
the alkylation of anisole derivatives via C—O bond activation."'
Although significant progress has been made in the cross-
coupling using alkylmetal reagents,* this method allows for the

DOI: 10.1021/jacs.6b03253
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introduction of a variety of f-hydrogen-containing alkyl groups
directly to the ipso position of methoxyarenes. Given the
prevalence of methoxyarene substructure in biologically active
compounds or z-conjugated materials, this method should serve
as a useful protocol for their derivatization. The markedly higher
reactivity of RMgl than RMgCl or RMgBr in this alkylative cross-
coupling calls for special attention to the effect of the specific
halide used when developing catalytic reactions using Grignard
reagents. A theoretical study on the mechanism of this cross-
coupling and further expansion of the scope of the nucleophiles
in methoxy cross-coupling reactions are currently underway in
our laboratories.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b03253.

Detailed experimental procedures and characterization of
new compounds (PDF)

H AUTHOR INFORMATION

Corresponding Authors
*tobisu@chem.eng.osaka-u.ac.jp
*chatani@chem.eng.osaka-u.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by a Grant-in-Aid for Scientific
Research from MEXT, Japan, and ACT-C from JST, Japan. We
also thank the Instrumental Analysis Center, Faculty of
Engineering, Osaka University, for their assistance with HRMS.

B REFERENCES

(1) Grignard, V. C. R. Hebd. Séances Acad. Sci. 1900, 130, 1322—1324.

(2) Seyferth, D. Organometallics 2009, 28, 1598—160S.

(3) Silverman, G. S.; Rakita, P. E. Handbook of Grignard Reagents;
Marcel Dekker: New York, 1996.

(4) Inoue, A.; Ohshima, K. In Main Group Metals in Organic Synthesis;
Yamamoto, H., Ohshima, K., Eds.; Wiley-VCH: Weinheim, 2004; pp
S51-154.

(5) Krasovskiy, A.; Knochel, P. A. Angew. Chem., Int. Ed. 2004, 43,
3333—3336.

(6) Li-Yuan Bao, R.; Zhao, R ; Shi, L. Chem. Commun. 2015, 51, 6884—
6900.

(7) Ashby, E. C.; Laemmle, J.; Neumann, H. M. Acc. Chem. Res. 1974, 7,
272-280.

(8) Wotiz, J. H.; Hollingsworth, C. A.; Dessy, R. J. Am. Chem. Soc. 1958,
77, 103—108S.

(9) Holm, T. Tetrahedron Lett. 1966, 7, 3329—3336.

(10) Li, B.-J.; Xu, L.; Wu, Z.-H.; Guan, B.-T.; Sun, C.-L,; Wang, B.-Q,;
Shi, Z.J. J. Am. Chem. Soc. 2009, 131, 14656—14657.

(11) Yonova, I. M.; Johnson, A. G.; Osborne, C. A.,; Moore, C. E.;
Morrissette, N. S.; Jarvo, E. R. Angew. Chem., Int. Ed. 2014, 53, 2422—
2427.

(12) Rosen, B. M; Quasdorf, K. W,; Wilson, D. A; Zhang, N,;
Resmerita, A.-M.; Garg, N. K;; Percec, V. Chem. Rev. 2011, 111, 1346—
1416.

(13) Li, B.-J;; Yu, D.-G.; Sun, C.-L.; Shi, Z.-J. Chem. - Eur. ]. 2011, 17,
1728—1759.

(14) Yamaguchi, J.; Muto, K.; Itami, K. Eur. J. Org. Chem. 2013, 2013,
19-30.

(15) Cornella, J.; Zarate, C.; Martin, R. Chem. Soc. Rev. 2014, 43,
8081—8097.

6714

(16) Tobisu, M.; Chatani, N. Acc. Chem. Res. 2015, 48, 1717—1726.

(17) Wenkert, E.; Michelotti, E. L.; Swindell, C. S. J. Am. Chem. Soc.
1979, 101, 2246—2247.

(18) Dankwardt, J. W. Angew. Chem.,, Int. Ed. 2004, 43, 2428—2432.

(19) Tobisu, M.; Shimasaki, T.; Chatani, N. Angew. Chem., Int. Ed.
2008, 47, 4866—4869.

(20) Wang, C,; Ozaki, T.; Takita, R;; Uchiyama, M. Chem. - Eur. J.
2012, 18, 3482—3485.

(21) Tobisu, M.; Yasutome, A.; Kinuta, H.; Nakamura, K.; Chatani, N.
Org. Lett. 2014, 16, 5572—5575.

(22) Tobisu, M.; Takahira, T.; Ohtsuki, A.; Chatani, N. Org. Lett. 2018,
17, 680—683.

(23) Guan, B.-T.; Xiang, S.-K;; Wy, T.; Sun, Z.-P.; Wang, B.-Q.; Zhao,
K.-Q.; Shi, Z.-J. Chem. Commun. 2008, 44, 1437—1439.

(24) Leiendecker, M.; Hsiao, C.-C.; Guo, L.; Alandini, N.; Rueping, M.
Angew. Chem,, Int. Ed. 2014, §3, 12912—12915.

(25) Tobisu, M.; Takahira, T.; Chatani, N. Org. Lett. 2015, 17, 4352—
435S.

(26) Morioka, T.; Nishizawa, A.; Nakamura, K.; Tobisu, M.; Chatani,
N. Chem. Lett. 2018, 44, 1729—1731.

(27) Kakiuchi, F.; Usui, M.; Ueno, S.; Chatani, N.; Murai, S. J. Am.
Chem. Soc. 2004, 126, 2706—2707.

(28) Grelier, G.; Chénard, E.; Biischleb, M.; Hanessian, S. Synthesis
20185, 47, 1091—-1100.

(29) Cong, X; Tang, H.; Zeng, X. J. Am. Chem. Soc. 2015, 137, 14367—
14372.

(30) Tamao, K; Kiso, Y.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc.
1972, 94, 9268—9269.

(31) Muto, K.; Yamaguchi, J.; Itami, K. J. Am. Chem. Soc. 2012, 134,
169—172.

(32) Cahiez, G.; Chaboche, C.; Duplais, C.; Giulliani, A.; Moyeux, A.
Adv. Synth. Catal. 2008, 350, 1484—1488.

(33) Iwasaki, T.; Takagawa, H.; Singh, S. P.; Kuniyasu, H.; Kambe, N. J.
Am. Chem. Soc. 2013, 135, 9604—9607.

(34) Harris, M. R;; Konev, M. O,; Jarvo, E. R. J. Am. Chem. Soc. 2014,
136, 7825—7828.

(35) Tollefson, E. J.; Erickson, L. W.; Jarvo, E. R. J. Am. Chem. Soc.
2015, 137, 9760—9763.

(36) Zhai, L.; Shukla, R.; Rathore, R. Org. Lett. 2009, 11, 3474—3477.

(37) Ogawa, H.; Minami, H.,; Ozaki, T.; Komagawa, S.; Wang, C,;
Uchiyama, M. Chem. - Eur. J. 2015, 21, 13904—13908.

(38) Pérschke, K-R; Jonas, K; Wilke, G.; Benn, R; Mynott, R;
Goddard, R.; Kriiger, C. Chem. Ber. 1985, 118, 275—297.

(39) Kaschube, W.; Pérschke, K.-R.; Angermund, K; Kriiger, C,;
Wilke, G. Chem. Ber. 1988, 121, 1921—1929.

(40) Wei, J; Zhang, W.-X,; Xi, Z. Angew. Chem,, Int. Ed. 2015, 54,
5999—-6002.

(41) While this paper was under review, nickel-catalyzed alkylation of
anisoles using trialkylaluminum reagents was reported: Liu, X.; Hsiao,
C.-C,; Kalvet, I; Leiendecker, M.; Guo, L.; Schoenebeck, F.; Rueping,
M. Angew. Chem., Int. Ed. 2016, 5SS, 6093.

(42) Jana, R;; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 111, 1417.

DOI: 10.1021/jacs.6b03253
J. Am. Chem. Soc. 2016, 138, 6711-6714


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b03253
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03253/suppl_file/ja6b03253_si_001.pdf
mailto:tobisu@chem.eng.osaka-u.ac.jp
mailto:chatani@chem.eng.osaka-u.ac.jp
http://dx.doi.org/10.1021/jacs.6b03253

