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Nitrogen-centered radical (NCR) intermediates have at-

ABSTRACT: A metal- and reagent-free, electrochemical tracted considerable interest from organic chemists due to their
intramolecular oxidative amination reaction of tri- and ability to cyclize with alkenes of diverse steric properties,
tetrasubstituted alkenes has been developed. The electro- leading to the formation of new C—N bonds.” The synthetic
synthetic method proceeds through radical cyclization to utility of these reactive species has been further boosted by the
form the key C—N bond, allowing a variety of hindered tri- emergence of various new methodologies, particularly those
and tetrasubstituted olefins to participate in the amination involving single electron transfers, that greatly facilitated their
reaction. The result is the efficient synthesis of a host of preparation.””* We have been involved in developing
alkene-bearing cyclic carbamates and ureas and lactams. sustainable C—N bond-forming reactions by employing

electrochemically generated NCRs.”” Based on these results,
we envisioned an electrochemical amination reaction (Scheme

llylic amines are important synthetic building blocks that 1b).* The anodic activation of the amidyl N—H bond in an

can be converted into a diverse range of products through alkene-tethered amide could lead to the generation of an NCR
the manipulation of the amino as well as alkenyl moieties.' intermediate I,” which could then readily undergo intra-
Recently, there has been considerable interest in preparing molecular cyclization with the alkenyl moiety to give the
these compounds through the cross-coupling between a N—-H carbon-centered radical I. Oxidation of this latter C-radical
bond and an allylic C—H bond, which allows for an efficient followed by the loss of a proton would afford the cyclic
route from easily available starting materials.” Particularly, the allylamine product. The challenge of this approach lies in its
aza-Wacker type cyclizations, which is often catalyzed by a requirement for the efficient and regioselective installation of an
palladium species, allows the easy access to alkene-containing alkenyl moiety in the absence of a metal-based catalyst. The C-
N-heterocycles (Scheme 1a).” A number of excellent recent radical II is prone to reduction through H-abstraction,”""

whereas its derived cation III can be trapped by a

Scheme 1. Intramolecular Oxidative Amination of Alkenes nucleophile,**™'" or participate in nonselective/undesired
Previous work (inefficient with hindered alkenes) proton elimination.'? Herein, we report the successful develop-
ment of an intramolecular oxidative amination of the

a) Ryy & cat. [Pd] Ry DS challenging tri- and tetrasubstituted alkenes through electro-

0] chemical oxidation (Scheme 1b)."> Advantageously, this

: 1 1 ]
process proceeds in a metal-'* and reagent-free'> fashion to

This work (metal- and reagent-free amination of tri- and tetrasubstituted alkenes) . i A A
provide functionalized cyclic carbamates and ureas and lactams.

R3

Ar\NHR}%\KR: r"—ﬁ ARN I??ZRi R We first identified the optimal reaction conditions for the
b) NN R ————0 m + H, cyclization of carbamate 1 bearing a trisubstituted olefin, which
Ko ON.G constant sunent X7 R involved constant-current electrolysis using a reticulated

e vitreous carbon (RVC) anode and a Pt plate cathode, in an

l—H* T"’P undivided cell containing a mixed electrolyte solution of

" R g gl \ o R Et,NPF in dimethylacetamide (DMA) and acetic acid (40:1).
AR NSA R o N2 R Under these conditions, the desired cyclic carbamate 2 was
R® — 0= RS —= 0=<X RS . . . .
x g X~ H X~ g M isolated in 82% yield (Table 1, entry 1). Particularly noteworthy
I "o m is the fact that the regeneration of the C—C double bond
challenges: - F-abstraction s e occurred regioselectively at the terminus, instead of favoring the
formation of the more thermodynamically stable enamine

derivative (a tetrasubstituted alkene). Despite that the redox
potentials (E,/, vs SCE in MeCN) of 1 (1.23 V) and 2 (1.39V)
were close to each other, overoxidation was not observed.
Conducting the electrolysis without AcOH (entry 2),'® or in

Ar\N .
PN

studies have reported successful aza-Wacker cyclizations under
mild conditions and with molecular oxygen as the terminal
oxidant.* Despite this progress, reported methods are generally
not efficient with multisubstituted alkenes and oxidative
amination of tri- and tetrasubstituted olefins remains Received: January 30, 2017

challenging. Published: February 15, 2017
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Table 1. Optimization of Reaction Conditions”

Ph PMR
i h
NH Z o=
O)\O i-Pr undivided cell O™ " py
: constant current
1 2
entry conditions yield (%)”
1 DMA/AcOH (40:1), Et,NPF, (1 equiv), 110 °C, 10 mA 83 (82)°
2 entry 1 but no AcOH 41
3 entry 1 but MeCN as solvent 10
4 entry 1 but DMF as solvent 50
S entry 1 but Et,NPF, (0.5 equiv) or /nBu,;NBF, or 71-76
Et,NOTs as electrolyte
6 entry 1 but Pt plate (1 cm X 1 cm) as anode 75
7 entry 1 but 20 mA 757
8  entry 1 but S mA 25°¢
9  entry 1 but reaction at rt 45

“Reaction conditions: RVC anode (100 PPI, 1 cm X 1 cm X 1 cm), Pt
cathode (1 cm X 1 cm), 1 (0.3 mmol), solvent (4 mL), argon, 2.4 h (3
F). ®Yield of the major diastereomer determined by "H NMR analysis
of the crude reaction mixture using 1,3,5-trimethoxybenzene as the
internal standard. “Isolated yield. “Reaction time = 1.2 h. “Reaction
time = 4.8 h. PMP = p-methoxyphenyl.

other solvents such as DMF (entry 3) or MeCN (entry 4),
dramatically decreased product formation. In comparison,

slightly reduced but still acceptable yields were obtained
when the reaction conditions were modified in one of the
following manners: lowering the concentration of Et,NPF
changing the electrolyte to nBu,NBF, or Et,NOTs (entry S),
switching to a platinum plate anode (entry 6) with a surface
area much lower than that of the RVC anode, or adjusting the
current to 20 mA (entry 7). However, performing the
electrolytic amination at S mA (entry 8) or at rt (entry 9)
greatly diminished the yield.

We next explored the substrate scope of the electrolytic
amination reaction using a host of carbamates carrying various
trisubstituted alkenyl moieties (Scheme 2, 3—18). The reaction
was demonstrated to be compatible with a diverse range of
(hetero)aryl- (3—12), alkynyl- (13), and alkyl- (14—18)
substituted olefins. The cyclic carbamate products were
produced with good to high diastereoselectivity, and proton
elimination proceeded regioselectively at the distal carbon
relative to the newly formed N-heterocycle, leading to an
allylamine moiety regardless of the substitution pattern of the
starting alkene. Both terminal and internal olefins, including a
tetrasubstituted one (7), could be achieved.

Further studies revealed that unsaturated amides (19—25)
and ureas (26—27) were also viable substrates (Scheme 2).
Carbamates bearing less electron-rich N-aryl rings, such as p-
Me-Ph (28) and p-Br-Ph (29), also underwent smooth

Scheme 2. Substrate Scope”

R® r' Al 2R3
A R? R 1 r‘N R LR
H ndivided cell, 10 mA i
07X R DMAJ/ACOH (40:1) XTR
X=O,N,C EtNPFg, 110°C, 25-4.1F  Yield,? d.r°

T Scope of trisubstituted alkenes B i7" 'Scope of tetrasubstituted alkenes |
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y 685%, 13:1 7 63%, >20:1 o i :
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: X Ph i :
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“Reaction conditions from Table 1, entry 1 were used unless otherwise noted. “Isolated yield. “Determined by 'H NMR analysis of the crude
reaction mixture. “Reaction at 130 °C. °E/Z = 5:1. TBDPS = tert-butyldiphenylsilyl. NR = no reaction.
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cyclization with satisfactory yields, albeit in reduced current
efficiency. However, no reaction occurred when the substrate
contained the highly electron-withdrawing p-CN-Ph group
(30). The increased oxidation potentials'’ of these substrates
tipped the reaction toward solvent decomposition. Further-
more, a variety of functional groups were found to be well-
tolerated, including ester (S, 24—25), imide (6), aryl bromide
(8), thiazole (10), pyridine (11), thiophene (27), alkyne (13),
alcohol (22), and silyl ether (23).

One major advantage of the electrochemical method lies in
its eﬁﬁaent amination of sterically demanding tetrasubstituted
alkenes.'® As summarized in Scheme 2, both acyclic (31—32)
and cyclic (33—37) olefins, including two that contained a
steroid-based core structure (36—37), were shown to readily
react to afford desired products with aza-quarternary stereo-
centers.

The facile preparation of enantioenriched cyclic carbamates
from easily available enantioenriched allylic alcohols'” lent
further support to the synthetic utility of the intramolecular
amination reaction in the current study (Scheme 3). As

Scheme 3. Cyclization of Enantioenriched Carbamates

PMR
i 8
NH = O=<
—_—
0° 07 “tBu Table 1, entry 1 O™ gy
(+)-38,95:5e.r. (-)-39, 946 e.r.
72% yield, >20:1 d.r.
Ph ‘—b—ﬁ PMR Ph
PMP< N
NH Z~ O=<
OA\O "ty Table 1, entry 1 0™ “u gy
(-)-40, 99:1 e.r. (-)-3,99:1eur.

70% yield, >20:1 d.r.

examples, subjecting (+)-38 and (—)-40 to the standard
electrolysis conditions resulted in the stereoselective formation
of (—)-39 and (—)-3, respectively, without any observable loss
of the enantiomeric ratio.

Two additional advantages of our electrolytic amination
process include its easy scalability and the synthetic value of the
generated alkene-bearing N-heterocycles. For instance, the
cyclization of 3.2 g of 41 produced the corresponding product
12 in 70% yield (Scheme 4), showing no appreciable loss in
product formation efficiency in comparison to the same
reaction conducted on a 0.1-g scale. The hydrolysis of the
carbamate moiety in 12 afforded allylamine 42, whereas the
same starting compound could also be converted to
benzimidazolidinone 43 via copper-catalyzed dehydrogenative
aromatization. Furthermore, the alkene C—C double bond in
12 was amenable to a variety of chemical transformations such
as hydrogenation, epoxidation, and dihydroxylation to furnish
saturated carbo-cycle 44, epoxide 45, and vicinal diol 46,
respectively.”” Compound 46 could be converted to
ketoaldehyde 47 through the oxidative cleavage of its diol
moiety, and further to ketoaldehyde 48 by aldol condensa-
tion.”’

In summary, we have successfully developed an efficient
intramolecular oxidative amination reaction of challenging tri-
and tetrasubstituted alkenes. Our electrosynthetic method is
broadly compatible with a wide range of carbamate, amide, and
urea substrates, can be easily scaled up, and can provide access
to various functionalized N-heterocycles with great synthetic
values.
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Scheme 4. Gram-Scale Synthesis and Product
Transformations”
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“Reaction conditions: (a) KOH, EtOH/H,O, reflux, 82%. (b)
Copper(Il) 2-ethylhexanoate, IBX, DMSO/TFA, 110 °C, 64%. (c)
H,, Pd/C, MeOH, tt, 93%. (d) m-CPBA, CH,CL, tt, 83%. () OsO,,
NMO, rt, 84%. (f) Pb(OAc),, rt, 91%. (g) Piperidine, AcOH, 40 °C,
84%.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.7b01016.

Full experimental details and characterization data (PDF)
Crystallographic data (CIF)

H AUTHOR INFORMATION

Corresponding Author
*E-mail: haichaoxu@xmu.edu.cn.

ORCID
Hai-Chao Xu: 0000-0002-3008-5143

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support of this research from MOST (No.
2016YFA0204100), NSFC (Nos. 21672178, 21402164), and
the “Thousand Youth Talents Plan”.

B REFERENCES

(1) (a) Johannsen, M.; Jorgensen, K. A. Chem. Rev. 1998, 98, 1689.
(b) Nag, S.; Batra, S. Tetrahedron 2011, 67, 8959.

(2) (a) Ramirez, T. A.; Zhao, B.; Shi, Y. Chem. Soc. Rev. 2012, 41,
931. (b) Breder, A. Synlett 2014, 25, 899. (c) Paradine, S. M.; Griffin, J.
R; Zhao, J. P.; Petronico, A. L.; Miller, S. M.; White, M. C. Nat. Chem.
2015, 7, 987. (d) Roizen, J. L.; Harvey, M. E.; Du Bois, J. Acc. Chem.
Res. 2012, 45, 911.

(3) Reviews: (a) Kotov, V.; Scarborough, C. C.; Stahl, S. S. Inorg.
Chem. 2007, 46, 1910. (b) McDonald, R. I; Liu, G.; Stahl, S. S. Chem.
Rev. 2011, 111, 2981. (c) Kotovsky, P.; Bickvall, J. E. Chem. - Eur. J.
2015, 21, 36.

(4) Selected examples: (a) Vanbenthem, R. A. T. M.; Hiemstra, H.;
Longarela, G. R;; Speckamp, W. N. Tetrahedron Lett. 1994, 35, 9281.
(b) Larock, R. C.; Hightower, T. R;; Hasvold, L. A; Peterson, K. P. J.
Org. Chem. 1996, 61, 3584. (c) Fix, S. R;; Brice, J. L.; Stahl, S. S. Angew.
Chem., Int. Ed. 2002, 41, 164. (d) Trend, R. M; Ramtohul, Y. K;
Ferreira, E. M,; Stoltz, B. M. Angew. Chem., Int. Ed. 2003, 42, 2892.
(e) McDonald, R. I; Stahl, S. S. Angew. Chem., Int. Ed. 2010, 49, 5529.
(f) McDonald, R. I; White, P. B.; Weinstein, A. B.; Tam, C. P.; Stahl,

DOI: 10.1021/jacs.7b01016
J. Am. Chem. Soc. 2017, 139, 2956—2959


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.7b01016
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01016/suppl_file/ja7b01016_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01016/suppl_file/ja7b01016_si_002.cif
mailto:haichao.xu@xmu.edu.cn
http://orcid.org/0000-0002-3008-5143
http://dx.doi.org/10.1021/jacs.7b01016

Journal of the American Chemical Society

Communication

S. S. Org. Lett. 2011, 13, 2830. (g) Joosten, A.; Persson, A. K. A,
Millet, R.; Johnson, M. T.; Bickvall, J. E. Chem. - Eur. . 2012, 18,
15151. (h) Weinstein, A. B.; Stahl, S. S. Angew. Chem., Int. Ed. 2012,
51, 11505. (i) Yang, G. Q; Shen, C. R; Zhang, W. B. Angew. Chem.,,
Int. Ed. 2012, 51, 9141. (j) Weinstein, A. B.; Schuman, D. P.; Tan, Z.
X.; Stahl, S. S. Angew. Chem.,, Int. Ed. 2013, 52, 11867.

(5) (a) Zard, S. Z. Chem. Soc. Rev. 2008, 37, 1603. (b) Chen, J. R;;
Hu, X. Q; Lu, L. Q; Xiao, W. J. Chem. Soc. Rev. 2016, 45, 2044.
(c) Xiong, T.; Zhang, Q. Chem. Soc. Rev. 2016, 45, 3069. (d) Baralle,
A.; Baroudi, A.; Daniel, M.; Fensterbank, L.; Goddard, J.-P.; Lacote, E.;
Larraufie, M.-H.; Maestri, G.; Malacria, M.; Ollivier, C. In Encyclopedia
of Radicals in Chemistry, Biology and Materials; Chatgilialoglu, C.,
Studer, A, Eds.; Wiley: Chichester, UK., 2012; p 767.

(6) Recent reviews on electroorganic synthesis: (a) Yoshida, J;
Kataoka, K.; Horcajada, R.; Nagaki, A. Chem. Rev. 2008, 108, 226S.
(b) Francke, R.; Little, R. D. Chem. Soc. Rev. 2014, 43, 2492.
(c) Waldvogel, S. R.; Janza, B. Angew. Chem,, Int. Ed. 2014, S3, 7122.
(d) Francke, R. Beilstein ]. Org. Chem. 2014, 10, 2858. (e) Waldvogel,
S. R.; Mahle, S. Angew. Chem.,, Int. Ed. 2015, 54, 6398. (f) Sperry, J. B;
Wright, D. L. Chem. Soc. Rev. 2006, 35, 605. (g) Ogawa, K. A;
Boydston, A. J. Chem. Lett. 2015, 44, 10. (h) Horn, E. J.; Rosen, B. R;;
Baran, P. S. ACS Cent. Sci. 2016, 2, 302. For pioneering work on
electrochemical generation of NCRs, see: (i) Tokuda, M.; Miyamoto,
T.; Fujita, H.; Suginome, H. Tetrahedron 1991, 47, 747.

(7) (a) Xu, F.; Zhu, L; Zhu, S. B,; Yan, X. M.; Xu, H.-C. Chem. - Eur.
J. 2014, 20, 12740. (b) Zhuy, L,; Xiong, P.; Mao, Z. Y.; Wang, Y. H;
Yan, X; Lu, X; Xu, H.-C. Angew. Chem.,, Int. Ed. 2016, S5, 2226.
(c¢) Hou, Z. W.; Mao, Z. Y.; Zhao, H. B.; Melcamu, Y. Y.; Ly, X,; Song,
J;; Xu, H.-C. Angew. Chem,, Int. Ed. 2016, 5S, 9168. (d) Zhao, H.-B,;
Hou, Z.-W,; Liu, Z.-J.; Zhou, Z.-F.; Song, J.; Xu, H.-C. Angew. Chem.,,
Int. Ed. 2017, 56, 587.

(8) Recent examples of electrochemical C—H functionalization:
(a) Hayashi, R.; Shimizu, A.; Yoshida, J. J. Am. Chem. Soc. 2016, 138,
8400. (b) Hayashi, R.; Shimizu, A.; Song, Y.; Ashikari, Y.; Nokami, T.;
Yoshida, J. Chem. - Eur. ]. 2017, 23, 61. (c) Morofuji, T.; Shimizu, A.;
Yoshida, J. J. Am. Chem. Soc. 2014, 136, 4496. (d) Yoo, S. J.; Li, L. J,;
Zeng, C. C; Little, R. D. Angew. Chem., Int. Ed. 2015, 54, 3744.
(e) Gao, W.J; Li, W. C; Zeng, C. C; Tian, H. Y,; Hu, L. M,; Little, R.
D. J. Org. Chem. 2014, 79, 9613. (f) Ogawa, K. A.; Boydston, A. J. Org.
Lett. 2014, 16, 1928. (g) Wiebe, A.; Schollmeyer, D.; Dyballa, K. M,;
Franke, R.; Waldvogel, S. R. Angew. Chem., Int. Ed. 2016, SS, 11801.
(h) Lips, S.; Wiebe, A.; Elsler, B.; Schollmeyer, D.; Dyballa, K. M,;
Franke, R.; Waldvogel, S. R. Angew. Chem., Int. Ed. 2016, 55, 10872.
(i) Ding, H; DeRoy, P. L,; Perreault, C.; Larivee, A; Siddiqui, A.;
Caldwell, C. G.; Harran, S.; Harran, P. G. Angew. Chem., Int. Ed. 20185,
54, 4818. (j) O’Brien, A. G.; Maruyama, A.; Inokuma, Y.; Fujita, M.;
Baran, P. S.; Blackmond, D. G. Angew. Chem., Int. Ed. 2014, 53, 11868.
(k) Horn, E. J.; Rosen, B. R.; Chen, Y.; Tang, J.; Chen, K; Eastgate, M.
D.; Baran, P. S. Nature 2016, 533, 77.

(9) For selected recent examples on NCR formation via N—H
cleavage, see ref 7 and: (a) Nicolaou, K. C; Baran, P. S.; Zhong, Y. L;
Barluenga, S.; Hunt, K. W.; Kranich, R.; Vega, J. A. J. Am. Chem. Soc.
2002, 124, 2233. (b) Janza, B.; Studer, A. J. Org. Chem. 2005, 70, 6991.
(c) Xu, H.-C,; Moeller, K. D. J. Am. Chem. Soc. 2010, 132, 2839.
(d) Li, Z; Song, L.; Li, C. J. Am. Chem. Soc. 2013, 135, 4640. (e) Hu,
X. Q; Chen, J. R;; Wei, Q; Liu, F. L,; Deng, Q. H.; Beauchemin, A.
M,; Xiao, W. J. Angew. Chem., Int. Ed. 2014, $3, 12163. (f) Hu, X. Q;
Qj, X. T; Chen, J. R;; Zhao, Q. Q.; Wei, Q.; Lan, Y.; Xiao, W. J. Nat.
Commun. 2016, 7, 11188. (g) Liu, T.; Mei, T. S.; Yu, J. Q. J. Am. Chem.
Soc. 2018, 137, 5871. (h) Gentry, E. C.; Knowles, R. R. Acc. Chem. Res.
2016, 49, 1546. (i) Gieshoff, T.; Schollmeyer, D.; Waldvogel, S. R.
Angew. Chem.,, Int. Ed. 2016, SS, 9437. (j) Wappes, E. A; Fosy, S. C;
Chopko, T. C.; Nagib, D. A. Angew. Chem., Int. Ed. 2016, S5, 9974.
(k) Chuy, J. C. K.; Rovis, T. Nature 2016, 539, 272. (1) Choi, G. J.; Zhu,
Q;; Miller, D. C,; Gu, C. J.; Knowles, R. R. Nature 2016, 539, 268.

(10) (a) Tommasino, J.-B.; Brondex, A.; Médebielle, M.; Thomalla,
M,; Langlois, B. R; Billard, T. Synlett 2002, 1697. (b) Musacchio, A. J.;
Nguyen, L. Q; Beard, G. H,; Knowles, R. R. ]. Am. Chem. Soc. 2014,
136, 12217. (c) Miller, D. C.; Choi, G. J.; Orbe, H. S.; Knowles, R. R. J.

2959

Am. Chem. Soc. 2015, 137, 13492. (d) Davies, J.; Svejstrup, T. D.;
Reina, D. F.; Sheikh, N. S.; Leonori, D. J. Am. Chem. Soc. 2016, 138,
8092.

(11) Established electrochemical methods for NCR formation
employed alcoholic or aqueous solvents (ref 7).

(12) Yi, H,; Niy, L; Song, C,; Li, Y,; Dou, B.; Singh, A. K; Lei, A.
Angew. Chem., Int. Ed. 2017, 56, 1120.

(13) We have previously developed a copper-catalyzed oxidative
amination reaction employing a stoichiometric organic oxidant: Xiong,
P.; Xu, F; Qian, X. Y,; Yohannes, Y.; Song, J.; Lu, X,; Xu, H.-C. Chem.
- Eur. J. 2016, 22, 4379.

(14) Heavy metals are required for reduction to the ppm level in
active pharmaceutical ingredients: Garrett, C. E.; Prasad, K. Adv. Synth.
Catal. 2004, 346, 889.

(15) For the problems associated with the use of oxidants in
pharmaceutical synthesis, see: Caron, S.; Dugger, R. W.; Ruggeri, S. G,;
Ragan, J. A; Ripin, D. H. B. Chem. Rev. 2006, 106, 2943.

(16) Although the exact role of acetic acid is unclear now, we
speculate that it helps cathodic reduction by providing protons. Thus,
the unwanted reduction of solvent, substrates, or products can be
avoided.

(17) The oxidation potentials (Ep /2 v8 SCE) measured in MeCN for
the substrates leading to 28—30 are 143, 1.54, and 1.56 V,
respectively. The latter two potentials are close to the decomposition
potential of DMA. Additionally, oxidation of the cyano-containing
substrate most likely starts from the alkenyl moiety (E,/, = 1.66 V)
instead of the carbamate group (EP ;=197 V).

(18) Aza-Heck cyclization of hinder alkenes to form lactams bearing
terminal alkenes has been reported recently: Shuler, S. A.; Yin, G;
Krause, S. B.; Vesper, C. M.; Watson, D. A. J. Am. Chem. Soc. 2016,
138, 13830.

(19) Corey, E. J.; Helal, C. J. Angew. Chem., Int. Ed. 1998, 37, 1986.

(20) VanRheenen, V.; Kelly, R. C;; Cha, D. Y. Tetrahedron Lett. 1976,
17, 1973.

(21) Elamparuthi, E; Fellay, C; Neuburger, M,; Gademann, K.
Angew. Chem,, Int. Ed. 2012, 51, 4071.

DOI: 10.1021/jacs.7b01016
J. Am. Chem. Soc. 2017, 139, 2956—2959


http://dx.doi.org/10.1021/jacs.7b01016

