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Anton Axelsson,” Mathias Westerlund,”” Savannah C. Zacharias,”™ August Runemark,®

Matti Haukka,” and Henrik Sundén*® "

An oxidative NHC-catalyzed kinetic resolution (KR) of racemic
mixtures is presented. The developed reaction furnishes tricyclic
dihydropyranones with three contiguous stereocenters in
excellent dia- and enantioselectivity, with good-to-moderate
yields. Mechanistic studies indicate that the rate-determining
step of the reaction is the formation of the Breslow intermedi-
ate, while the selectivity determining step occurs later in the
mechanism. The presented methodology enables rapid syn-
thesis of complex structures in a single step.

Synthesis of enantioenriched materials is central to organic
chemistry. A common strategy for accessing enantioenriched
products is to use an enantioselective catalyst to resolve
racemic mixtures. The first report of this strategy dates back to
1858 when Pasteur reported the enzymatic kinetic resolution of
tartaric acid.” Since then, resolution of racemic mixtures has
become an important field that has grown tremendously and a
wide range of methods have been reported.”’

N-heterocyclic carbenes (NHCs) have gained widespread
attention as effective organocatalysts for an impressive range of
transformations.”! Lately, they have also proved effective
catalysts for resolution of racemic mixtures Suzuki etal.
reported the first NHC-catalyzed resolution, an enantioselective
acylation of secondary alcohols with vinyl acetate via a kinetic
resolution (KR) strategy (Scheme 1A).” In a kinetic resolution, a
chiral reagent is used to distinguish between the two
enantiomers by a difference in reaction rate, leading to
enantioenriched materials. NHC-catalyzed kinetic resolutions
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Scheme 1. NHC-catalyzed resolutions of racemic mixtures.

have proven to be a powerful tool and have been applied to a
wide range of substrates including sulfoximines,® azomethine
imines,”’ secondary amines,”® axially chiral diols,” and formyl 8-
lactams.™ Kinetic resolutions have an intrinsic limitation to a
maximum yield of 50%. However, in dynamic kinetic resolutions
(DKRs) the two enantiomers rapidly interconvert, and a
maximum yield of 100% is possible (Scheme 1B). A prerequisite
for a successful DKR is that the rate of racemization of the
substrate is significantly higher than the rate of reaction for the
slow reacting isomer (k. > k). In DKRs, the interconversion is
often based on either deprotonation of labile protons or redox
racemization."” For example, in 2014 Scheidt and co-workers
reported an NHC-catalyzed DKR, in the synthesis of bicyclic -
lactones from enals containing a 1,3- dicarbonyl moiety."?

Since then, NHCs have been used for the DKR of a-
ketoesters," 6-hydroxypyranones and ketoacids."

Here, we present a method for the asymmetric synthesis of
chroman-substituted dihydropyranones with three contiguous
stereocenters by an NHC-catalyzed KR (Scheme 1CQ).

Initially, we wished to investigate how chromanaldehydes
such as 1 behaved in the NHC-catalyzed oxidative cyclization

© 2021 The Authors. European Journal of Organic Chemistry
published by Wiley-VCH GmbH
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with 1,3-dicarbonyls (Scheme 2), as first reported by Studer and
co-workers."? Chromane is a privileged scaffold in medicinal
chemistry,"” and several drugs and bioactive natural products
contain a tricyclic chromane core as found in 2, for instance
nabilone,"® tetrahydrocannabinol"® and the ohioensins.”® a,f-
Disubstituted enals are known to give dihydropyranones in
poor diastereoselectivity,"® which inspired Xu et al. to design a
new NHC-catalyst that displayed moderate to good
diastereoselectivity.”” Furthermore, Biju and co-workers have
shown that coumarins are an excellent substrate for the
synthesis of tricyclic dihydropyranones.”? However, there are
no reports on the effect of cyclic enals or the presence of an
existing stereocenter in the annulation.

When rac-1 and benzyl acetoacetate was treated with NHC
4, oxidant 3 and sodium acetate in THF, the tricyclic dihydropyr-
anone 2 was isolated in 14% vyield and exquisite diastereose-
lectivity (Scheme 2A). A measurement of the optical rotation
confirmed that the reaction is in fact a kind of resolution (
[@]? = 103°). When (R)-1 was reacted under the same reaction
conditions with either 4 (Scheme 2B) or ent-4 (Scheme 2C), the
product 2 formed in the former case (26 % yield) but not in the
latter. The product obtained from (R)-1 exhibited similar optical
rotation as the one obtained using rac-1 ([a]?’ = 106° vs.
[@]? = 103°) which confirmed that the reaction is a resolution
and that the stereochemistry of C9 2 is S.

With a greater understanding of the reaction, an optimiza-
tion process was initiated (Table 1). Due to simpler purification,
the optimization was performed using ethyl acetoacetate and
not benzyl acetoacetate. Using the standard conditions dihy-
dropyranone 11 was formed in 23% yield and 98:2 er, with
maintained exquisite diastereoselectivity. One of the other main
products of the reaction is an unstable acyclic enol ester of the
acetoacetate that could be isolated in 5% yield (see Supporting
Information). The reaction proved highly sensitive to the choice
of NHC catalyst, of the investigated precatalyst only 4 proved
capable of yielding 11 (Table 1, entry 2). The reaction was then
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Scheme 2. Initial results for the NHC-catalyzed synthesis of dihydropyra-
nones by resolution.
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Table 1. Optimization of reaction conditions.”
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r ] ] 10
Entry NHC Base Solvent Yield® er
1 4 NaOAc THF 23% 98:2
2 5-10 NaOAc THF 0% -
3¢ 4 NaOAc THF 15% 98:2
4 4 Cs,CO, THF 24% 97:3
5 4 DBU THF 22% 92:8
6 4 DABCO THF 35% 95:5
7 4 NaOBz THF 37% 97:3
8 4 NaOBz PhMe 0% -
9 4 NaOBz Dioxane 8% -
10 4 NaOBz DCM 5% -
11 4 NaOBz EtOAc 31% 98:2
12 4 NaOBz MTBE 24% 97:3
13 4 NaOBz THF 24% 98:2
149 4 NaOBz THF 15% 97:3

[a] 1 (1 equiv.), ethyl acetoacetate (1 equiv.), solvent (0.1 M), performed at
rt for 24 h. [b] Determined by 'H NMR using DMF as an internal standard.
[c] Using 0.5 equiv. of 3.[d] Isolated yield. [e] Performed at 0°C for 48 h. [f]
Performed using 2 equiv. of ethyl acetoacetate.
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performed using 0.5 equiv. of oxidant 3 to gain further
information of how the resolution proceeds (Table 1, entry 3).
The reaction yielded 11 in 15% vyield with maintained
enantioselectivity together with 50% of aldehyde 1. Surpris-
ingly, the er of the isolated aldehyde was 55:45 favoring the R-
enantiomer, meaning that the enantiomer which yields the
dihydropyranone actually reacts slower than its antipode.
Moreover, this experiment told us that the resolution occurs
after the oxidation step in the mechanistic cycle. A wide range
of bases was screened (optimization in Supporting Information).
Using the stronger base Cs,CO; gave a similar yield as NaOAc
but with slightly reduced enantioselectivity. The organic base
DABCO gave 11 in 35% yield and 95:5 er. The best results were
obtained using sodium benzoate (NaOBz), which yielded 11 in
37% yield and 97:3 er. A solvent screen showed that PhMe,
dioxane and DCM were unsuitable as reaction solvents, giving
11 in very low yields (Table 1, entry 8-10). Using EtOAc, 11 was
obtained in 31% yield and 98:2 er (Table 1, entry 11).

With methyl tert-butyl ether (MTBE) as reaction solvent, the
yield was reduced and the enantioselectivity maintained as
compared to THF (Table 1, entry 12). Performing the reaction at
0°C instead of room temperature resulted in a significantly
reduced reaction rate and only slightly increased enantioselec-

© 2021 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH
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tivity, yielding 11 in 24% and 98:2 er. A wide range of different
stoichiometries and different additives such as Lewis acids,
proton shuttles and crown ethers were also screened, but no
change from entry 7 proved beneficial. For instance, using
2 equiv. of ethyl acetoacetate yielded 11 in 15% yield and 97:3
er. The lack of complete mass balance can be explained by
parasitic side reactions, one being the enol ester of the
acetoacetate and the other one a Knoevenagel condensation.
With an optimized procedure in hand, we continued to
evaluate the scope of this kinetic resolution (Scheme 3). Using
other ketoesters than ethyl acetoacetate gave lower yields but
with a maintained high enantioselectivity, for instance product
2 and 12 that were isolated in 19% vyield and in 95:5 er and
20% yield and in 98:2 respectively. Crystal structure elucidation
of product 13 revealed the relative stereochemistry of the three
consecutive stereocenters. The hydrogens of the chiral centers,
C8 and C23, and the pending phenyl moiety are syn to one
another. Chromenaldehydes with electron poor aryl substitu-
ents at C9 give higher yields than the electron rich counter-
parts, with consistently high enantioselectivity. For instance,
fluorinated dihydropyranone 14 was isolated in 33% yield and
96:4 er. Ester substituted chromenaldehydes can also be used
as substrates in the KR and diester 15 could be isolated in 39%
yield and 95:5 er. Furthermore, alkyl substituted chromenalde-
hydes are well tolerated by the reaction affording 16 and 19 in
95:5 and 92:8 er, respectively. Using cyclohexan-1,3-dione as
the nucleophile in the reaction gave tetracyclic dihydropyr-
anone 17 in 18% yield as an almost racemic mixture, 55:45 er.
The reason for the dramatic drop in selectivity with cyclohexan-

3 (1 equiv.)
cat. 4 (10 mol%) R? Z 0
NaObz (50 mol%)

THF, r.t.

1, 37%, 97:3 er
13 o

18, 25%, 6:4:1 dr, 82:16 er 19, 30%, 92:8 er

20, 19%, 98:2 er

Scheme 3. Scope of the kinetic resolution.
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1,3-dione is not currently understood, but similar effects have
been previously observed.”® Another surprising result was
obtained using a chromenaldehyde with a chloro-substituent.
This resulted in dihydropyranone 18, where the chloro is bound
to C20, in a 25% yield with an 82:18 er, and 6:4:1 dr. This is
the first instance where any trace of another diastereomer was
observed.

In order to probe the mechanism of dihydropyranone
formation, kinetic studies were performed using gas chromato-
graph equipped with a flame ionization detector (GC-FID) (see
Supporting Information). This revealed that the global reaction
order for this KR is one (Figure 1).

A reaction order of one means that the rate determining
step (RDS) cannot involve more than one molecule of either
aldehyde, oxidant or ethyl acetoacetate since this would result
in a reaction order higher than one. The generally accepted
mechanism for dihydropyranone formation is seen in
Scheme 4. Potentially, there are three different processes that
could be the rate determining step. This could be either: (1)
nucleophilic addition of carbene I to the aldehyde to yield /i,
(2) formation of the Breslow intermediate IV from the tetrahe-
dral intermediate, or (3) deprotonation of ethyl acetoacetate to
yield VI.

The observation that the rate did not change significantly
when using DABCO instead of NaOBz suggests that the
deprotonation of ethyl acetoacetate is not rate determining
since DABCO is a weaker base (pK, 8.9 vs. 11.1 in DMS0O)**
assuming similar RDS in both cases. Several computational
studies have shown that the formation of lll is more facile than
the subsequent proton transfer to yield the Breslow intermedi-
ate IV."! Smith et al. have reported that the formation of the
Breslow intermediate is three to four orders of magnitude
slower than the formation of the tetrahedral intermediate for a

NHC.HX (10 mol%) o
3-iPr (1 equiv.)
©j§\/§o . /ﬁ\/ﬁ\ NaOBz (50 mol%) E0” Y0
_—
0~ “Ph OEt THE (o]
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o |
Q .
\ q‘\
S *
..
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@ i J
T T T T T T T
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Figure 1. Determination of reaction order with respect to 1. The overall
reaction order for this KR is one.
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Scheme 4. Proposed mechanism for dihydropyranone formation.

range of substituted benzaldehydes.” In light of this, we

propose that the RDS of this transformation is the formation of
the Breslow intermediate IV. As the RDS lies before any of the
selectivity determining steps, these cannot be probed by kinetic
studies.

Conclusion

The developed methodology enables rapid access to structur-
ally complex dihydropyranones containing three consecutive
stereocenters. The reaction is characterized by high levels of
diastereoselectivity and enantioselectivity, with moderate to
good yields. Kinetic experiments showed that the reaction
follows an overall first reaction order, which supports the
formation of the Breslow intermediate as the rate determining
step. However, the selectivity determining step lies after the
oxidation event, which hinders further interrogation by kinetic
measurements. The presented methodology showcases the
potential of NHC-catalyzed resolution of racemic mixture via
complexity generating reactions.

Author Contributions

All authors have given approval to the final version of the
manuscript.

Notes

The Authors declare no competing financial interest.

Eur. J. Org. Chem. 2021, 3657 -3661 www.eurjoc.org

Acknowledgements

Funding from the Swedish Research Council (VR 2014-04664 and
Formas 2016-00484, 2019-00699) is gratefully acknowledged.
S.C.Z thanks Olle Engkuvist Stiftelse and A-forsk Foundation for the
postdoctoral fellowship funding.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Organocatalysis - Oxidative NHC - NHC - Structurally
divergent resolution

[1] a) L. Pasteur, Mémoire sur la fermentation de l'acide tartrique, 1858;
b) G. B. Kauffman, R. D. Myers, Chem. Educ. 1998, 3, 1-4.

[2] a) T. Kawabata, M. Nagato, K. Takasu, K. Fuji, J. Am. Chem. Soc. 1997,

119, 3169-3170; b) J. M. Keith, J. F. Larrow, E. N. Jacobsen, Adv. Synth.

Catal. 2001, 343, 5-26; c) J. R. Dehli, V. Gotor, Chem. Soc. Rev. 2002, 31,

365-370; d) C. E. Muller, P. R. Schreiner, Angew. Chem. Int. Ed. 2011, 50,

6012-6042; Angew. Chem. 2011, 123, 6136-6167.

a) E. Dieter, N. Oliver, H. Alexander, Chem. Rev. 2007, 107, 5606-5655;

b) X. Bugaut, F. Glorius, Chem. Soc. Rev. 2012, 41, 3511-3522; c) H. U.

Vora, P. Wheeler, T. Rovis, Adv. Synth. Catal. 2012, 354, 1617-1639;

d) M. N. Hopkinson, C. Richter, M. Schedler, F. Glorius, Nature 2014, 510,

485-496; e) D. M. Flanigan, F. Romanov-Michailidis, N. A. White, T. Rovis,

Chem. Rev. 2015, 115, 9307-9387; f)R.S. Menon, A.T. Biju, V. Nair,

Chem. Soc. Rev. 2015, 44, 5040-5052; g) C. Zhang, J. F. Hooper, D. W.

Lupton, ACS Catal. 2017, 7, 2583-2596; h)S. Mondal, S.R. Yetra, S.

Mukherjee, A.T. Biju, Acc. Chem. Res. 2019, 52, 425-436; i) A. Ghosh,

A. T. Biju, Angew. Chem. Int. Ed. 2021, 60, 2-15; Angew. Chem. 2021, 133,

2-2.

[4] a) S. Chen, Y. H. Shi, M. Wang, Chem. Asian J. 2018, 13, 2184-2194; b) C.
De Risi, O. Bortolini, G. Di Carmine, D. Ragno, A. Massi, Synthesis 2019,
51,1871-1891.

[5] Y. Suzuki, K. Yamauchi, K. Muramatsu, M. Sato, Chem. Commun. 2004,
2770-2771.

[6] S.Dong, M. Frings, H. Cheng, J. Wen, D. Zhang, G. Raabe, C. Bolm, J. Am.
Chem. Soc. 2016, 138, 2166-2169.

[71 M. Wang, Z. Huang, J. Xu, Y. R. Chi, J. Am. Chem. Soc. 2014, 136, 1214~
1217.

[8] M. Binanzer, S.-Y. Hsieh, J. W. Bode, J. Am. Chem. Soc. 2011, 133, 19698-
19701.

[9] a) S. Ly, S. B. Poh, Y. Zhao, Angew. Chem. Int. Ed. 2014, 53, 11041-11045;
Angew. Chem. 2014, 126, 11221-11225; b) G. Yang, D. Guo, D. Meng, J.
Wang, Nat. Commun. 2019, 10, 3062.

[10] G-Q. Li, Y. Li, L-X. Dai, S-L. You, Adv. Synth. Catal. 2008, 350, 1258-
1262.

[11] F.F. Huerta, A. B. E. Minidis, J.-E. Backvall, Chem. Soc. Rev. 2001, 30, 321-
331.

[12] D.T. Cohen, C.C. Eichman, E. M. Phillips, E.R. Zarefsky, K. A. Scheidt,
Angew. Chem. Int. Ed. 2012, 51, 7309-7313; Angew. Chem. 2012, 124,
7421-7425.

[13] a) C. G. Goodman, J.S. Johnson, J. Am. Chem. Soc. 2014, 136, 14698-
14701; b) C. G. Goodman, M. M. Walker, J. S. Johnson, J. Am. Chem. Soc.
2015, 137, 122-125; ¢) Z. Wu, F. Li, J. Wang, Angew. Chem. Int. Ed. 2015,
54,1629-1633; Angew. Chem. 2015, 127, 1649-1653.

[14] C. Zhao, F. Li, J. Wang, Angew. Chem. Int. Ed. 2016, 55, 1820-1824;
Angew. Chem. 2016, 128, 1852-1856.

[15] S. Mondal, S. Mukherjee, T.K. Das, R. Gonnade, A.T. Biju, ACS Catal.
2017, 7, 3995-3999.

[16] S. De Sarkar, A. Studer, Angew. Chem. Int. Ed. 2010, 49, 9266-9269;
Angew. Chem. 2010, 122, 9452-9455.

[17] a) K. C. Nicolaou, J. A. Pfefferkorn, A. J. Roecker, G. Q. Cao, S. Barluenga,
H. J. Mitchell, J. Am. Chem. Soc. 2000, 122, 9939-9953; b) D. A. Horton,
G.T. Bourne, M. L. Smythe, Chem. Rev. 2003, 103, 893-930.

18] L. Lemberger, H. Rowe, Clin. Pharmacol. Ther. 1975, 18, 720-726.

19] Y. Gaoni, R. Mechoulam, J. Am. Chem. Soc. 1964, 86, 1646-1647.

[3

O 0o

3660 © 2021 The Authors. European Journal of Organic Chemistry published

by Wiley-VCH GmbH


https://doi.org/10.1021/ja963275g
https://doi.org/10.1021/ja963275g
https://doi.org/10.1002/1615-4169(20010129)343:1%3C5::AID-ADSC5%3E3.0.CO;2-I
https://doi.org/10.1002/1615-4169(20010129)343:1%3C5::AID-ADSC5%3E3.0.CO;2-I
https://doi.org/10.1039/b205280f
https://doi.org/10.1039/b205280f
https://doi.org/10.1039/c2cs15333e
https://doi.org/10.1002/adsc.201200031
https://doi.org/10.1038/nature13384
https://doi.org/10.1038/nature13384
https://doi.org/10.1021/acs.chemrev.5b00060
https://doi.org/10.1039/C5CS00162E
https://doi.org/10.1021/acscatal.6b03663
https://doi.org/10.1021/acs.accounts.8b00550
https://doi.org/10.1002/asia.201800537
https://doi.org/10.1039/b411855c
https://doi.org/10.1039/b411855c
https://doi.org/10.1021/jacs.6b00143
https://doi.org/10.1021/jacs.6b00143
https://doi.org/10.1021/ja411110f
https://doi.org/10.1021/ja411110f
https://doi.org/10.1021/ja209472h
https://doi.org/10.1021/ja209472h
https://doi.org/10.1002/anie.201406192
https://doi.org/10.1002/ange.201406192
https://doi.org/10.1002/adsc.200800071
https://doi.org/10.1002/adsc.200800071
https://doi.org/10.1039/b105464n
https://doi.org/10.1039/b105464n
https://doi.org/10.1002/anie.201203382
https://doi.org/10.1002/ange.201203382
https://doi.org/10.1002/ange.201203382
https://doi.org/10.1021/ja508521a
https://doi.org/10.1021/ja508521a
https://doi.org/10.1021/ja511701j
https://doi.org/10.1021/ja511701j
https://doi.org/10.1002/anie.201410030
https://doi.org/10.1002/anie.201410030
https://doi.org/10.1002/ange.201410030
https://doi.org/10.1002/anie.201508205
https://doi.org/10.1002/ange.201508205
https://doi.org/10.1021/acscatal.7b00681
https://doi.org/10.1021/acscatal.7b00681
https://doi.org/10.1002/anie.201004593
https://doi.org/10.1002/ange.201004593
https://doi.org/10.1021/ja002033k
https://doi.org/10.1021/cr020033s
https://doi.org/10.1002/cpt1975186720
https://doi.org/10.1021/ja01062a046
https://doi.org/10.1021/ja01062a046

Chemistry

icati Europe
EurJOC Communlcatlons . European Chemical
European Journal of Organic Chemistry dOl.OI‘g/lO.1002/ej0C.202100491 Societies Publishing

[20] a) G. Q. Zheng, C.J. Chang, T.J. Stout, J. Clardy, J. M. Cassady, J. Am. [25] a) Y. Qiao, X. Chen, D. Wei, J. Chang, Sci. Rep. 2016, 6, 38200; b) K. J.

Chem. Soc. 1989, 111, 5500-5501; b) G. Q. Zheng, C. J. Chang, T. J. Stout, Hawkes, B. F. Yates, Eur. J. Org. Chem. 2008, 2008, 5563-5570.
J. Clardy, D. K. Ho, J. M. Cassady, J. Org. Chem. 1993, 58, 366-372. [26] C.J. Collett, R.S. Massey, J. E. Taylor, O. R. Maguire, A. C. O'Donoghue,
[21] H. Lu, J.-Y. Liu, C.-G. Li, J.-B. Lin, Y.-M. Liang, P.-F. Xu, Chem. Commun. A. D. Smith, Angew. Chem. Int. Ed. 2015, 54, 6887-6892; Angew. Chem.
2015, 57, 4473-4476. 2015, 127, 6991-6996.
[22] S.R. Yetra, T. Roy, A. Bhunia, D. Porwal, A. T. Biju, J. Org. Chem. 2014, 79,
4245-4251.

[23] a)S.J. Ryan, L. Candish, D.W. Lupton, J. Am. Chem. Soc. 2009, 131,
14176-14177; b) J. Mahatthananchai, J. Kaeobamrung, J. W. Bode, ACS
Catal. 2012, 2, 494-503.

[24] a) M. M. Kreevoy, Y. Wang, J. Phys. Chem. 1977, 81, 1924-1928; b) W. N. Manuscript received: April 20, 2021
Olmstead, F. G. Bordwell, J. Org. Chem. 1980, 45, 3299-3305. Revised manuscript received: June 13, 2021

Eur. J. Org. Chem. 2021, 3657 - 3661 WWwWw.eurjoc.org 3661 © 2021 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH


https://doi.org/10.1021/ja00196a085
https://doi.org/10.1021/ja00196a085
https://doi.org/10.1021/jo00054a019
https://doi.org/10.1039/C5CC00118H
https://doi.org/10.1039/C5CC00118H
https://doi.org/10.1021/jo500693h
https://doi.org/10.1021/jo500693h
https://doi.org/10.1021/ja905501z
https://doi.org/10.1021/ja905501z
https://doi.org/10.1021/cs300020t
https://doi.org/10.1021/cs300020t
https://doi.org/10.1021/j100535a008
https://doi.org/10.1021/jo01304a033
https://doi.org/10.1002/anie.201501840
https://doi.org/10.1002/ange.201501840
https://doi.org/10.1002/ange.201501840
https://doi.org/10.1002/ange.201501840

