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Gold(I)-Catalyzed Enantioselective Desymmetrization of 1,3-Diols
through Intramolecular Hydroalkoxylation of Allenes
Weiwei Zi and F. Dean Toste*

Abstract: A gold(I)-catalyzed enantioselective desymmetriza-
tion of 1,3-diols was achieved by intramolecular hydroalkox-
ylation of allenes. The catalyst system 3-F-dppe(AuCl)2 /(R)-
C8-TRIPAg proved to be specifically efficient to promote the
desymmetrizing cyclization of 2-aryl-1,3-diols, which have
proven challenging substrates in previous reports. Multisub-
stituted tetrahydrofurans were prepared in good yield with
good enantioselectivity and diastereoselectivity by this method.

Asymmetric desymmetrization of prochiral 1,3-diols pro-
vides an indirect but powerful way to form stereogenic
centers, especially for the synthesis of chiral all-carbon
quaternary centers.[1] During the past decade, substantial
effort has been made towards the development of methods
for the enantioselective intermolecular desymmetrization of
such substrates;[2,3] however, intramolecular asymmetric
desymmetrization reactions of 1,3-diols to generate two or
more stereogenic centers have only recently been realized by
organocatalysis.[4] Sun et al. described a chiral phosphoric
acid-catalyzed intramolecular transacetalization of 1,3-diols
to form tetrahydrofuran skeletons with high efficiency and
stereoselectivity.[4a] Yeung et al. reported enantioselective
desymmetrizing bromoetherification reactions of olefinic
1,3-diols catalyzed by a quinidine derived amino-thiocarba-
mate[4b] or a C2 symmetric sulfide.[4c]

In contrast, transition-metal catalyzed reactions for the
intramolecular asymmetric desymmetrization of 1,3-diols
have been far less explored.[5] Palladium-catalyzed asymmet-
ric C¢O bond formation, including allylic alkylation reac-
tion[5a] and Ullmann-type coupling reaction,[5b] were designed
for this purpose; however, only modest enantioselectivities
were obtained. A copper-catalyzed consecutive desymmetri-
zation and kinetic resolution sequence was designed to obtain
highly enantioenriched products.[5c]

Gold-catalyzed asymmetric hydrofuctionalization of
allenes has drawn extensive interest during the last
decade.[6] These reactions serve as atom-economical and
highly stereoselective methods to assemble commonly
encountered heterocycle motifs found in natural products
and bioactive molecules. Despite these achievements, no
succesful method has been established to construct hetero-
cycles incorperating more than one stereocenter via these
transformations. In 2007, our group reported an enantiose-

lective hydroalkoxylation of allenes enabled by a chiral
counter anion strategy.[7] Herein we disclose our recent efforts
towards a gold-catalyzed desymmetrizing hydroalkoxylation
of allenes that implements this same tactic, and provides
access to multisubstituted tetrahydrofurans containing two
stereogenic centers with good enantioselectivity and excellent
diastereoselectivity.

Previous studies have demonstrated that the chiral
induction induced by a chiral counteranion can be sharply
modulated by achiral ligands.[8] Thus, our exploration com-
menced with the examination of varying achiral phosphine
ligands and their synergistic properties in combination with
Ag-(S)-TRIP in the desymmetrization of 1,3-diols. The fact
that 2-aryl-1,3-diol (R = Ar, Figure 1) derived substrates were

absent in Sun and YeungÏs reports,[4] prompted us to employ
2-phenyl substituted 1,3-diol 1a as the model substrate
(Table 1). Various mono- and bis-phosphines ligands for
gold were first investigated. Excellent diastereoselectivity and
reactivity was obtained with monophosphine ligands (Ph3P,
tBu3P); however, the enantioselectivity was very low
(entries 1 and 2). Switching to the a bisphosphine ligand,
diphenylphosphinomethane (dppm), produced an improve-
ment in the enantioselectivity of the reaction, but with a slight
loss of diastereoselectivity (d.r. = 15:1, 50% ee). Other
bisphosphine ligands were subsequently examined (entries 4
and 5).[9] Among them, diphenylphosphinoethane (dppe)
proved optimal not only in enantioselectivity but also in
diastereoselectivity (> 25:1 d.r., 57% ee).

Further optimization of the ligand focused on the adjust-
ment of its electronic properties. Neither strongly electron-
donating groups (4-MeO) nor strongly electron-withdrawing
groups (4-CF3) were beneficial to the reaction (entries 4, 6

Figure 1. Strategies for enantioselective intramolecular desymmetriza-
tion of 1,3-diols.
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and 7). However, a mild electron withdrawing group (4-F)
increased the ee to 66 % (entry 8). Additional enhancement of
the enantioselectivity was observed by employing 3-F-dppe as
the ligand instead of 4-F-dppe (70 % ee, entry 9). The
structure of the counter anion was also examined, with (R)-
C8-TRIP providing the desired product 2a in 94% yield with
87% ee as a single diastereoisomer (entry 12). Finally,
performing the reaction at increased dilution and low
temperature resulted in further improvements to the enan-
tioselectivity (entries 13, 14).

With the optimal reaction conditions in hand, we next
examined the substrate scope of this reaction (Table 2). The
allene moiety (R2) was investigated, with six-membered ring
substituent on the allene affording the desired product 2b in
95% yield with 90% ee (entry 2). By contrast, slightly poorer
results were obtained for the five-membered ring containing
substrate (entry 3). Substrates with an electron-withdrawing
group (F, Cl, Br, CF3), an electron-donating group (EtO, Me),
or two substituents on the aryl ring all were well-tolerated
(entries 4 to 14). Additionally, reactions for substrates bearing
a naphthalene or indole proceeded smoothly under the
standard reaction conditions (entries 15 and 16).

We next turned our attention to substrates varying at the
nascent desymmetrized quaternary carbon. When a benzyl

Table 1: Optimization of the reaction conditions.[a]

Entry[a] Ligand Anion d.r.[b] Yield
[%][c]

ee
[%][d]

1 Ph3P (S)-TRIP >25:1 90 ¢28
2 tBuP3 (S)-TRIP >25:1 >95 ¢4
3 dppm (S)-TRIP 15:1 87 ¢50
4 dppe (S)-TRIP >25:1 93 ¢57
5 dppp (S)-TRIP 18:1 >95 ¢41
6 4-MeO-dppe (S)-TRIP >25:1 >95 ¢39
7 4-CF3-dppe (S)-TRIP 14:1 84 ¢28
8 4-F-dppe (S)-TRIP >25:1 >95 ¢66
9 3-F-dppe (S)-TRIP >25:1 >95 ¢70
10 3-F-dppe (R)-H8-TRIP 18:1 >95 81
11[e] 3-F-dppe (R)-C8-TCYP >25:1 >95 83
12 3-F-dppe (R)-C8-TRIP >25:1 94 87
13[f ] 3-F-dppe (R)-C8-TRIP >25:1 92 91
14[f,g] 3-F-dppe (R)-C8-TRIP >25:1 >95 93

[a] Reaction conditions: 2.5 mol% L(AuCl)2 or 5.0 mol% LAuCl, 5 mol%
AgX*, 0.05 mmol substrate in 0.5 mL toluene (C = 0.1m), room
temperature, 2 h. [b] d.r. was determined by 1H NMR analysis of the
crude product. [c] 1H NMR yield based on internal standard. [d] Deter-
mined by chiral HPLC. [e] Full conversion after 12 h. [f ] C =0.01m.
[g] Reaction was run at ¢10 88C with 20 mg 4 ç molecular sieve as
additive.

Table 2: Scope of substrates.[a,b]

[a] Reaction conditions: 2.5 mol% 3-F-dppe(AuCl)2, 5 mol% (R)-C8-
TRIPAg, 0.1 mmol substrate in 10 mL toluene (C = 0.01m), 40 mg 4 ç
molecular sieve, ¢10 88C for 24 h. See Supporting Information for details.
[b] d.r. was determined by 1H NMR analysis of the crude product and ee
was determined by chiral HPLC. Isolated yield. [c] ¢35 88C for 60 h.
[d] ¢10 88C for 72 h. [e] 20 88C for 24 h.
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group was introduced, modified conditions (¢35 88C, 60 h)
were needed to maintain good enantioselectivity (entry 17).
A substrate with a cinnamyl group was also tested, giving the
hydroalkoxylation product 2r in 87 % yield, without forma-
tion of any [2++2] adduct (entry 18).[10] Similarly, no hydro-
arylation of allene was observed during the preparation of 2s
by this method (entry 19).[11] These results further demon-
strate counterion-controlled reactivity in homogeneous gold
catalysis.[12] Finally, the reaction was easily extended to
a substrate incorporating a protected amine functionality at
the C2 position. While prolonged reaction time was required,
the desired tetrahydrofuran with a protected amine moiety
was isolated in 74 % yield with 87 % enantioselectivity
(entry 20). Attempts to prepare tetrahydropyran product 2u
by this desymmetrization method under the standard con-
ditions (¢10 88C for 24 h) resulted in low conversion (< 10 %).
Elevated reaction temperature expedited the transformation,
however, modest diastereoselectivity and enantioselectivity
was obtained (d.r. = 3.8:1, 69% ee, entry 21).[13]

The absolute stereochemistry of the hydroalkoxylation
product 1 a was determined by transformation to its sulfony-
lated derivative 3 (Figure 2). X-ray crystallographic analysis

of 3 confirmed its structure and disclosed the absolute
configuration as 2S, 4S.[14] Synthetic transformation of the
desymmetrization products are illustrated in Scheme 1. The
alkene moiety in 2a was readily converted to the correspond-
ing aldehyde, which was transformed to a,b-unsaturated ester
using the Hornor–Wadsworth–Emmons olefination reaction.
Moreover, the hydroxy in 2a was extended to an ester by
oxidation/olefination sequence. Additionally, spirocyclic
ether 2ma was prepred through an Ullmann-type C¢O

bond formation reaction of the adduct (2m) bearing a halogen
group at ortho position on the phenyl ring.

To gain insight into the mechanism, some control experi-
ments were conducted. First, when the gold catalyst was
omitted, no reaction occurred, excluding a chiral silver-
catalyzed hydroalkoxylation as the operative mechanism
[Scheme 2, Eq. (1)].[15] Second, the ratio of Au/Ag was

investigated. Although excess (R)-C8-TRIPAg had no obvi-
ous effect to the enantioselectivity, when a 2:1 ratio of Au/Ag
was employed, the enantiomeric excess dropped dramatically
to 78% [Scheme 2, Eq. (2)].[16] These observations raise the
possibility that both gold centers in the catalyst play an
important role in enantioinduction. While it is tempting to
invoke a mechanism involving dual activation of the allene
leading to a gem-diaurated intermediate, these species are
generally believed to be less reactive towards protodeaura-
tion and, therefore, lie off the catalytic cycle.[17] Moreover, we
observed a clear linear relationship[18] (r2 = 0.996) between
the enantiomeric excess of the phosphate catalyst and that of
the product (Figure 3). Therefore, it seems most plausible that

the second gold phosphate center in the dinuclear catalyst is
providing a structural or steric effect[19] rather than dual chiral
induction.

In summary, we have achieved the first gold(I)-catalyzed
enantioselective desymmetrization of 1,3-diols by intramo-
lecular hydroalkoxylation of allenes. With this method,
multisubstituted oxygen heterocycles, bearing all-carbon

Figure 2. Absolute stereochemistry of 3 determined by X-ray crystallog-
raphy.

Scheme 1. Synthetic transformation of the products. Reaction condi-
tions: a) O3, CH2Cl2, ¢78 88C then Me2S from ¢78 88C to room temper-
ature. b) (EtO)2P(O)CH2CO2Me, NaH, THF. c) Dess–Martin period-
inane, NaHCO3, CH2Cl2. d) CuI, NaH, toluene, 120 88C. See the Sup-
porting Information for details.

Scheme 2. Control experiments.

Figure 3. Relationship between the optical purity of product 2d and
catalyst using 3-F-dppe(AuCl)2/H8-TripAg in toluene.
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quaternary stereogenic centers are accessed in good yield
with high enantioselectivity and diastereoselectivity. Notably,
in addition to selecting the appropriate chiral anion, tuning of
the steric and electronic properties of the achiral phosphine
supporting ligand proved crucial to identifying the ideal
catalyst system. This reaction represents an important further
example of power of the chiral anion strategy for transition
metal catalysis.[20]
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[5] a) A. Kubiak, S. Porwański, A. Zawisza, Tetrahedron: Asymme-
try 2013, 24, 212 – 216; b) W. Yang, J. Yan, Y. Long, S. Zhang, J.
Liu, Y. Zeng, Q. Cai, Org. Lett. 2013, 15, 6022 – 6025; c) Y. S.
You, T. W. Kim, S. H. Kang, Chem. Commun. 2013, 49, 9669 –
9671; During the preparation of this manuscript, a copper-
catalyzed intramolecular desymmetrization of 1,3-diols was
reported, see: d) W. Yang, Y. Liu, S. Zhang, Q. Cai, Angew.
Chem. Int. Ed. 2015, 54, 8805 – 8808; Angew. Chem. 2015, 127,
8929 – 8932.

[6] For selected examples on asymmetric hydrofunctionalization of
allenes, see: a) K. Aikawa, M. Kojima, K. Mikami, Adv. Synth.
Catal. 2010, 352, 3131 – 3135; b) K. L. Butler, M. Tragni, R. A.

Widenhoefer, Angew. Chem. Int. Ed. 2012, 51, 5175 – 5178;
Angew. Chem. 2012, 124, 5265 – 5268; c) Z. Zhang, R. A.
Widenhoefer, Angew. Chem. Int. Ed. 2007, 46, 283 – 285;
Angew. Chem. 2007, 119, 287 – 289; d) Z. Zhang, C. F. Bender,
R. A. Widenhoefer, J. Am. Chem. Soc. 2007, 129, 14148 – 14149;
e) C. Liu, R. A. Widenhoefer, Org. Lett. 2007, 9, 1935 – 1938;
f) R. L. LaLonde, Z. J. Wang, M. Mba, A. D. Lackner, F. D.
Toste, Angew. Chem. Int. Ed. 2010, 49, 598 – 601; Angew. Chem.
2010, 122, 608 – 611; g) R. L. LaLonde, B. D. Sherry, E. J. Kang,
F. D. Toste, J. Am. Chem. Soc. 2007, 129, 2452 – 2453.

[7] a) G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Science 2007,
317, 496 – 499; b) R. L. LaLonde, Z. J. Wang, M. Mba, A. D.
Lackner, F. D. Toste, Angew. Chem. Int. Ed. 2010, 49, 598 – 601;
Angew. Chem. 2010, 122, 608 – 611. For reviews on asymmetric
gold catalysis: c) A. Pradal, P. Y. Toullec, V. Michelet, Synthesis
2011, 10, 1501 – 1514; d) S. Sengupta, X. Shi, ChemCatChem
2010, 2, 609 – 619; e) Y.-M. Wang, A. D. Lackner, F. D. Toste,
Acc. Chem. Res. 2014, 47, 889 – 901.

[8] For recent reviews on chiral anion in asymmetric catalysis: a) J.
Lacour, V. Hebbe-Viton, Chem. Soc. Rev. 2003, 32, 373 – 382;
b) M. Mahlau, B. List, Angew. Chem. Int. Ed. 2013, 52, 518 – 533;
Angew. Chem. 2013, 125, 540 – 556; c) K. Brak, E. N. Jacobsen,
Angew. Chem. Int. Ed. 2013, 52, 534 – 561; Angew. Chem. 2013,
125, 558 – 588; d) R. J. Phipps, G. L. Hamilton, F. D. Toste, Nat.
Chem. 2013, 6, 159 – 164.

[9] Sterically demanding chiral bisphosphine ligands ((R)- or (S)-
DTMB-Segphos and (R)- or (S)-MeO-DTBM-Biphep) were
also examined in combination with Ag-(S)-TRIP, resulting in
lower enantioselectivity and poor diastereoselectivity.

[10] M. R. Luzung, P. Mauleýn, F. D. Toste, J. Am. Chem. Soc. 2007,
129, 12402 – 12403.

[11] a) C. Liu, R. A. Widenhoefer, Org. Lett. 2007, 9, 1935 – 1938;
b) K. L. Toups, G. T. Liu, R. A. Widenhoefer, J. Organomet.
Chem. 2009, 694, 571 – 575.

[12] For review on counterion effects in homogeneous gold catalysis:
M. Jia, M. Bandini, ACS Catal. 2015, 5, 1638 – 1652.

[13] Attempts to optimize the reaction results for 2u by adjustment
of achiral bisphosphine gold or chiral silver phosphate all meet
failure.

[14] For supplementary crystallographic data see the Supporting
Information.

[15] Y. Wang, K. Zhang, R. Hong, J. Am. Chem. Soc. 2012, 134, 4096 –
4099.

[16] In stark contrast, Mikami and co-workers found that dicationic
BIPHEPgold(I) phosphate catalysts gave lower enenatioselec-
tivity in intramoleculer hydroalkoxylation reactions (see
Ref. [6a]).

[17] a) T. J. Brown, D. Weber, M. R. Gagn¦, R. A. Widenhoefer, J.
Am. Chem. Soc. 2012, 134, 9134 – 9137; b) G. Seidel, C. W.
Lehmann, A. Fîrstner, Angew. Chem. Int. Ed. 2010, 49, 8466 –
8470; Angew. Chem. 2010, 122, 8644 – 8648; c) D. Weber, T. D.
Jones, L. L. Adduci, M. R. Gagn¦, Angew. Chem. Int. Ed. 2012,
51, 2452 – 2456; Angew. Chem. 2012, 124, 2502 – 2506.

[18] For some reviews on the subject of NLEs, see: a) C. Girard, H. B.
Kagan, Angew. Chem. Int. Ed. 1998, 37, 2922 – 2959; Angew.
Chem. 1998, 110, 3088 – 3127; b) R. Noyori, Angew. Chem. Int.
Ed. Engl. 1991, 30, 49 – 69; Angew. Chem. 1991, 103, 34 – 55; c) J.
Inanaga, H. Furuno, T. Hayano, Chem. Rev. 2002, 102, 2211 –
2226.

[19] a) J. H. Kim, S. W. Park, S. R. Park, S. Lee, E. J. Kang, Chem.
Asian J. 2011, 6, 1982 – 1986; b) R. E. M. Brooner, R. A.
Widenhoefer, Organometallics 2012, 31, 768 – 771; c) M. Ban-
dini, A. Bottoni, M. Chiarucci, G. Cera, G. P. Miscone, J. Am.
Chem. Soc. 2012, 134, 20690 – 20700.

[20] For examples of chiral anion strategy in transition metal
catalysis, see: a) S. Mukherjee, B. List, J. Am. Chem. Soc. 2007,
129, 11336 – 11337; b) S. Liao, B. List, Angew. Chem. Int. Ed.

..Angewandte
Communications

14450 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14447 –14451

http://dx.doi.org/10.1002/anie.201006128
http://dx.doi.org/10.1002/anie.201006128
http://dx.doi.org/10.1002/ange.201006128
http://dx.doi.org/10.1039/c2cs35049a
http://dx.doi.org/10.1021/ja029708z
http://dx.doi.org/10.1021/ol063063g
http://dx.doi.org/10.1073/pnas.0607865104
http://dx.doi.org/10.1002/anie.200604977
http://dx.doi.org/10.1002/anie.200604977
http://dx.doi.org/10.1002/ange.200604977
http://dx.doi.org/10.1021/ja1103102
http://dx.doi.org/10.1002/anie.200805338
http://dx.doi.org/10.1002/anie.200805338
http://dx.doi.org/10.1002/ange.200805338
http://dx.doi.org/10.1021/ja507332x
http://dx.doi.org/10.1039/c2cc32736h
http://dx.doi.org/10.1039/c2cc32736h
http://dx.doi.org/10.1039/c3cc42365d
http://dx.doi.org/10.1039/c3cc42365d
http://dx.doi.org/10.1002/anie.200805334
http://dx.doi.org/10.1002/anie.200805334
http://dx.doi.org/10.1002/ange.200805334
http://dx.doi.org/10.1002/ange.200805334
http://dx.doi.org/10.1002/anie.201306801
http://dx.doi.org/10.1002/anie.201306801
http://dx.doi.org/10.1002/ange.201306801
http://dx.doi.org/10.1002/ange.201310136
http://dx.doi.org/10.1021/ja5029155
http://dx.doi.org/10.1021/ja5029155
http://dx.doi.org/10.1021/ol402911y
http://dx.doi.org/10.1039/c3cc45099f
http://dx.doi.org/10.1039/c3cc45099f
http://dx.doi.org/10.1002/anie.201503882
http://dx.doi.org/10.1002/anie.201503882
http://dx.doi.org/10.1002/ange.201503882
http://dx.doi.org/10.1002/ange.201503882
http://dx.doi.org/10.1002/adsc.201000672
http://dx.doi.org/10.1002/adsc.201000672
http://dx.doi.org/10.1002/anie.201201584
http://dx.doi.org/10.1002/ange.201201584
http://dx.doi.org/10.1002/anie.200603260
http://dx.doi.org/10.1002/ange.200603260
http://dx.doi.org/10.1021/ja0760731
http://dx.doi.org/10.1021/ol070483c
http://dx.doi.org/10.1002/anie.200905000
http://dx.doi.org/10.1002/ange.200905000
http://dx.doi.org/10.1002/ange.200905000
http://dx.doi.org/10.1021/ja068819l
http://dx.doi.org/10.1126/science.1145229
http://dx.doi.org/10.1126/science.1145229
http://dx.doi.org/10.1002/anie.200905000
http://dx.doi.org/10.1002/ange.200905000
http://dx.doi.org/10.1002/cctc.201000070
http://dx.doi.org/10.1002/cctc.201000070
http://dx.doi.org/10.1021/ar400188g
http://dx.doi.org/10.1039/b205251m
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/ange.201205343
http://dx.doi.org/10.1002/anie.201205449
http://dx.doi.org/10.1002/ange.201205449
http://dx.doi.org/10.1002/ange.201205449
http://dx.doi.org/10.1021/ja075412n
http://dx.doi.org/10.1021/ja075412n
http://dx.doi.org/10.1021/ol070483c
http://dx.doi.org/10.1016/j.jorganchem.2008.11.058
http://dx.doi.org/10.1016/j.jorganchem.2008.11.058
http://dx.doi.org/10.1021/cs501902v
http://dx.doi.org/10.1021/ja300453u
http://dx.doi.org/10.1021/ja300453u
http://dx.doi.org/10.1021/ja303844h
http://dx.doi.org/10.1021/ja303844h
http://dx.doi.org/10.1002/anie.201003349
http://dx.doi.org/10.1002/anie.201003349
http://dx.doi.org/10.1002/ange.201003349
http://dx.doi.org/10.1002/anie.201107659
http://dx.doi.org/10.1002/anie.201107659
http://dx.doi.org/10.1002/ange.201107659
http://dx.doi.org/10.1002/(SICI)1521-3773(19981116)37:21%3C2922::AID-ANIE2922%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1521-3757(19981102)110:21%3C3088::AID-ANGE3088%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1521-3757(19981102)110:21%3C3088::AID-ANGE3088%3E3.0.CO;2-A
http://dx.doi.org/10.1002/anie.199100491
http://dx.doi.org/10.1002/anie.199100491
http://dx.doi.org/10.1002/ange.19911030106
http://dx.doi.org/10.1021/cr010444t
http://dx.doi.org/10.1021/cr010444t
http://dx.doi.org/10.1002/asia.201100135
http://dx.doi.org/10.1002/asia.201100135
http://dx.doi.org/10.1021/om200948z
http://dx.doi.org/10.1021/ja3086774
http://dx.doi.org/10.1021/ja3086774
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1002/anie.200905332
http://www.angewandte.org


2010, 49, 628 – 631; Angew. Chem. 2010, 122, 638 – 641; c) G.
Jiang, R. Halder, Y. Fang, B. List, Angew. Chem. Int. Ed. 2011,
50, 9752 – 9753; Angew. Chem. 2011, 123, 9926 – 9929; d) V.
Rauniyar, Z. J. Wang, H. E. Burks, F. D. Toste, J. Am. Chem. Soc.
2011, 133, 8486 – 8489; e) A. S. Mourad, J. Leutzow, C. Czekelius,
Angew. Chem. Int. Ed. 2012, 51, 11149 – 11152; Angew. Chem.
2012, 124, 11311 – 11314; f) K. Ohmatsu, M. Ito, T. Kunieda, T.

Ooi, Nat. Chem. 2012, 4, 473 – 477; g) B. A. Studer, D. P. Curran,
Nat. Chem. 2014, 6, 765; h) H. M. Nelson, B. D. Williams, J. Mirý,
F. D. Toste, J. Am. Chem. Soc. 2015, 137, 3213 – 3216.

Received: September 6, 2015
Published online: September 30, 2015

Angewandte
Chemie

14451Angew. Chem. Int. Ed. 2015, 54, 14447 –14451 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/anie.200905332
http://dx.doi.org/10.1002/ange.200905332
http://dx.doi.org/10.1002/anie.201103843
http://dx.doi.org/10.1002/anie.201103843
http://dx.doi.org/10.1002/ange.201103843
http://dx.doi.org/10.1021/ja202959n
http://dx.doi.org/10.1021/ja202959n
http://dx.doi.org/10.1002/anie.201205416
http://dx.doi.org/10.1002/ange.201205416
http://dx.doi.org/10.1002/ange.201205416
http://dx.doi.org/10.1038/nchem.1311
http://dx.doi.org/10.1038/nchem.2031
http://dx.doi.org/10.1021/jacs.5b00344
http://www.angewandte.org

