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Abstract: The transformation of ortho-alkynylaryl ketones
through a cyclization/enantioselective-reduction sequence in
the presence of a chiral silver phosphate catalyst afforded 1H-
isochromene derivatives in high yield with fairly good to high
enantioselectivity. An asymmetric synthesis of the 9-
oxabicyclo[3.3.1]nona-2,6-diene framework, which has been
found in some biologically active molecules, is presented as
a demonstration of the synthetic utility of this method.

Isobenzopyrylium ions are stable oxonium cations owing to
their aromaticity as a 10 p-electron system. In general, these
cationic species have been generated in situ by various
methods for further manipulation, although the correspond-
ing salts can be isolated as air-stable solids with less
nucleophilic anions, such as BF4

� , and are utilized both for
the characterization of these distinctive species and in
electrophilic transformations.[1–5] Their high and unique
reactivity has attracted great attention during the past
decade, because these oxonium species undergo a diverse
array of transformations, including Diels–Alder reactions and
nucleophilic addition reactions,[2–4] and can be applied to the
synthesis of natural products and biologically relevant
molecules.[5] However, catalytic enantioselective reactions of
the isobenzopyrylium ions remain largely unexploited despite
their unique reactivity and synthetic utility, presumably owing
to the planar structure of the isobenzopyrylium ion, which
lacks apparent coordination sites that can interact with chiral
metal catalysts or organocatalysts.[6, 7] Indeed, successful
examples are quite limited and have been based on the use

of metal catalysts with electronically neutral chiral ligand(s).[6]

Hence, the development of enantioselective transformations
involving the isobenzopyrylium ion as a reactive intermediate
is still a challenging topic in synthetic organic chemistry.[8, 9] To
develop such a catalytic enantioselective transformation, we
took advantage of the chemical properties of the isobenzo-
pyrylium ion; notably, the formation of ion-pair salts between
the isobenzopyrylium ion and less nucleophilic counteranions.
In principle, the use of a chiral instead of an achiral
counteranion should enable reactions to take place in an
enantioselective fashion.[9]

Chiral-counteranion-induced enantioselective transfor-
mations in metal-catalyzed reactions, namely, chiral-anion
catalysis,[10] has emerged as a powerful and attractive tool in
asymmetric synthesis in recent years owing to its distinct
advantages over conventional methods that rely on metal
complexes coupled with electronically neutral chiral
ligand(s). Chiral-anion catalysis offers another approach to
the enantioselective reaction of isobenzopyrylium ions with
a controlled stereochemical outcome.[8a, 9] In this context, we
envisioned an enantioselective sequential transformation
based on chiral-anion catalysis in which the key intermediate,
the isobenzopyrylium ion, is generated in situ through metal-
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Scheme 1. Enantioselective transformation involving an isobenzopyry-
lium cation as the reactive intermediate.
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complex-catalyzed intramolecular cyclization of ortho-alky-
nylaryl ketones 2. The proposed sequence involves a two-step
transformation (Scheme 1): 1) intramolecular cyclization of 2
catalyzed by a p-Lewis acidic metal complex with a binol-
derived phosphate 1 (binol = 1,1’-binaphthalene-2,2’-diol) as
the chiral counteranion[11] to generate an ion pair comprised
of the isobenzopyrylium intermediate A and chiral phosphate
1� , and 2) enantioselective reduction of this key intermediate
A with a Hantzsch ester 3[12] to afford the final product 4 in an
enantioselective manner under the influence of 1� . Herein,
we report the enantioselective transformation of ortho-
alkynylaryl ketones 2 into optically active 1H-isochromene
derivatives 4 through a cyclization/enantioselective reduction
sequence with a chiral silver phosphate catalyst and 3 as the
reducing agent.

We began our investigation by exploring achiral p-Lewis
acidic metal complexes with the ortho-alkynylaryl ketone 2a
(R1 = Me, R2 = phenyl, R3 = H) as the primary substrate for
the precursor of the isobenzopyrylium ion. The sequential
transformation was performed with 10 mol% of the metal
catalyst and 1.1 equivalents of Hantszch ester 3a in THF at
room temperature. The reactivity and mode of cyclization
were highly dependent on the metal catalyst employed
(Table 1). AgI and CuII catalysts afforded the desired 6-endo
cyclization product 4a exclusively in excellent yield (Table 1,
entries 1 and 2, respectively). In contrast, the reactions with
PtII, AuIII, and AuI catalysts afforded not only the desired 6-
endo product 4a, but also the 5-exo product 5a (Table 1,
entries 3, 4, and 6, respectively), although the AuIII and AuI

catalysts exhibited higher catalytic activity than that of the
AgI catalyst (Table 1, entries 4 and 6 versus entry 1). To verify
the participation of the p-Lewis acidic metal species in this
reaction, trifluoromethanesulfonic acid (TfOH) was
employed as a metal-free Brønsted acid catalyst (Table 1,

entry 7). As expected, this strong Brønsted acid did not afford
any product, and the starting material 2a was almost
completely recovered. As the catalyst AgOTf exhibited
exclusive formation of the 6-endo product 4a and higher
reactivity than Cu(OTf)2, AgI was chosen as the metal species
for further studies on an enantioselective variant of the
present sequential transformation.

The enantioselective variant of the reaction was con-
ducted with the chiral silver phosphate Ag[(R)-1] (10 mol %),
2a, and 3a (1.1 equiv) in THF at room temperature. Ag[(R)-
1] was preprepared from Ag2CO3 and the corresponding
binol-derived phosphoric acid (R)-1 (2 equiv).[11a, 13] We
screened a range of chiral silver phosphates by changing the
substituents at the 3- and 3’-positions of the binaphthol
backbone (Table 2, entries 1–4). The pentafluorophenyl-sub-

stituted chiral silver phosphate Ag[(R)-1a] was found to
provide the highest chemical yield and enantioselectivity
(Table 2, entry 1). Ag[(R)-1a] promoted the consecutive
reactions smoothly to afford the desired product 4a in 94%
yield with fairly good enantioselectivity (85% ee). The use of
Ag2CO3 or the chiral phosphoric acid alone did not afford any
product, and the starting ketone 2 a was recovered in a nearly
quantitative manner (Table 2, entries 5 and 6). These control
experiments strongly suggest that Ag[(R)-1] is essential for
this reaction sequence to proceed in an enantioselective

Table 1: Initial screening of p-Lewis acidic metal catalysts for the
cyclization/reduction of 2a.[a]

Entry Metal catalyst t [h] Conversion
of 2a [%][b]

Yield
of 4a [%][b]

Yield
of 5a [%][b]

1 AgOTf 3 100 96 –
2 Cu(OTf)2 24 96 96 –
3 PtCl2 24 35 18 5
4 AuCl3 1 100 38 50
5 AuCl/AgOTf 24 trace – –
6 [AuCl(PPh3)]/AgOTf 1 100 24 58
7 TfOH 24 trace – –

[a] Reaction conditions: transition-metal catalyst (0.02 mmol, 10 mol%),
2a (0.2 mmol), 3 (0.22 mmol, 1.1 equiv), THF (1 mL), room temper-
ature. [b] Determined by 1H NMR spectroscopic analysis of the crude
product. Tf = trifluoromethanesulfonyl.

Table 2: Screening of chiral silver catalysts for the cyclization/enantio-
selective reduction of 2a to 4a and control experiments.[a]

Entry Catalyst t [h] Additive Yield [%][b] ee [%][c]

1 Ag[(R)-1a] 4 – 94 85
2 Ag[(R)-1b] 9 – 84 37
3 Ag[(R)-1c] 7 – 94 66
4 Ag[(R)-1d] 5 – 77 41
5 Ag2CO3

[d] 24 – trace[e] –
6 (R)-1a 24 – trace[e] –
7[f ] Ag2CO3/(R)-1a 5 – 94 83
8[g] Ag[(R)-1a] 48 3 � MS 80[h] 86
9[g] Ag[(R)-1a] 54 4 � MS 32[i] 77

10[g] Ag[(R)-1a] 6 5 � MS 95 87

[a] Reaction conditions (unless otherwise noted): catalyst (0.02 mmol,
10 mol%), 2a (0.2 mmol), 3a (0.22 mmol, 1.1 equiv), THF (1 mL), room
temperature. [b] Yield of isolated 4a. The consumption of 2a was
monitored by TLC. [c] The ee value of 4a was determined by chiral-
stationary-phase HPLC analysis. [d] The reaction was carried out with
Ag2CO3 (0.01 mmol, 5 mol%). [e] Ketone 2a was recovered in nearly
quantitative yield. [f ] The catalyst was generated in situ from Ag2CO3

(0.01 mmol, 5 mol%) and (R)-1a (0.02 mmol, 10 mol%). [g] The
reaction was carried out with MS (75 mg), Ag[(R)-1a] (0.015 mmol,
10 mol%), 2a (0.15 mmol), and 3a (0.165 mmol, 1.1 equiv) in THF
(0.75 mL). [h] Ketone 2a was recovered in 19 % yield. [i] Ketone 2a was
recovered in 66% yield.
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manner. The chiral silver phosphate generated in situ from
(R)-1a and Ag2CO3 was also examined (Table 2, entry 7).
However, preprepared Ag[(R)-1a] displayed slightly higher
enantioselectivity than that of the catalyst generated in situ.
We then explored the use of other additives to improve the
enantioselectivity of the reaction (Table 2, entries 8–10). The
addition of 3 � and 4 � molecular sieves (MS) significantly
retarded the reaction, and the starting ketone 2a was not
consumed completely, even after 2 days (Table 2, entries 8
and 9, respectively). In particular, a considerable reduction in
both the chemical yield and the ee value was observed in the
presence of 4 � MS. In contrast, when 5 � MS were used as
an additive, even higher enantioselectivity was observed
without any detrimental effect on the chemical yield (Table 2,
entry 10).

Next, we explored the mechanism of the silver phosphate
catalyzed sequential transformation of 2 into 4 to confirm the
participation of the isobenzopyrylium ion as the reactive
intermediate. From a mechanistic viewpoint, it can be
considered that there are two possible reaction pathways.
One pathway involves intramolecular cyclization followed by
enantioselective reduction of the isobenzopyrylium inter-
mediate (Scheme 1). However, the same product would be
obtained if the reactions occurred in the reverse order, that is,
reduction to the alcohol, followed by cyclization.[14] To verify
the order of the reaction sequence, we conducted a control
experiment with alcohol 6 as a possible intermediate
(Scheme 2). When compound 6 was subjected to the catalytic

reaction under the influence of Ag[(R)-1a] (10 mol%) with-
out the Hantzsch ester, the reaction proceeded with very low
conversion, even after 6 h, and product 5a of 5-exo cyclization
was obtained in 10% yield, whereas almost none of the
desired 6-endo cyclization product 4a was observed. This
behavior is in contrast to that of the present reaction of the
primary substrate 2a, which afforded the 6-endo cyclization
product 4a exclusively in excellent yield within 4 h in the
presence of the Hantzsch ester (Table 2, entry 1). Therefore,
these results strongly suggest that alcohol 6 is not involved as
an intermediate in the present sequential transformation, and
that the isobenzopyrylium species participates as the key
intermediate, as shown in Scheme 1. Thus, it was concluded
that the reaction is initiated by the coordination of Ag[(R)-1]
to the C�C triple bond of 2. This interaction induces
intramolecular nucleophilic attack by the carbonyl oxygen
atom to generate an ion pair consisting of the isobenzopyry-
lium ion and the chiral phosphate. Subsequent enantioselec-
tive reduction by Hantzsch ester 3, followed by metal–proton

exchange, regenerates the catalytic species and releases the
isochromene product 4.[15, 16]

Having identified the sequential process involving an
isobenzopyrylium reactive intermediate, the scope of the
reaction was then investigated with a range of alkynylaryl
ketones 2 under the optimized reaction conditions. A broad
range of alkynylaryl ketones are applicable to the present
sequential transformation, although reactivity and enantiose-
lectivity are highly dependent on the nature of the substitu-
ents (Table 3). When alkyl and aryl groups were introduced at

the R1 and R2 positions, respectively (Table 3, entries 1–6),
these substrates exhibited relatively high reactivity and
afforded isochromene derivatives 4 in high yields. However,
in terms of the enantioselectivity, the introduction of a para
substituent on the aromatic group at the R2 position
(substrates 2b–d) led to a slight decrease in enantioselectivity
as compared to that observed with the primary substrate 2a
(R2 = Ph). Substrates bearing linear or branched alkyl chains
at the R1 position (2e and 2 f, respectively) also underwent the
reaction with a slight reduction in enantioselectivity, whereas
fluoro substitution on the tethering benzene ring (2g) did not
compromise the stereochemical outcome. However, the
introduction of an alkyl substituent at the R2 position led to

Scheme 2. Mechanistic study: control experiment.

Table 3: Scope of the chiral silver phosphate catalyzed transformation of
2 into 4.[a]

Entry 2 (R1, R2, R3) t [h] 4 Yield [%][b] ee [%][c]

1 2b (Me, 4-MeC6H4-, H) 11 4b 98 81
2 2c (Me, 4-CF3C6H4-, H) 10 4c 87 67
3 2d (Me, 4-MeOC6H4-, H) 5 4d 92 80
4 2e (nPr, Ph, H) 9 4e 95 81
5 2 f (iBu, Ph, H) 6 4 f 89 82
6 2g (Me, Ph, F) 6 4g 89 87
7 2h (Me, nBu, H) 2 4h 89 22
8 2 i (Ph, Ph, H) 24 4 i 85 92
9 2 j (4-MeOC6H4-, Ph, H) 26 4 j 81 90

10 2k (4-BrC6H4-, Ph, H) 26 4k 81 91[d]

11 2 l (4-CF3C6H4-, Ph, H) 30 4 l 84 91
12 2m (3-MeOC6H4-, Ph, H) 29 4m 81 91
13 2n (2-TBSOC6H4-, Ph, H) 24 4n 90 88
14 2o (Ph, Ph, F) 28 4o 68 90
15 2p (Ph, nBu, H) 8 4p 86 49

[a] Reactions were carried out with Ag[(R)-1a] (0.015 mmol, 10 mol%), 2
(0.15 mmol), and 3 (0.165 mmol, 1.1 equiv). For 2b–h, reactions were
carried out with 3a (R = Et) in THF (0.75 mL) in the presence of 5 � MS
(75 mg). For 2 i–p, reactions were carried out with 3b (R = Me) in EtOAc
(0.75 mL) in the absence of MS. [b] Yield of isolated 4. [c] The ee value of
4 was determined by chiral-stationary-phase HPLC analysis. [d] The
absolute configuration of 4k was determined to be S by X-ray crystallo-
graphic analysis.[17] See the Supporting Information for details.
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a considerable decrease in enantioselectivity (Table 3,
entry 7). The reactions of substrates 2 i–o bearing aromatic
substituents at the R1 position and a phenyl group at the R2

position were very sluggish under the optimized conditions
and proceeded in low chemical yields, although the ee values
of the products were around 90%. To our delight, however,
these substrates were smoothly converted under modified
reaction conditions [with 3b (R = Me) in ethyl acetate instead
of THF and in the absence of 5 � MS] to give the
corresponding isochromene products 4 i–n in good yields
with high enantioselectivity (Table 3, entries 8–13). A variety
of aryl groups at the R1 position were tolerated in this reaction
(substrates 2j–n ; Table 3, entries 9–13). Even with a bulky
tert-butyldimethylsilyloxy (OTBS) substituent in the ortho
position, the corresponding product 4n was obtained in 90%
yield with 88% ee (Table 3, entry 13). The introduction of
a fluoro substituent on the tethering benzene ring of a diaryl-
substituted ketone (substrate 2o) did, however, result in
a slight decrease in chemical yield, but with little detrimental
effect on the enantioselectivity (Table 3, entry 14). However,
when an alkyl substituent was introduced at the R2 position,
a considerable reduction in enantioselectivity was observed
(Table 3, entry 15).

Finally, the synthetic utility of the present method was
demonstrated (Scheme 3). 1-Allyl 1H-isochromenes, such as
4q, have been utilized as key intermediates for the synthesis

of the 9-oxabicyclo[3.3.1]nona-2,6-diene framework,[18] and
this bicyclic ring structure has been found in some biologically
active molecules.[19] We thus attempted to construct the
fundamental structure of these compounds in an optically
active form by utilizing our methodology followed by an acid-
catalyzed annulation reaction. Compound 2q was subjected
to the optimized reaction conditions, and the 1H-isochromene
product 4 q was obtained with fairly good enantioselectivity
(84 % ee). In the presence of p-TsOH·H2O (5 mol%), 4q was
then converted into the desired bicyclic product 7a and the
regioisomer 7b in moderate overall yield for the two steps.
During the course of the acid-catalyzed annulation, no loss of
enantiomeric purity was observed.

In conclusion, we have successfully developed a cycliza-
tion/enantioselective-reduction sequence for the transforma-
tion of ortho-alkynylaryl ketones under the catalysis of
a chiral silver phosphate complex to afford 1H-isochromene
derivatives in high yields with fairly good to high enantiose-
lectivity. A mechanistic study strongly suggested that an
isobenzopyrylium cation is involved as the key intermediate
in this transformation. We also demonstrated the utility of this
methodology for the asymmetric synthesis of the 9-
oxabicyclo[3.3.1]nona-2,6-diene framework, which has been
found in some biologically active molecules. Further develop-
ment of the present methodology for application not only to
other types of nucleophiles, but also to other transformations
involving cationic species that are difficult to perform by
other conventional methods will be completed in due course.

Experimental Section
Typical procedure for the reaction of 2a–h : MS (5 �; 75.0 mg),
Hantzsch ester 3a (41.8 mg, 0.165 mmol), and Ag[(R)-1a] (10 mol%,
11.8 mg, 0.015 mmol) were placed in a dry test tube. The atmosphere
was replaced with argon, THF (0.75 mL) was added to the mixture,
and the resulting mixture was stirred vigorously for 10 min. Ketone 2a
(32.8 mg, 0.15 mmol) was then added, and the reaction mixture was
stirred for 6 h at room temperature and then filtered through a pad of
Al2O3 (with EtOAc as the eluent). The filtrate was concentrated, and
the crude product was purified by flash column chromatography on
silica gel with hexane/EtOAc/Et3N (100:1:1) as the eluent to afford 4a
(31.5 mg, 95 %) as a white solid. The ee value was determined by
chiral-stationary-phase HPLC analysis. See the Supporting Informa-
tion for the reaction of 2 i–p.

Received: August 21, 2013
Revised: October 7, 2013
Published online: November 24, 2013

.Keywords: asymmetric catalysis · cyclization ·
enantioselective reduction · isobenzopyrylium ions · silver salts

[1] For reviews, see: a) E.-V. Kuznetsov, I.-V. Shcherbakova, A.-T.
Balaban, Adv. Heterocycl. Chem. 1990, 50, 157 – 254; b) M.
Nogradi, Sci. Synth. 2003, 14, 201 – 273; c) J. Santamar�a, C.
Vald�s, Mod. Heterocycl. Chem. 2011, 3, 1631 – 1682; for selected
examples, see: d) J. D. Tovar, T. M. Swager, J. Org. Chem. 1999,
64, 6499 – 6504; e) I. Prauda, J. Reiter, J. Heterocycl. Chem. 2001,
38, 199 – 204; f) I. Prauda, I. Kçvesdi, P. Trinka, J. Reiter, J.
Heterocycl. Chem. 2001, 38, 403 – 414; g) T. Suzuki, C. Okada, K.
Arai, A. Awaji, T. Shimizu, K. Tanemura, T. Horaguchi, J.
Heterocycl. Chem. 2001, 38, 1409 – 1418; h) W.-G. Wei, Z.-J. Yao,
J. Org. Chem. 2005, 70, 4585 – 4590.

[2] For selected examples of metal-catalyzed transformations via
isobenzopyrylium salts, see: a) N. Asao, K. Takahashi, S. Lee, T.
Kasahara, Y. Yamamoto, J. Am. Chem. Soc. 2002, 124, 12650 –
12651; b) N. Asao, T. Kasahara, Y. Yamamoto, Angew. Chem.
2003, 115, 3628 – 3630; Angew. Chem. Int. Ed. 2003, 42, 3504 –
3506; c) N. Asao, T. Nogami, S. Lee, Y. Yamamoto, J. Am. Chem.
Soc. 2003, 125, 10921 – 10925; d) J.-L. Zhu, A.-R. Germain, J. A.
Porco, Jr., Angew. Chem. 2004, 116, 1259 – 1263; Angew. Chem.
Int. Ed. 2004, 43, 1239 – 1243; e) J.-L. Zhu, N. P. Grigoriadis, J.-P.
Lee, J. A. Porco, Jr., J. Am. Chem. Soc. 2005, 127, 9342 – 9343;
f) N. Asao, K. Sato, Menggenbateer, Y. Yamamoto, J. Org.
Chem. 2005, 70, 3682 – 3685; g) H. Kusama, H. Funami, M.
Shido, Y. Hara, J. Takaya, N. Iwasawa, J. Am. Chem. Soc. 2005,

Scheme 3. Derivatization of the reaction product. Ts =p-toluene-
sulfonyl.

.Angewandte
Zuschriften

242 www.angewandte.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 239 –243

http://dx.doi.org/10.1016/S0065-2725(08)60063-X
http://dx.doi.org/10.1021/jo990810x
http://dx.doi.org/10.1021/jo990810x
http://dx.doi.org/10.1002/jhet.5570380130
http://dx.doi.org/10.1002/jhet.5570380130
http://dx.doi.org/10.1002/jhet.5570380215
http://dx.doi.org/10.1002/jhet.5570380215
http://dx.doi.org/10.1002/jhet.5570380625
http://dx.doi.org/10.1002/jhet.5570380625
http://dx.doi.org/10.1021/jo050414g
http://dx.doi.org/10.1021/ja028128z
http://dx.doi.org/10.1021/ja028128z
http://dx.doi.org/10.1002/ange.200351390
http://dx.doi.org/10.1002/ange.200351390
http://dx.doi.org/10.1002/anie.200351390
http://dx.doi.org/10.1002/anie.200351390
http://dx.doi.org/10.1021/ja036927r
http://dx.doi.org/10.1021/ja036927r
http://dx.doi.org/10.1002/ange.200353037
http://dx.doi.org/10.1002/anie.200353037
http://dx.doi.org/10.1002/anie.200353037
http://dx.doi.org/10.1021/ja052049g
http://dx.doi.org/10.1021/jo0500434
http://dx.doi.org/10.1021/jo0500434
http://dx.doi.org/10.1021/ja044194k
http://www.angewandte.de


127, 2709 – 2716; h) S. Shin, A.-K. Gupta, C.-Y. Rhim, C.-H. Oh,
Chem. Commun. 2005, 4429 – 4431; i) A.-B. Beeler, S. Su, C.-A.
Singleton, J. A. Porco, Jr., J. Am. Chem. Soc. 2007, 129, 1413 –
1419; j) Y.-C. Hsu, C.-M. Ting, R.-S. Liu, J. Am. Chem. Soc. 2009,
131, 2090 – 2091.

[3] For selected examples of iodonium-mediated transformations
via isobenzopyrylium salts, see: a) J. Barluenga, H. V�zquez-
Villa, A. Ballesteros, J.-M. Gonz�lez, J. Am. Chem. Soc. 2003,
125, 9028 – 9029; b) J. Barluenga, H. V�zquez-Villa, A. Balles-
teros, J.-M. Gonz�lez, Org. Lett. 2003, 5, 4121 – 4123; c) D. Yue,
N. Della C�, R.-C. Larock, Org. Lett. 2004, 6, 1581 – 1584; d) J.
Barluenga, H. V�zquez-Villa, I. Merino, A. Ballesteros, J. M.
Gonz�lez, Chem. Eur. J. 2006, 12, 5790 – 5805; e) D. Yue, N.
Della C�, R. C. Larock, J. Org. Chem. 2006, 71, 3381 – 3388.

[4] For reactions of isolated isobenzopyrylium salts, see: a) Z.-L.
Hu, W.-J. Qian, S. Wang, S. Wang, Z.-J. Yao, Org. Lett. 2009, 11,
4676 – 4679; b) Z.-L. Hu, W.-J. Qian, S. Wang, S. Wang, Z.-J. Yao,
J. Org. Chem. 2009, 74, 8787 – 8793.

[5] a) G. Dyker, D. Hildebrandt, J. Org. Chem. 2005, 70, 6093 – 6096;
b) K. Sato, N. Asao, Y. Yamamoto, J. Org. Chem. 2005, 70, 8977 –
8981; c) M. A. Marsini, K. M. Gowin, T. R. R. Pettus, Org. Lett.
2006, 8, 3481 – 3483; d) W.-J. Qian, W.-G. Wei, Y.-X. Zhang, Z.-J.
Yao, J. Am. Chem. Soc. 2007, 129, 6400 – 6401; e) Y.-S. Yao, Z.-J.
Yao, J. Org. Chem. 2008, 73, 5221 – 5225.

[6] a) D. Hojo, K. Noguchi, K. Tanaka, Angew. Chem. 2009, 121,
8273 – 8276; Angew. Chem. Int. Ed. 2009, 48, 8129 – 8132; b) S.
Handa, L.-M. Slaughter, Angew. Chem. 2012, 124, 2966 – 2969;
Angew. Chem. Int. Ed. 2012, 51, 2912 – 2915; for a catalytic
enantioselective reaction of 2-oxonium-1,3-dienes, see: c) K.
Ishida, H. Kusama, N. Iwasawa, J. Am. Chem. Soc. 2010, 132,
8842 – 8843.

[7] For catalytic enantioselective transformations of benzopyrylium
ions, see: a) F. Benfatti, E. Benedetto, P. G. Cozzi, Chem. Asian
J. 2010, 5, 2047 – 2052; b) P. N. Moquist, T. Kodama, S. E. Schaus,
Angew. Chem. 2010, 122, 7250 – 7254; Angew. Chem. Int. Ed.
2010, 49, 7096 – 7100; c) M. Rueping, C. M. R. Volla, I. Atodir-
esei, Org. Lett. 2012, 14, 4642 – 4645; d) C.-C. Hsiao, H.-H. Liao,
E. Sugiono, I. Atodiresei, M. Rueping, Chem. Eur. J. 2013, 19,
9775 – 9779; e) M. Terada, T. Yamanaka, Y. Toda, Chem. Eur. J.
2013, 19, 13658 – 13662.

[8] For an enantioselective transformation of an isobenzopyrylium
ion containing a hydroxy group at the 4-position with a chiral
phosphoric acid, see: a) M. Terada, Y. Toda, Angew. Chem. 2012,
124, 2135 – 2139; Angew. Chem. Int. Ed. 2012, 51, 2093 – 2097; for
an enantioselective transformation of isobenzopyrylium-4-olates
with a binary catalytic system composed of a RhII catalyst and
a chiral Lewis acid catalyst, see: b) H. Suga, K. Inoue, S. Inoue,
A. Kakehi, J. Am. Chem. Soc. 2002, 124, 14836 – 14937; c) H.
Suga, K. Inoue, S. Inoue, A. Kakehi, M. Shiro, J. Org. Chem.
2005, 70, 47 – 56; d) H. Suga, T. Suzuki, K. Inoue, A. Kakehi,
Tetrahedron 2006, 62, 9218 – 9225; e) H. Suga, S. Higuchi, M.
Ohtsuka, D. Ishimoto, T. Arikawa, Y. Hashimoto, S. Misawa, T.
Tsuchida, A. Kakehi, T. Baba, Tetrahedron 2010, 66, 3070 – 3089.

[9] During the preparation of our manuscript, an enantioselective
transformation of isobenzopyrylium ions was reported: S.-Y. Yu,
H. Zhang, Y. Gao, L. Mo, S. Wang, Z.-J. Yao, J. Am. Chem. Soc.
2013, 135, 11402 – 11407.

[10] For recent reviews on chiral-anion catalysis, see: a) J. Lacour, D.
Moraleda, Chem. Commun. 2009, 7073 – 7089; b) R. J. Phipps,
G. L. Hamilton, F. D. Toste, Nat. Chem. 2012, 4, 603 – 614; c) M.
Mahlau, B. List, Angew. Chem. 2013, 125, 540 – 556; Angew.
Chem. Int. Ed. 2013, 52, 518 – 533; d) K. Brak, E. N. Jacobsen,
Angew. Chem. 2013, 125, 558 – 588; Angew. Chem. Int. Ed. 2013,

52, 534 – 561; see also: e) A. Parra, S. Reboredo, A. M. M.
Castro, J. Alem�n, Org. Biomol. Chem. 2012, 10, 5001 – 5020.

[11] For selected examples of chiral-anion catalysis by chiral
phosphates in transition-metal-catalyzed reactions, see:
a) G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Science
2007, 317, 496 – 499; b) S. Mukherjee, B. List, J. Am. Chem. Soc.
2007, 129, 11336 – 11337; c) M. Rueping, A. P. Antonchick, C.
Brinkmann, Angew. Chem. 2007, 119, 7027 – 7030; Angew.
Chem. Int. Ed. 2007, 46, 6903 – 6906; d) C. Li, C. Wang, B.
Villa-Marcos, J. Xiao, J. Am. Chem. Soc. 2008, 130, 14450 –
14451; e) S. Liao, B. List, Angew. Chem. 2010, 122, 638 – 641;
Angew. Chem. Int. Ed. 2010, 49, 628 – 631; f) G. Jiang, R. Halder,
Y. Fang, B. List, Angew. Chem. 2011, 123, 9926 – 9929; Angew.
Chem. Int. Ed. 2011, 50, 9752 – 9755; g) V. Rauniyar, Z. J. Wang,
H. E. Burks, F. D. Toste, J. Am. Chem. Soc. 2011, 133, 8486 –
8489; h) J. R. Zbieg, E. Yamaguchi, E. L. McInturff, M. J.
Krische, Science 2012, 336, 324 – 327; i) Z. Chai, T. J. Rainey, J.
Am. Chem. Soc. 2012, 134, 3615 – 3618; j) Z.-L. Tao, W.-Q.
Zhang, D.-F. Chen, A. Adele, L.-Z. Gong, J. Am. Chem. Soc.
2013, 135, 9255 – 9258.

[12] For reviews on chiral Brønsted acid catalyzed enantioselective
transfer hydrogenation with Hantzsch esters as the reducing
agent, see: a) S.-L. You, Chem. Asian J. 2007, 2, 820 – 827; b) M.
Rueping, E. Sugiono, F. R. Schoepke, Synlett 2010, 852 – 865;
c) C. Zheng, S.-L. You, Chem. Soc. Rev. 2012, 41, 2498 – 2518.

[13] For the preparation of silver phosphates from Ag2CO3 and
a chiral phosphoric acid, see: K. Aikawa, M. Kojima, K. Mikami,
Angew. Chem. 2009, 121, 6189 – 6193; Angew. Chem. Int. Ed.
2009, 48, 6073 – 6077.

[14] a) R. Yanada, S. Obika, H. Kono, Y. Takemoto, Angew. Chem.
2006, 118, 3906 – 3909; Angew. Chem. Int. Ed. 2006, 45, 3822 –
3825; b) S. Obika, H. Kono, Y. Yasui, R. Yanada, Y. Takemoto, J.
Org. Chem. 2007, 72, 4462 – 4468.

[15] As shown in Scheme 1, we propose that the metal species is
attached to the isobenzopyrylium ion. However, during the
reduction step, the actual structure of the cationic species has not
been confirmed yet. Before enantioselective reduction, an
exchange from the silver atom to a hydrogen atom would also
be possible, and the silver metal would then not be involved in
the stereodetermining step. We also conducted a reaction with
Cu[(R)-1a]2 as the chiral catalyst, and product 4a was obtained
with 86% ee, albeit in moderate yield. This enantioselectivity is
nearly equal to that observed upon Ag[(R)-1a] catalysis
(Table 2, entry 1: 85% ee). These results imply that the metal
species may not participate in the enantioselective reduction
step.

[16] When the 4,4-dideuterium-substituted Hantzsch ester was
employed, deuterium was introduced at the C1 position
exclusively. This result strongly suggests that the reaction
proceeded through the formation of an isobenzopyrylium ion
as the reactive intermediate. See the Supporting Information for
details.

[17] CCDC 954470 [(S)-4k] contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[18] S. Bhunia, K.-C. Wang, R.-S. Liu, Angew. Chem. 2008, 120,
5141 – 5144; Angew. Chem. Int. Ed. 2008, 47, 5063 – 5066.

[19] a) B. W�nsch, M. Zott, G. Hçfner, Arch. Pharm. 1992, 325, 733 –
739; b) B. W�nsch, M. Zott, G. Hçfner, Arch. Pharm. 1993, 326,
823 – 830; c) R. Dupont, L. Jeanson, J.-F. Mouscadet, P. Cotelle,
Bioorg. Med. Chem. Lett. 2001, 11, 3175 – 3178; d) C. Maurin, F.
Bailly, P. Cortelle, Curr. Med. Chem. 2003, 10, 1795 – 1810.

Angewandte
Chemie

243Angew. Chem. 2014, 126, 239 –243 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ja044194k
http://dx.doi.org/10.1039/b506003f
http://dx.doi.org/10.1021/ja0674744
http://dx.doi.org/10.1021/ja0674744
http://dx.doi.org/10.1021/ja809560c
http://dx.doi.org/10.1021/ja809560c
http://dx.doi.org/10.1021/ja0355372
http://dx.doi.org/10.1021/ja0355372
http://dx.doi.org/10.1021/ol035691t
http://dx.doi.org/10.1021/ol049690s
http://dx.doi.org/10.1002/chem.200501505
http://dx.doi.org/10.1021/jo0524573
http://dx.doi.org/10.1021/ol9019524
http://dx.doi.org/10.1021/ol9019524
http://dx.doi.org/10.1021/jo902051g
http://dx.doi.org/10.1021/jo050400a
http://dx.doi.org/10.1021/jo051444m
http://dx.doi.org/10.1021/jo051444m
http://dx.doi.org/10.1021/ol0610993
http://dx.doi.org/10.1021/ol0610993
http://dx.doi.org/10.1021/ja072225g
http://dx.doi.org/10.1021/jo801017b
http://dx.doi.org/10.1002/ange.200904024
http://dx.doi.org/10.1002/ange.200904024
http://dx.doi.org/10.1002/anie.200904024
http://dx.doi.org/10.1002/ange.201107789
http://dx.doi.org/10.1002/anie.201107789
http://dx.doi.org/10.1021/ja102391t
http://dx.doi.org/10.1021/ja102391t
http://dx.doi.org/10.1002/asia.201000160
http://dx.doi.org/10.1002/asia.201000160
http://dx.doi.org/10.1002/ange.201003469
http://dx.doi.org/10.1002/anie.201003469
http://dx.doi.org/10.1002/anie.201003469
http://dx.doi.org/10.1021/ol302084q
http://dx.doi.org/10.1002/chem.201300766
http://dx.doi.org/10.1002/chem.201300766
http://dx.doi.org/10.1002/chem.201302486
http://dx.doi.org/10.1002/chem.201302486
http://dx.doi.org/10.1002/ange.201107805
http://dx.doi.org/10.1002/ange.201107805
http://dx.doi.org/10.1002/anie.201107805
http://dx.doi.org/10.1021/ja028676c
http://dx.doi.org/10.1021/jo049007f
http://dx.doi.org/10.1021/jo049007f
http://dx.doi.org/10.1016/j.tet.2006.07.028
http://dx.doi.org/10.1016/j.tet.2010.01.095
http://dx.doi.org/10.1021/ja405764p
http://dx.doi.org/10.1021/ja405764p
http://dx.doi.org/10.1039/b912530b
http://dx.doi.org/10.1038/nchem.1405
http://dx.doi.org/10.1002/ange.201205343
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/ange.201205449
http://dx.doi.org/10.1002/anie.201205449
http://dx.doi.org/10.1002/anie.201205449
http://dx.doi.org/10.1039/c2ob25479d
http://dx.doi.org/10.1126/science.1145229
http://dx.doi.org/10.1126/science.1145229
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1002/ange.200702439
http://dx.doi.org/10.1002/anie.200702439
http://dx.doi.org/10.1002/anie.200702439
http://dx.doi.org/10.1021/ja807188s
http://dx.doi.org/10.1021/ja807188s
http://dx.doi.org/10.1002/ange.200905332
http://dx.doi.org/10.1002/anie.200905332
http://dx.doi.org/10.1002/ange.201103843
http://dx.doi.org/10.1002/anie.201103843
http://dx.doi.org/10.1002/anie.201103843
http://dx.doi.org/10.1021/ja202959n
http://dx.doi.org/10.1021/ja202959n
http://dx.doi.org/10.1126/science.1219274
http://dx.doi.org/10.1021/ja2102407
http://dx.doi.org/10.1021/ja2102407
http://dx.doi.org/10.1021/ja402740q
http://dx.doi.org/10.1021/ja402740q
http://dx.doi.org/10.1002/asia.200700081
http://dx.doi.org/10.1055/s-0029-1219528
http://dx.doi.org/10.1039/c1cs15268h
http://dx.doi.org/10.1002/ange.200902084
http://dx.doi.org/10.1002/anie.200902084
http://dx.doi.org/10.1002/anie.200902084
http://dx.doi.org/10.1002/ange.200600408
http://dx.doi.org/10.1002/ange.200600408
http://dx.doi.org/10.1002/anie.200600408
http://dx.doi.org/10.1002/anie.200600408
http://dx.doi.org/10.1021/jo070615f
http://dx.doi.org/10.1021/jo070615f
http://dx.doi.org/10.1002/ange.200800826
http://dx.doi.org/10.1002/ange.200800826
http://dx.doi.org/10.1002/ange.200800826
http://dx.doi.org/10.1002/anie.200800826
http://dx.doi.org/10.1002/ardp.19923251110
http://dx.doi.org/10.1002/ardp.19923251110
http://dx.doi.org/10.1002/ardp.19933261011
http://dx.doi.org/10.1002/ardp.19933261011
http://dx.doi.org/10.1016/S0960-894X(01)00658-8
http://www.angewandte.de

