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Catalytic Asymmetric Synthesis of Aromatic Spiroketals by SpinPhox/
Iridium(I)-Catalyzed Hydrogenation and Spiroketalization of a,c.'-

Bis(2-hydroxyarylidene) Ketones**

Xiaoming Wang, Zhaobin Han, Zheng Wang,* and Kuiling Ding*

Recently, the chemistry of chiral aromatic spiroketals has
received much attention because they are key substructures in
biologically active natural products,!) pharmaceuticals,” and
chiral ligands in transition-metal-catalyzed reactions.!
Although several methods for the preparation of aromatic
spiroketals have been reported,*® the direct catalytic,
enantioselective synthesis of aromatic spiroketals has not
yet been achieved. On the other hand, transition-metal-
catalyzed asymmetric hydrogenations have long held a
respected position in modern organic synthesis.”! In partic-
ular, the iridium-catalyzed asymmetric hydrogenation of the
C=C bonds of either functionalized or unfunctionalized olefin
derivatives has lately been an important topic in asymmetric
catalysis.'"”!’ We have recently reported a class of highly
efficient iridium(I) catalyst complexes with spiro[4.4]-1,6-
nonadiene-based chiral phosphine-oxazoline ligands (Spin-
PHOX, 1) for the enantioselective hydrogenation of N-aryl or
alkyl imines and a-aryl-p-substituted acrylic acids."!! Herein,
we report the first catalytic enantioselective synthesis of
aromatic spiroketals 2 through the SpinPHOX/Ir'-promoted
asymmetric hydrogenation of o,a’-bis(2-hydroxyarylidene)
ketones and spiroketalization of hydrogenation products.

SpinPHOX (1) 2: X

=CHyor O
n=0,1,0r2

This research was inspired by the excellent performance
of Ir' complexes of phosphine-oxazoline ligands in the
asymmetric hydrogenation of the C=C bond of o,f-unsatu-
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rated ketones independently reported by the groups of
Bolm*! and Hou®!. We also found that SpinPHOX/Ir'
demonstrated excellent enantioselectivity and catalytic activ-
ity in the hydrogenation of a,a’-bis(2-methoxybenzylidene)-
cyclohexanone (>99% ee, d.r.=92:8).") This result encour-
aged us to attempt the catalytic asymmetric synthesis of
aromatic spiroketals 2 by sequential hydrogenation of a,o'-
bis(2-hydroxyarylidene) ketones followed by spontaneous
spiroketalization of the optically active hydrogenation prod-
ucts. After screening a variety of Ir' catalysts to check the
viability of this transformation,!'” we decided to employ chiral
Ir' complexes of phosphine—oxazoline ligands to catalyze the
hydrogenation of prochiral o,f-unsaturated ketone 3a, which
bears two hydroxy groups. In principle, three diastereomeric
spiroketals might be formed (cis-2a, trans-2a, and trans-2a’;
Table 1). As shown in entry 1, we were pleased to find that the
hydrogenation of 3a, in the presence of 1 mol % of Ir'-(R,S)-
1a, proceeded smoothly to give the corresponding, optically
active spiroketal trans-2a in 83 % yield, with a d.r. of 87:13
(trans-2alcis-2a) and 87% ee for the trans isomer, thus
demonstrating the feasibility of this catalytic, asymmetric
hydrogenation strategy for the synthesis of optically active
spiroketals. The structures of both cis-2a and trans-2a were
confirmed by X-ray diffraction analysis (Figure 1).”) How-
ever, trans-2a’ was not observed in the '"H NMR spectrum of
the crude product mixture, indicating that the diastereoselec-
tivity of the spiroketalization is completely controlled by the
chirality of the trans-hydrogenated intermediate.

With these initial results in hand, we turned to optimiza-
tion of the Ir' catalysts by screening a list of chiral phosphine—
oxazoline ligands, including PHOX and SpinPHOX. As
summarized in Table 1, the chirality of the spiro backbone
of the SpinPHOX ligands plays a dominant role in determin-
ing the sense of the asymmetric induction (entries 1-10).
Moreover, the substituent on the oxazoline fragment also has
a substantial impact on the levels of asymmetric induction and
catalytic activity. Ir'/(S,S)-1¢ turned out to be optimal among
the catalysts screened, in terms of the efficiency and
selectivity of the reaction, leading to formation of (—)-2a in
92% yield with 98:2 d.r. and greater than 99 % ee (entry 6).
On the other hand, hydrogenation with catalyst Ir'/(R,S)-1e
afforded (4)-2a with 96:4 d.r. and greater than 99 % ee of the
major isomer, albeit with a lower yield (79 %; entry 9). When
Pfaltz’s Ir'/PHOX catalysts (R = ¢Bu, iPr; entries 11, 12) were
applied, Ir'/iPr-PHOX was found to be ineffective under the
reaction conditions (entry 12), while Ir'/fBu-PHOX afforded
excellent enantioselectivity (>99 % ee), but with only modest
activity (entry 11).
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Table 1: Asymmetric hydrogenation and spiroketalization of 3a in the Table 2: Sequential asymmetric hydrogenation and spiroketalization of 3
presence of Ir' complexes of chiral phosphine—oxazoline ligands." in the presence of Ir'/(S,S)-1c.
OH O OH
o~ A (S, S)-1¢
P (y mol%)
R~ N ok H, (50 atm) R
50 atm H, lCHZCIZ 30, CH,Cly, RT
cat. (1 mol%)y RT
Entry Product y Yield [%]® d.rld  ee [9%]
/
A
\/ . 1 ) 98:2  >99
(s
cis-2a RRR(or S,S,5) R.R,S (or S,S,R)
trans-2a trans-2a' (not observed)
2 T 94 95:5 98
3 R °/§ «R |7 R=Bu (RS)H1aor(S,S)1a
B =N BAr- R=sBu, (RS}Hb  (S,S)-1b
Ir 4 ™ R=Bn, (RS)}1c (S,S)-1c
<~ R 57 R=iPr, (RS)1d (S,S)-1d
PH Ph PH Ph R=Ph, (RS)-1e (S,S)-1e
R = tBu, Ir/tBu-PHOX Ir'/SpinPHOX
R = iPr, Ir'/iPr-PHOX 3 1 92 93:7 >99
Entry Catalyst Yield [%]"! d.r ee [%]
1 I'/(R,S)-1a 83 87:13 87(+) (15)
2 Ir'/(S,5)-1a 14 54:46 60(—) (1) 90 92:8 9%
3 Ir/(R.S)-1b 91 95:5 84(+) 4 2 28 >
4 I"/(S,5)-1b 30 83:17 84(—) (4)
5 I'/(R,S)-1c 91 91:9 75(+) (12)
6 I'/(S,5)-1c 92 98:2 >99(—)
7 I'/(R,S)-1d 0 - - 5 3 8l 97:3 98
8 I"/(s,5)-1d 73 75:25 31(=) (3)
9 I'/(R,S)-1e 79 96:4 >99(+)
10 I"/(s,5)-1e 31 75:25 98(—) (5)
1 Ir'/tBuPHOX 24 93:7 >99(+) ,
12 Ir'/iPrPHOX 0 - = 6 3% 973 %
[a] Reaction conditions: 3a (0.1 mmol), Ir' catalyst (0.001 mmol,
1 mol %), H, (50 atm), CH,Cl, (2 mL), room temperature for 24 h.
[b] Yield of isolated trans-2a. [c] Determined by '"H NMR. [d] Determined )
by chiral HPLC for trans-2a. The ee values of the corresponding cis-2a are 7 2 38 98:2 >99
given in parentheses.
1T 93 94:6 >99
1 96 98:2 >99
Figure 1. X-ray structures of trans-2a (left) and cis-2a (right). C gray,
H blue, O red.
10 5 92 94:6 >99
Having established complex Ir'/(S,S)-1¢ as the optimal
catalyst, we next examined its adaptability in the asymmetric
hydrogenation of various a,0'-bis(2-hydroxyarylidene)
ketones. As shown in Table2, a number of o,a'-bis(2-
11 3 86 98:2 >99

hydroxyarylidene) cyclohexanones (3a-30) can be readily
hydrogenated, followed by spiroketalization, to afford the
corresponding optically active, aromatic spiroketals in high
yields with excellent diastereo- and enantioselectivities. The
reaction proceeded well with substrates having ortho-, meta-,
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Table 2: (Continued)

Entry  Product y  Yield [%6]®  d.rd e (%]
12 3 85 95:5  >99
13 1 91 95:5 98
14 1 95 98:2 >99
15 3 85 89:11 96
16 3 g3 66:34 26
17 3 s 75:25 96
188 3 g1 66:34 >99

[a] Reaction conditions, unless otherwise stated: substrate (0.1 mmol),
catalyst Ir'/(S,S)-1¢ (1-5 mol %), CH,Cl, (2 mL), room temperature for
24 h. [b] Yield of isolated trans product. [c] d.r. =trans/cis, determined by
"H NMR spectroscopy. [d] The ee value of the trans isomer was
determined by chiral HPLC. [e] Catalyst Ir'/(R,S)-1a was used. [f] The
total yield of cis and trans products.

or para-methyl groups on the phenyl rings and gave the
corresponding products 2b-d in 90-94% yield with 98-
>99% ee, indicating the high adaptability of the catalyst to
variation in the steric environment of the substrates.
Electron-donating or -withdrawing substituents on the
phenyl ring of the substrates have little impact on the yield
and enantioselectivity of the reaction. The introduction of
halogen substituents, in particular chloro or bromo variants,
onto the substrates allows for direct construction of the
corresponding halogen-substituted, enantioenriched, aro-
matic spiroketals 2f-0 (95->99% ee), thus providing an
excellent opportunity for further modification of the spiro-
ketal motifs. The absolute configuration of (—)-2h was
established to be (R,R,R) by X-ray crystal diffraction analysis.
The absolute configurations of the analogous products were
deduced by comparing their CD spectra with that of (R,R,R)-
(—)-2h.1 Finally, the effect of the cycloketone moiety of the
substrates on the catalytic reaction was investigated for
cyclopentanone, tetrahydropyran-4-one, and cycloheptanone
derivatives 3p-r. As shown in Table 2, catalyst Ir'/(S,S)-1¢
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showed moderate activity in the hydrogenation of 3q (with a
tetrahydropyran-4-one skeleton) to give 2q in 85% yield.
Although the diastereoselectivity was only modest (75:25),
the enantiomeric excess of the major diastereomer still
remained high (96 % ee). Similarly, the hydrogenation of 3r
(with a cycloheptanone backbone) gave the corresponding
spiroketal (4)-2rin 80 % yield with a 17:83 d.r. and 98 % ee of
the minor frans isomer. Alternatively, the use of catalyst
Ir'/(R,S)-1a afforded (—)-2r in 81% yield with a 66:34 d.r.
and more than 99 % ee of the major trans isomer. Although no
reaction occurred in the hydrogenation of cyclopentanone
derivative 3p with catalyst Ir'/(S,S)-1¢ (3 mol%), catalyst
Ir'/(R,S)-1a was effective, affording the corresponding spi-
roketal (+)-2p in 83 % yield, albeit with poor diastereo- and
enantioselectivity.

To demonstrate the potential of this highly efficient
catalytic asymmetric reaction, product 2h was employed for
the preparation of a new type of spiroketal-based diphosphine
ligand 4. As showed in Scheme 1, enantiopure (R,R,R)-(+)-4
could be readily obtained in 73% yield by a one-step
transformation from (R,R,R)-(—)-2h, providing a facile and
practical approach to the access of chiral diphosphine ligands,
which might be useful for asymmetric catalysis.['”!

1) nBuLli, —78°C
2) PPh,CI

73% yield

PPh, Ph,P

(RR.R)-(-)-2h (RRR)-(+)-4

Scheme 1. Preparation of the chiral diphosphine ligand 4.

To gain more information on the catalytic process, bis-
(phenol) product 6, obtained by hydrogenation of 5 using Pd/
C as catalyst, was further treated with 1 mol% of catalyst
Ir'/(R,S)-1a in CH,CI, at room temperature for 16 h in the
absence of H, (Scheme 2).'! No spiroketalization was
observed under these conditions. However, 18 h after intro-
duction of H, (50 atm) to the reaction system, spiroketaliza-

OH 0 OH
Pd/C, H, (10 atm)
CH,Cly, 24 h
94%

OH o) OH
IrCI3-3H20

N =
O O CH,Cly, 1h
5 95%
Ir'/(R,Sm\ ) Hy (?g ﬁtm),
H, (50 atm) @

0

7 (racemic)

I'/(R,S)-1a

(1) without Hy
CH,Cl,, 16 h

No spiroketalization

Scheme 2. Experimental studies on plausible reaction pathways in the
catalytic synthesis of aromatic spiroketals.
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tion product 7 was isolated in 71 % yield, which is close to the
results obtained from direct hydrogenation of 5 using
Ir'/(R,S)-1a as catalyst. On the other hand, the direct use of
IrCl;:3 H,O (10 mol %) as a catalyst for the spiroketalization
of 6, in the absence of hydrogen, afforded 7 in 95% yield
(Scheme 2). These results imply that the spiroketalization was
probably promoted by an Ir™ species resulting from a
reaction between H, and the Ir' precatalyst. It is well known
that chiral dihydroxy ketones can be readily cyclized in the
presence of Lewis or Brgnsted acids to form spiroketals.!"”
However, the chiral o carbon atoms of the ketone will easily
undergo racemization under acidic conditions. In fact, this
racemization did occur when the cyclization of the hydro-
genation product (with >99% ee) of a,a’-bis(2-methoxyben-
zylidene)cyclohexanone was carried out by demethylation
with BBr;, which was followed by spontaneous spiroketaliza-
tion. The major spiroketalization product isolated was
racemic cis-2a (71 %), while the expected, optically active
trans-2a, with an enantiomeric excess of 15%, constitutes
only 10% of the product mixture.*! Although we cannot rule
out the possibility of Brgnsted acid promotion of the
diastereoselective spiroketalization of diphenolic ketones,
some kind of high-valent iridium species seems more likely to
be involved; both the use of various Ir' or Ir'™! species as Lewis
acids for electrophilic activation" and the acidity of Ir—H
intermediates in hydrogantion systems!"! are well known.
Finally, as shown in entry 1 of Table 1, cis-2a, resulting from
the cis hydrogenation intermediate (meso isomer) in the
hydrogenation of 3a, has an ee value of 15%. This result is
evidence for the involvement of a chiral iridium species in the
spiroketalization reaction.

In conclusion, we have developed the first catalytic,
enantioselective synthesis of aromatic spiroketals 2 through
the asymmetric hydrogenation of a,o’-bis(2-hydroxyaryli-
dene) ketones and subsequent spiroketalization of the
resulting hydrogenated, bisphenolic ketones using Ir'/Spin-
PHOX as catalyst. The iridium complexes were found to play
a dual catalytic role in the reaction, acting as catalysts for both
the hydrogenation of C=C bonds and the spiroketalization of
the hydrogenated ketone-bearing bis(phenol) moieties with-
out racemization of the chiral a-carbon centers. The present
methodology provides an efficient synthesis of optically
active aromatic spiroketals and will stimulate future work
on the synthesis and application of aromatic spiroketal-based
chiral functional molecules.

Received: September 13, 2011
Published online: December 14, 2011

Keywords: asymmetric catalysis - hydrogenation - iridium -
P,N ligands - spiroketals

[1] For recent reviews, see: a) M. Brasholz, S. Sorgel, C. Azap, H.-U.
ReiBig, Eur. J. Org. Chem. 2007, 3801; b) J. Sperry, Z. E. Wilson,
D. C. K. Rathwell, M. A. Brimble, Nat. Prod. Rep. 2010,27,1117.
For selected examples, see: ¢) Y.-C. Hu, X.-F. Wu, S. Gao, S.-S.
Yu, Y. Liu, J. Qu, J. Liu, Y.-B. Liu, Org. Lett. 2006, 8, 2269; d) P.-
L. Huang, S.-J. Won, S.-H. Day, C.-N. Lin, Helv. Chim. Acta 1999,
82,1716; ¢) X. Zhang, L. Shan, H. Huang, X. Yang, X. Liang, A.

Angew. Chem. Int. Ed. 2012, 51, 936 —940

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Xing, H. Huang, X. Liu, J. Su, W. Zhang, J. Pharm. Biomed.
Anal. 2009, 49, 715; f) A. Trani, C. Dallanoce, G. Panzone, F.
Ripamonti, B. P. Goldstein, R. Ciabatti, J. Med. Chem. 1997, 40,
967; g) C. Puder, S. Loya, A. Hizi, A. Zeeck, Eur. J. Org. Chem.
2000, 729; h) T. Ueno, H. Takahashi, M. Oda, M. Mizunuma, A.
Yokoyama, Y. Goto, Y. Mizushina, K. Sakaguchi, H. Hayashi,
Biochemistry 2000, 39, 5995.

[2] M. D. Weingarten, J. A. Sikorski, N. Raymond, L. Ni, Z. Ye,
C. Q. Meng, WO 2008/140781A1, November 20, 2008.

[3] a) Z. Freixa, M. S. Beentjes, G. D. Batema, C.B. Dieleman,
G. P. F. van Strijdonck, J. N. H. Reek, P. C. J. Kamer, J. Fraanje,
K. Goubitz, P. W. N. M. van Leeuwen, Angew. Chem. 2003, 115,
1322; Angew. Chem. Int. Ed. 2003, 42,1284; b) Z. Freixa, P. C. J.
Kamer, M. Lutz, A. L. Spek, P. W. N. M. van Leeuwen, Angew.
Chem. 2005, 117, 4459; Angew. Chem. Int. Ed. 2005, 44, 4385;
¢) C. Jiménez-Rodriguez, F. X. Roca, C. Bo, J. Benet-Buchholz,
E.C. Escudero-Adan, Z. Freixa, P. W.N. M. van Leeuwen,
Dalton Trans. 2006, 268; d) X. Sala, E.J. Garcia Sudrez, Z.
Freixa, J. Benet-Buchholz, P. W. N. M. van Leeuwen, Eur. J. Org.
Chem. 2008, 6197; e)J. Li, G. Chen, Z. Wang, R. Zhang, X.
Zhang, K. Ding, Chem. Sci. 2011, 2, 1141.

[4] a) T. Tanaka, M. Miyayguchi, R. K. Mochisuki, S. Tanaka, M.
Okanoto, Y. Kitajima, T. Miyazaki, Heterocycles 1987, 25, 463;
b) T. Capecchi, C. B. D. Koning, J. P. Michael, Tetrahedron Lett.
1998, 39, 5429; c) T. Capecchi, C. B. D. Koning, J. P. Michael, J.
Chem. Soc. Perkin Trans. 1 2000, 2681; d) K. Y. Tsang, M. A.
Brimble, J. B. Bremner, Org. Lett. 2003, 5, 4425; ¢) K. Y. Tsang,
M. A. Brimble, Tetrahedron 2007, 63, 6015; f) S. P. Waters, M. W.
Fennie, M. C. Kozlowski, Tetrahedron Lett. 2006, 47, 5409;
¢) S. P. Waters, M. W. Fennie, M. C. Kozlowski, Org. Lett. 2006,
8,3243; h) S. Sorgel, C. Azap, H.-U. Reissig, Org. Lett. 2006, 8,
4875; i) M. A. Brimble, C. L. Flowers, M. Trzoss, K. Y. Tsang,
Tetrahedron 2006, 62, 5883;j) Y. Xin, H. Jiang, J. Zhao, S. Zhu,
Tetrahedron 2008, 64, 9315; k) C. Venkatesh, H.-U. Reissig,
Synthesis 2008, 22, 3605.

[5] D.H. Qin, R.X. Ren, T. Siu, C.S. Zheng, S.J. Danishefsky,
Angew. Chem. 2001, 113, 4845; Angew. Chem. Int. Ed. 2001, 40,
4709.

[6] a) A.J. Caruso, J. L. Lee, J. Org. Chem. 1997, 62, 1058; b) C. C.
Lindsey, K. L. Wu, T. R. R. Pettus, Org. Lett. 2006, 8, 2365; c) G.
Zhou, D. Zheng, S. Da, Z. Xie, Y. Li, Tetrahedron Lett. 2006, 47,
3349.

[7] S. Akai, K. Kakiguchi, Y. Nakamura, I. Kuriwaki, T. Dohi, S.
Harada, O. Kubo, N. Morita, Y. Kita, Angew. Chem. 2007, 119,
7602; Angew. Chem. Int. Ed. 2007, 46, 7458.

[8] Y. Zhang, J. Xue, Z. Xin, Z. Xie, Y. Li, Synlett 2008, 940.

[9] For comprehensive reviews, see: a) R. Noyori, Asymmetric
Catalysis in Organic Synthesis, Wiley, New York, 1993; b) Com-
prehensive Asymmetric Catalysis (Eds.: E.N. Jacobsen, A.
Pfaltz, H. Yamamoto), Springer, Berlin, 1999; c¢) Handbook of
Homogeneous Hydrogenation (Eds.: J. G. de Vries, C. J. Elsev-
ier), Wiley-VCH, Weinheim, 2007; d) G. Shang, W. Li, X. Zhang,
In: Catalytic Asymmetric Synthesis, 3rd ed. (Ed.: 1. Ojima),
Wiley, Hoboken, 2010, pp. 343 -336.

[10] For reviews on Ir-catalyzed asymmetric hydrogenation, see:
a) S.J. Roseblade, A. Pfaltz, Acc. Chem. Res. 2007, 40, 1402;
b) X. Cui, K. Burgess, Chem. Rev. 2005, 105, 3272; c) K.
Killstrom, I. Munslow, P. G. Andersson, Chem. Eur. J. 2006,
12,3194, d) Y.-G. Zhou, Acc. Chem. Res. 2007, 40,1357; ¢) D. H.
Woodmansee, A. Pfaltz, Chem. Commun. 2011, 47, 7912. For
examples of mechanistic studies on Ir-catalyzed hydrogenation,
see: f) R. H. Crabtree, P. C. Demou, D. Eden, J. M. Mihelic,
C. A. Parnell, J. M. Quirk, G. E. Morris, J. Am. Chem. Soc. 1982,
104, 6994; ¢) R. H. Crabtree, R. J. Uriarte, Inorg. Chem. 1983,
22,4152; h) P. Brandt, C. Hedberg, P. G. Andersson, Chem. Eur.
J. 2003, 9, 339; i) C. Mazet, S. P. Smidt, M. Meuwly, A. Pfaltz, J.

www.angewandte.org

939


http://dx.doi.org/10.1002/ejoc.200601054
http://dx.doi.org/10.1039/b911514p
http://dx.doi.org/10.1021/ol060514o
http://dx.doi.org/10.1002/(SICI)1522-2675(19991006)82:10%3C1716::AID-HLCA1716%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1522-2675(19991006)82:10%3C1716::AID-HLCA1716%3E3.0.CO;2-O
http://dx.doi.org/10.1016/j.jpba.2009.01.009
http://dx.doi.org/10.1016/j.jpba.2009.01.009
http://dx.doi.org/10.1021/jm960672t
http://dx.doi.org/10.1021/jm960672t
http://dx.doi.org/10.1002/(SICI)1099-0690(200003)2000:5%3C729::AID-EJOC729%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1099-0690(200003)2000:5%3C729::AID-EJOC729%3E3.0.CO;2-2
http://dx.doi.org/10.1021/bi992661i
http://dx.doi.org/10.1002/ange.200390301
http://dx.doi.org/10.1002/ange.200390301
http://dx.doi.org/10.1002/anie.200390330
http://dx.doi.org/10.1002/ange.200500226
http://dx.doi.org/10.1002/ange.200500226
http://dx.doi.org/10.1002/anie.200500226
http://dx.doi.org/10.1002/ejoc.200800913
http://dx.doi.org/10.1002/ejoc.200800913
http://dx.doi.org/10.1039/c0sc00607f
http://dx.doi.org/10.3987/S-1987-01-0463
http://dx.doi.org/10.1016/S0040-4039(98)01046-6
http://dx.doi.org/10.1016/S0040-4039(98)01046-6
http://dx.doi.org/10.1039/b002984j
http://dx.doi.org/10.1039/b002984j
http://dx.doi.org/10.1021/ol035723c
http://dx.doi.org/10.1016/j.tet.2007.02.033
http://dx.doi.org/10.1016/j.tetlet.2006.05.044
http://dx.doi.org/10.1021/ol061112j
http://dx.doi.org/10.1021/ol061112j
http://dx.doi.org/10.1021/ol061932w
http://dx.doi.org/10.1021/ol061932w
http://dx.doi.org/10.1016/j.tet.2006.04.026
http://dx.doi.org/10.1016/j.tet.2008.07.019
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4845::AID-ANGE4845%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4709::AID-ANIE4709%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4709::AID-ANIE4709%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/jo961766d
http://dx.doi.org/10.1021/ol0606886
http://dx.doi.org/10.1016/j.tetlet.2006.03.092
http://dx.doi.org/10.1016/j.tetlet.2006.03.092
http://dx.doi.org/10.1002/ange.200702382
http://dx.doi.org/10.1002/ange.200702382
http://dx.doi.org/10.1002/anie.200702382
http://dx.doi.org/10.1021/ar700113g
http://dx.doi.org/10.1021/cr0500131
http://dx.doi.org/10.1002/chem.200500755
http://dx.doi.org/10.1002/chem.200500755
http://dx.doi.org/10.1021/ar700094b
http://dx.doi.org/10.1039/c1cc11430a
http://dx.doi.org/10.1021/ja00389a018
http://dx.doi.org/10.1021/ja00389a018
http://dx.doi.org/10.1021/ic00168a066
http://dx.doi.org/10.1021/ic00168a066
http://dx.doi.org/10.1002/chem.200390029
http://dx.doi.org/10.1002/chem.200390029
http://dx.doi.org/10.1021/ja046318z
http://www.angewandte.org

Angewandte

940

Communications

Am. Chem. Soc. 2004, 126, 14176; j) Y. Fan, X. Cui, K. Burgess,
M. B. Hall, J. Am. Chem. Soc. 2004, 126, 16688.

[11] a) Z.Han, Z. Wang, X. Zhang, K. Ding, Angew. Chem. 2009, 121,
5449; Angew. Chem. Int. Ed. 2009, 48,5345;b) Y. Zhang, Z. Han,
F. Li, K. Ding, A. Zhang, Chem. Commun. 2010, 46, 156; c) Z.
Han, Z. Wang, K. Ding, Adv. Synth. Catal. 2011, 353, 1584.

[12] a) S.-M. Lu, C. Bolm, Angew. Chem. 2008, 120, 9052; Angew.
Chem. Int. Ed. 2008, 47, 8920; b) W. Lu, Y. Chen, X. Hou,
Angew. Chem. 2008, 120, 10287; Angew. Chem. Int. Ed. 2008, 47,
10133.

[13] See the Supporting Information.

[14] For a model reaction, see Table S1 in the Supporting Informa-
tion.

[15] The spiro backbone has been recognized as a privileged
structure for the construction of chiral ligands; see: a) Privileged
Chiral Ligands and Catalysts (Ed.: Q.-L. Zhou), Wiley-VCH,
Weinheim, 2011; b) A. S. C. Chan, W. Hu, C.-C. Pai, C.-P. Lau, Y.
Jiang, A. Mi, M. Yan, J. Sun, R. Lou, J. Deng, J. Am. Chem. Soc.
1997, 119, 9570; c) J.-H. Xie, Q.-L. Zhou, Acc. Chem. Res. 2008,
41,581;d) K. Ding, Z. Han, Z. Wang, Chem. Asian J. 2009, 4,32;
e) G. B. Bajracharya, M. A. Arai, P. S. Koranne, T. Suzuki, S.
Takizawa, H. Sasai, Bull. Chem. Soc. Jpn. 2009, 82, 285.

[16] [{Ir(COD)Cl},] and [IrH(CO)(PPh;);] were also employed as
catalysts for spiroketalization in the absence of hydrogen;
however, no reaction was observed.

[17] a) F. Perron, K. F. Albizati, Chem. Rev. 1989, 89, 1617; b) K. T.
Mead, B. N. Brewer, Curr. Org. Chem. 2003, 7, 227.

(18]

[19]

[20]

a) S. Murahashi, H. Takaya, Acc. Chem. Res. 2000, 33, 225; b) X.
Li, A. R. Chianese, T. Vogel, R. H. Crabtree, Org. Lett. 2005, 7,
5437; ¢) G. Onodera, T. Toeda, N. Toda, D. Shibagishi, R.
Takeuchi, Tetrahedron 2010, 66, 9021; d) L.D. Field, B. A.
Messerle, S. L. Wren, Organometallics 2003, 22, 4393; ¢) J. H. H.
Ho, R. Hodgson, J. Wagler, B. A. Messerle, Dalton Trans. 2010,
39, 4062. For examples of transition-metal-complex-catalyzed
acetalizations, see: f) F. Gorla, L. M. Venanzi, Helv. Chim. Acta
1990, 73, 690; g) M. Cataldo, E. Nieddu, R. Gavagnin, F. Pinna,
G. Strukul, J. Mol. Catal. A 1999, 142, 305; h) Q. Z. Jiang, H.
Riiegger, L. M. Venanzi, Inorg. Chim. Acta 1999, 290, 64; i) M.
Sili, L. M. Venanzi, Helv. Chim. Acta 2001, 84, 898;j) C. Crotti,
E. Farnetti, N. Guidolin, Green Chem. 2010, 12, 2225.

a) Y. Zhu, Y. Fan, K. Burgess, J. Am. Chem. Soc. 2010, 132, 6249;
b) P. Cheruku, J. Diesen, P. G. Andersson, J. Am. Chem. Soc.
2008, 130, 5595; c) P. Cheruku, S. Gohil, P. G. Andersson, Org.
Lett. 2007, 9, 1659; d) Y. Zhu, K. Burgess, Adv. Synth. Catal.
2008, 350, 979; e) M. C. Perry, X. Cui, M. T. Powell, D.-R. Hou,
J. H. Reibenspies, K. Burgess, J. Am. Chem. Soc. 2003, 125, 113;
f) G. S. McGrady, G. Guilera, Chem. Soc. Rev. 2003, 32, 383;
¢) X. Qi, L. Liu, Y. Fu, Q. Guo, Organometallics 2006, 25, 5879.
CCDC-832586 (trans-2a) and CCDC-832585 (cis-2a) contain
the supplementary crystallographic 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.

www.angewandte.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 936 —940


http://dx.doi.org/10.1021/ja046318z
http://dx.doi.org/10.1021/ja044240g
http://dx.doi.org/10.1002/ange.200901630
http://dx.doi.org/10.1002/ange.200901630
http://dx.doi.org/10.1002/anie.200901630
http://dx.doi.org/10.1039/b919902k
http://dx.doi.org/10.1002/adsc.201100089
http://dx.doi.org/10.1002/ange.200803709
http://dx.doi.org/10.1002/anie.200803709
http://dx.doi.org/10.1002/anie.200803709
http://dx.doi.org/10.1002/ange.200803872
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1021/ar700137z
http://dx.doi.org/10.1021/ar700137z
http://dx.doi.org/10.1002/asia.200800192
http://dx.doi.org/10.1246/bcsj.82.285
http://dx.doi.org/10.1021/cr00097a015
http://dx.doi.org/10.1021/ar980085x
http://dx.doi.org/10.1021/ol052186i
http://dx.doi.org/10.1021/ol052186i
http://dx.doi.org/10.1016/j.tet.2010.09.015
http://dx.doi.org/10.1021/om034004z
http://dx.doi.org/10.1039/b926773e
http://dx.doi.org/10.1039/b926773e
http://dx.doi.org/10.1002/hlca.19900730317
http://dx.doi.org/10.1002/hlca.19900730317
http://dx.doi.org/10.1039/c0gc00096e
http://dx.doi.org/10.1021/ja101233g
http://dx.doi.org/10.1021/ja711372c
http://dx.doi.org/10.1021/ja711372c
http://dx.doi.org/10.1021/ol070325l
http://dx.doi.org/10.1021/ol070325l
http://dx.doi.org/10.1002/adsc.200700546
http://dx.doi.org/10.1002/adsc.200700546
http://dx.doi.org/10.1021/ja028142b
http://dx.doi.org/10.1039/b207999m
http://dx.doi.org/10.1021/om0608859
http://dx.doi.org/10.1039/b207999m
http://dx.doi.org/10.1039/b207999m
http://www.angewandte.org

