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Abstract: A synergistic effect is observed for the
combination of a neutral dinuclear gold complex
with a chiral silver phosphate in the intramolecular
hyroalkoxylation of allenes to give furan derivatives
in high yields and enantioselectivities. The mono-
cationic dinuclear gold complex affords higher cata-
lytic activity and enantioselectivity than the neutral
or dicationic digold complexes. The synergistic
effect is thus highly promising to provide a guiding
principle in designing an efficient chiral environ-
ment for creating an asymmetric catalyst.
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Regarding new frontiers of asymmetric catalyst sys-
tems, a variety of highly efficient chiral ligands have
been developed that dramatically increase the catalyt-
ic activity and enantioselectivity."! An asymmetric
catalyst is usually constructed by a proper combina-
tion of chiral ligand and central metal. An asymmetric
catalyst can be further evolved into a more activated
catalyst to give higher catalytic activity and enantiose-
lectivity with a chiral activator as an additional chiral
source; for this process, we have previously coined
the term ‘asymmetric activation’.”l A synergistic
effect has been observed where the matched pair with
the additional chiral source (R or S) can lead to
higher catalytic activity and enantioselectivity than
the mismatched one (S or R).

Recently, highly efficient asymmetric catalyst sys-
tems based on chiral anions,”! especially those with a
binaphthyl backbone, have been reported to induce
high levels of enantioselectivity.*>! List defined the
concept as ‘asymmetric counteranion-directed cataly-
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sis (ACDC)’ in a general strategy for asymmetric cat-
alysis.”! The catalytic systems through the combina-
tion of chiral or achiral amines and chiral phosphate
anions have been developed in transfer hydrogena-
tion,**! allylation,” and epoxidation® with high-
to-excellent yield and enantioselectivity. As another
important breakthrough, Toste and co-workers have
also developed the chiral anion strategy for asymmetric
transition metal catalysis for highly enantioselective
hydroamination,'® hydroalkoxylation,”! and hydrocar-
boxylation!®! reactions of allenic fragments by a gold
catalyst bearing both chiral or achiral diphosphine
ligand and chiral phosphate anion.

On the other hand, we have found that the axial
chirality of gold complexes bearing tropos BIPHEP li-
gands [BIPHEP =bis(phosphanyl)biphenyl],”! which
are highly modular, versatile, and easy to synthesize
without enantiomer resolution, could be controlled by
the phosphate and the corresponding N-triflyl phos-
phoramide as chiral anions (Scheme 1).®] The axial
chirality of BIPHEP-(AuCl), complexes could also be
memorized due to the Au—Au contact even after the
dissociation of chiral anions. Treatment of the enan-
tiopure BIPHEP-(AuCl), complexes with two equiva-
lents of Ag salt thus facilitated the intramolecular hy-
droamination of allenes as an atropos asymmetric cat-
alyst with high enantioselectivity [Scheme 1, previous
work (b)]. Herein, we report a synergistic effect
through the combination of the enantiopure
BIPHEP-(AuCl), complexes and chiral phosphate
anions as a matched pair, which affords the high level
of enantioselectivity in an intramolecular hydroalkox-
ylation [Scheme 1, this work (a)]. Since gold com-
plexes possess not only a two-coordinate linear geom-
etry but also have the chiral ligands far from the reac-
tive site, the development of the highly catalytic enan-
tiselective reactions is still a challenging subject.”’)
Therefore, we believe that the synergistic effect is
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highly promising to gain a new insight in designing an
efficient asymmetric gold catalyst.!"’!

To demonstrate the effectiveness of the synergistic
effect on the Au catalyst system,'! we focused our at-
tention on enantioselective intramolecular hydroal-
koxylation.[*"?! As initial experiments, the reaction of
allene 6a was examined using cationic Au complexes
bearing chiral phosphate anions 2a, which are imme-
diately generated by the combination of enantiopure
(8)- or (R)-1-(AuCl), with Ag-2a in benzene at room
temperature (Table 1). When the reaction did not
finish even after 24 h, we attempted the work-up re-
gardless of the remaining substrate 6a (entries 1-7,
10-15). Treatment of (S)- or (R)-1a-(AuCl), with Ag-
2a promoted the reaction in moderate yields, but the
conspicuous synergistic effect (matched and mis-
matched pairing with the S-chiral anion) was not ob-
served in the enantioselectivity (entries 1 vs. 2). How-
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Table 1. Synergistic asymmetric hydroalkoxylation using var-
ious Au complexes and chiral anion 2a.

Au complex (2.5 mol%)

PhPh o Ag2a(25xY mol%) /\*C,Z
/ benzene Ph
6a T°C,24h 79 N
Entry Au complex Y T Yield ee
[Cl [%] [%]"
1 (S)-1a-(AuCl), 20 rt. 65 30 (S)
2 (R)-1a-(AuCl), 20 rt. 63 50 (R)
3 (S)-1b-(AuCl), 20 rt. 88 6 (S)
4 (R)-1b-(AuCl), 20 rt. 88 74 (R)
5 (R)-1c-(AuCl), 20 10 52 47 (R)
6 (R)-1d-(AuCl), 20 10 66 60 (R)
7 (R)-1b-(AuCl), 20 10 75 75 (R)
81 (R)-1b-(AuCl), 1.5 10 82 82 (R)
9l (R)-1b-(AuCl), 1.0 10 86 83 (R)
10 (R)-1b-(AuCl), 0.5 10 82 83 (R)
11 (S)-1b-(AuCl), 1.0 10 33 42 ()
12 (R)-DM-BINAP- 20 10 45 39 (R)
(AuCl),
13 dppm-(AuCl), 20 10 58 18 (S)
14 dppm-(AuCl), 1.0 10 69 13 (S)
151 dppm-(AuCl), 20 10 42 18 (S)

[l Au catalysts were produced in situ by treatment of the
Au complex (2.5mol%) and Ag-2a (2.5xY mol%) in
benzene at 10°C for 30 min.

[’} Reaction time was 22 h.

[l Reaction time was 20 h.

4] Ag-2g as a chiral silver phosphate was used instead of
Ag-2a.

[l Isolated yield.

1 Enantiomeric excess was determined by chiral HPLC
analysis.

ever, the use of 1b-(AuCl), was found to show the
synergistic effect more clearly; in sharp contrast to
(S)-1b-(AuCl), as a mismatched pair (6% ee, S), (R)-
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1b-(AuCl), as a matched pair afforded the desired
product 7a to increase the enantioselectivity (74% ee,
R) (entries3 vs. 4). As the steric effect of the
BIPHEP moiety, (R)-1¢- and —1d-(AuCl), decreased
the enantioselectivities even at lower temperature (60
and 47% ee) (entries 5 and 6). Precatalyst 1b-(AuCl),
is a dinuclear complex, the amount of Ag-2a is thus
controlled (entries 7-10). Significantly, the decrease
of Ag-2a (less than 2.0 equivalents) was found to in-
crease both catalytic activity and enantioselectivity.
The reaction finished within 20 h by the addition of
one equivalent of Ag-2a; the best result was obtained
to give the highest catalytic activity and enantioselec-
tivity (86%, 83% ee) (entry 9). Even with one equiva-
lent of Ag-2a, a mismatched pair (S)-1b-(AuCl), led
to extremely low yield and enantioselectivity (33%,
42% ee) (entry 11). Compared to the catalyst bearing
DM-BIPHEP 1b,®! (R)-DM-BINAP-(AuX*), coun-
terpart gave lower catalytic activity and enantioselec-
tivity probably due to the significant difference in
structure without any intramolecular Au—Au contact
(entry 12).®4 In addition, the employment of achiral
dppm-(AuCl), complex and chiral silver phosphate,
which was developed by Toste,””! gave the adduct in
moderate yield but lower enantioselectivity regardless
of the chiral anion 2 (entries 13-15).

Since the additional amount of Ag-2a reflected the
enantioselectivity, we investigated the generation of
monocationic (R)-1b-AuCIX* by *'P NMR analyses
(Scheme 2).™!" The combination of (R)-1b-(AuCl),
and one equivalent of Ag-2a in benzene-ds at room
temperature produced an (R)-1b-(AuCl),/(R)-1b-
AuCIX*/(R)-1b-(AuX*), mixture in a 0.5/1.0/0.3 ratio.
In addition, two equivalents of Ag-2a led only to (R)-
1b-(AuX*), quantitatively. It was demonstrated that
the monocationic (R)-1b-AuCIX* afforded not only
higher catalytic activity but also better enantioselec-
tivity, because (R)-1b-(AuCl), was inactive in this re-
action and an addition of two equivalents of Ag-2a
gave the lower catalytic activity and enantioselectivity
(Table 1, entries 7 vs. 8-10). Therefore, another Au-Cl
portion of (R)-1b-AuClX* should take an important
role in not only the catalytic activity but also the
steric effect to induce a higher enantioselectivity by
the catalyst system.

Under these optimized conditions using (R)-1b-
(AuCl), as a precatalyst, we investigated the effects of
various solvents and chiral anions (Table 2). CH,Cl,,
AcOEt, and THF instead of benzene gave lower
enantioselectivities (entries 2-4). The best results
were obtained in toluene (97%, 83% ee) (entry5).
The use of achiral anions could not increase the enan-
tioselectivities; the reactions with AgOTf or AgOTs
maintained a high reactivity but led to lower enantio-
selectivity (entries6 and 7). AgOPNB with either
(R)-1b-(AuCl), or (R)-DM-BINAP-(AuCl), extremely

Table 2. Effects of solvent and chiral anions on catalytic
asymmetric hydroalkoxylation.

(R)-1b-(AuCl), (2.5 mol%)

//\P;ih/ OH AgX* (2.5 mol%) /’;(O;
/ solvent Ph
6a 10°C, 18 -24 h 7a D
Entry  AgX* Solvent  Yield [%]“  ee [%]®
1 Ag-2a benzene 86 83
2 Ag-2a CH,(Cl, 84 15
3 Ag-2a AcOEt 74 57
4 Ag-2a THF 12 61
5 Ag-2a toluene 97 83
6% AgOTf toluene 71 34
7 AgOTs toluene 89 46
8 AgOPNBI!  toluene 27 57
9! AgOPNBF  toluene  trace -
10 Ag-2b toluene 76 40
11 Ag-2¢ toluene 81 57
12 Ag-2d toluene 85 84
13 Ag-2e toluene 83 80
14 Ag-2f toluene 94 87
15 Ag-2g toluene 14 41
16 Ag-3 toluene 88 65
17 Ag-4 toluene 73 21
18 Ag-5 toluene 38 53

[ Reaction was examined at 10°C for 2 h.

1 (R)-DM-BINAP-(AuCl), (2.5 mol%) was used instead of
(R)-1b-(AuCl),.

[l OPNB =p-nitrobenzoate.

4 Tsolated yield.

[} Enantiomeric excess was determined by chiral HPLC
analysis.

Ar, O Ar, O Ar.
O PoAUCI  Agza P-Au Ag-2a P“Z;f'i‘\u@
O p-AuCl i O pP-AuCl P-Au‘@
Arz AgCI Arz AgCI O AI'Z

(R)-1b-(AuClI),

inert higher

activity and selectivity

Scheme 2. Dinuclear neutral and cationic Au complexes.
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decreased the activity (entries 8 and 9). The chiral
silver phosphates could allow us to introduce a variety
of different substituents on the 3,3’-positions of the
1,1’-binaphthyl backbone. Indeed, the chiral anion 2f
bearing a p-substituted biphenyl ring attained the
highest yield and enantioselectivity (94%, 87% ee)
(entry 14); it was confirmed by taking *'P NMR analy-
sis that the epimerization of DM-BIPHEP 1b portion
did not take place during the course of reaction even
at room temperature. In contrast, 2g which has often
been used as an efficient chiral anion in asymmetric
catalyses,*® led to a much lower yield and enantiose-
lectivity because of stronger steric hindrance
(entry 15). The use of chiral anions bearing a biphenyl
or taddole!"® backbone resulted in lower enantioselec-
tivities (entries 16-18).

The scope of allene substrates was examined utiliz-
ing the optimized reaction conditions (Table 3). The
reaction of 6b, ¢ with p-methoxyphenyl or p-chloro-
phenyl groups in the tether smoothly proceeded to

Table 3. Asymmetric catalytic hydroalkoxylation with vari-
ous allenes.

R R (R)-1b-(AuCl), (2.5 mol%

)
2 , O
Ag-2f (2.5 mol%) R%
OH - « /
2
R \/\)K/ toluene R2 -
R1

R 6a-i T°C,24h 7a-i
Entry R', R? T [°C] Yield [%]! ee [%]
14 Ph, H (6a) 0 94 87
2 p-MeOC,H,, H (6b) 0 85 95
3 p-CICH, H(6c) 0 75 77
4 H, Me (6d) 20 97 93
5 H. Et (6e) 20 89 95
6 H. -C,H;- (6f) 20 97 90
7 H, -CsH,- (6g) 20 98 95
8 Ph, Me (6h) 0 75 70
9 Ph, -CH,- (6i) 0 92 75

] Reaction time was 20 h.

) Isolated yield.

[ Enantiomeric excess was determined by chiral HPLC or
GC analysis.

give moderate-to-good yield and enantioselectivity
(85%, 95% ee and 75%, 77% ee) (entries 2 and 3).
The reaction could also be extended to allenes even
without substituent in the tether. Allenes 6d-g were
also reactive at —20°C to provide good-to-excellent
yields and enantioselectivities (89-98%, 90-95% ee)
(entries 4-7). The use of 6h, i provided good yields
but decreased enantioselectivities (75%, 70% ee and
92%, 75% ee) (entries 8 and 9).

In summary, we have described an asymmetric syn-
ergy effect through the combination of a dinuclear
gold complex and a chiral phosphate on the intramo-
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lecular hyroalkoxylation of allenes to give the corre-
sponding products in high yields and enantioselecti-
vites. It has also been clarified that the monocationic
dinuclear gold complex affords higher catalytic activi-
ty and enantioselectivity. This synergistic effect on
asymmetric catalyst systems is thus highly promising
to gain a new insight in designing a chiral environ-
ment for producing an efficient asymmetric catalyst.
Further mechanistic studies and applications of asym-
metric activation/asymmetric synergy effect to other
asymmetric catalysis are in progress.

Experimental Section

Isolation of Enantiopure (R)-1b-(AuCl),

To a mixture of rac-1b-(AuCl), (44.0 mg, 0.04 mmol) and
(R)-Ag-2f (69.7mg, 0.08mmol) was added acetone
(8.0 mL), and the reaction mixture was stirred at 100°C for
14 h. After the addition of CH,Cl, (8.0 mL), the reaction
mixture was filtered through celite and concentrated under
reduced pressure. The yellow solid was dissolved in the min-
imum amount of dichloromethane and precipitated by drop-
wise addition of pentane. The complex was washed three
times with pentane, and then dried under vacuum. The
single diastereomer (R)-1b-Au/[(R)-2f],, which was con-
firmed by *'P NMR analysis, was obtained quantitatively.

To a solution of the single diastereomer (R)-1b-Au/[(R)-
2f], (102.3 mg, 0.04 mmol) in CH,Cl, (10 mL) was added 2
drops of concentrated HCI at 0°C, and stirred at 10°C for
3h. The reaction mixture was washed with saturated
NaHCO; solution and water. The resultant organic layer
was dried over Na,SO,, and then concentrated under
vacuum. Purification by column chromatography on silica-
gel (CH,Cl, only) to give enantiopure (R)-1b-(AuCl), (quan-
titatively). (R)-2f was recovered by column chromatography
on silica gel (acetone only) as (R)-H-2f quantitatively.

Typical Experimental procedure (Table 2, entry 14)

To a solution of (R)-1b-(AuCl), (4.4 mg, 0.004 mmol) in tol-
uene (0.6 mL) was added (S)-Ag-2f (3.5 mg, 0.004 mmol) at
10°C under an argon atmosphere. After the mixture had
been stirred at 10°C for 30 min, a solution of 6a (40 mg,
0.16 mmol) in toluene (0.7 mL) was added at that tempera-
ture. After stirring at 10°C for 20 h, the reaction mixture
was directly loaded on to a silica gel column and eluted with
hexane/ethyl acetate to give 7a; yield: 94%. The enantio-
meric excess was determined by chiral HPLC analysis (87%
ee).

Acknowledgements

This research was supported by Grant-in-Aid forYoung Sci-
entists (B) and Grant-in-Aid for JSPS Fellowship.

Adpv. Synth. Catal. 2010, 352, 3131-3135


http://asc.wiley-vch.de

Synergistic Effect: Hydroalkoxylation of Allenes

Advanced
Synthesis &
Catalysis

References

(1]

Adpv. Synth. Catal. 2010, 352, 3131-3135

a) E.N. Jacobsen, A. Pfaltz, H. Yamamoto, (Eds.),
Comprehensive Asymmetric Catalysis, Vols. 1-3, Spring-
er, Berlin, 1999; b) 1. Ojima, (Ed.), Catalytic Asymmet-
ric Synthesis, Vols. I-111, Wiley-VCH, New York, 1993,
2000, 2010; c) K. Mikami, M. Loutens, in: New Frontier
in Asymmetric Catalysis, Wiley, New York, 2007.

a) S. Matsukawa, K. Mikami, Enantiomer 1996, 1, 69;
b) K. Mikami, S. Matsukawa, Nature 1997, 385, 613; for
a review, see: c¢) K. Mikami, M. Terada, T. Korenaga,
Y. Matsumoto, M. Ueki, R. Angelaud, Angew. Chem.
2000, /12, 3676; Angew. Chem. Int. Ed. 2000, 39, 3532.
For a review, see: a) J. Lacour, V. Hebbe-Viton, Chem.
Soc. Rev. 2003, 32, 373; b)J. Lacour, D. Moraleda
Chem. Commun. 2009, 7073.

a) H. Furuno, T. Hanamoto, Y. Sugimoto, J. Inanaga,
Org. Lett. 2000, 2, 49; b) D. B. Llewellyn, D. Adamson,
B. A. Arndtsen, Org. Lett. 2000, 2, 4165; c) C. Carter, S.
Fletcher, A. Nelson, Tetrahedron: Asymmetry 2003, 14,
1995; d) R. Dorta, L. Shimon, D. Milstein, J. Organo-
met. Chem. 2004, 689, 751; e) V. Komanduri, M. J. Kri-
sche, J. Am. Chem. Soc. 2006, 128, 16448-16449; f) G.
Bartoli, M. Bosco, A. Carlone, F. Pesciaioli, L. Sambri,
P. Melchiorre, Org. Lett. 2007, 9, 1403; ¢) G. L. Hamil-
ton, T. Kanai, F. D. Toste, J. Am. Chem. Soc. 2008, 130,
14984; h) C. Li, B. Villa-Marcos, J. Xiao, J. Am. Chem.
Soc. 2009, 131, 6967; i) M, Hatano, Y. Hattori, Y.
Furuya, K. Ishihara, Org. Lett. 2009, 11, 2321; j) M,
Hatano, K. Moriyama, T. Maki, K. Ishihara, Angew.
Chem. 2010, 122, 3911; Angew. Chem. Int. Ed. 2010, 49,
3823.

a) S. Mayer, B. List, Angew. Chem. 2006, 118, 4299;
Angew. Chem. Int. Ed. 2006, 45, 4193; b)N.J. A.
Martin, B. List, J. Am. Chem. Soc. 2006, 128, 13368;
¢) S. Mukherjee, B. List, J. Am. Chem. Soc. 2007, 129,
11336; d) X. Wang, B. List, Angew. Chem. 2008, 120,
1135; Angew. Chem. Int. Ed. 2008, 47, 1119; e) X.
Wang, C. M. Reisinger, B. List, J. Am. Chem. Soc. 2008,
130, 6070; f) S. Liao, B. List, Angew. Chem. 2010, 122,
638; Angew. Chem. Int. Ed. 2010, 49, 628.

a) G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Sci-
ence 2007, 317, 496; b) R. L. LaLonde, Z.J. Wang, M.
Mba, A.D. Lackner, F. D. Toste, Angew. Chem. 2010,
122, 608; Angew. Chem. Int. Ed. 2010, 49, 598.

[7]

(8]
9]

(10]

(11]

(12]

[13]

[14]

[15]
[16]

a) K. Mikami, T. Korenaga, M. Terada, T. Ohkuma, T.
Pham, R. Noyori, Angew. Chem. 1999, 111, 517,
Angew. Chem. Int. Ed. 1999, 38, 495; b) T. Korenaga,
K. Aikawa, M. Terada, S. Kawauchi, K. Mikami, Adv.
Synth. Catal. 2001, 343, 284; c) K. Mikami, H. Kakuno,
K. Aikawa, Angew. Chem. 2005, 117, 7423; Angew.
Chem. Int. Ed. 2005, 44, 7257. For a review, see: d) K.
Mikami, K. Aikawa, Y. Yusa, J. J. Jodry, M. Yamanaka,
Synlett 2002, 1561.

K. Aikawa, M. Kojima, K. Mikami, Angew. Chem.
2009, 121, 6189; Angew. Chem. Int. Ed. 2009, 48, 6073.
For a review, see: a) A. S. K. Hashmi, Nature 2007, 449,
292; b) R. A. Widenhoefer, Chem. Eur. J. 2008, 14,
5382; ¢) N. D. Shapiro, F. D. Toste, Synlett 2010, 675.

a) K. Aikawa, S. Akutagawa, K. Mikami, J. Am. Chem.
Soc. 20006, 128, 12648; b) K. Aikawa, Y. Takabayashi, S.
Kawauchi, K. Mikami, Chem. Commum., 2008, 5095.
For a review, see: c) M. T. Reetz, Angew. Chem. 2008,
120, 2592; Angew. Chem. Int. Ed. 2008, 47, 2556; d) K.
Ding, Chem. Commun. 2008, 909.

For other synergistic effects in gold catalysis, see:
A.S. K. Hashmi, C. Hubbert, Angew. Chem. 2010, 122,
1026; Angew. Chem. Int. Ed. 2010, 49, 1010.

Z. Zhang, R. A. Widenhoefer, Angew. Chem. 2007,
119, 287; Angew. Chem. Int. Ed. 2007, 46, 283.

Crystal data for (R)-1b-(AuCl),: C,,;H,,Au,ClL,P,, ortho-
rhombic, space group P2,2.2,, a=11.5398(10) A, b=
17.523(15) A, ¢=20.837(17) A, V=4213(5) A°, Z=4,
Die=1.733 gem™, and p = 72.116 cm™'. All measure-
ments were made on a Rigaku Mercury375R/M CCD
(XtaLAB mini) diffractometer with graphite mono-
chromated Mo-Ka radiation at 193 K. Of the 44180 re-
flections that were collected, 9638 were unique (R, =
0.0998). R,=0.0566, wR,=0.1377, goodness of fit=
1.134, Flack parameter =—0.018(10), shift/error=0.001.
CCDC 782222 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.
M. A. Tarselli, A. R. Chianese, S.J. Lee, M. R. Gagné,
Angew. Chem. 2007, 119, 6790; Angew. Chem. Int. Ed.
2007, 46, 6670.

For details, see the Supporting Information.

a) D. Seebach, A. K. Beck, A. Heckel, Angew. Chem.
2001, 7713, 96; Angew. Chem. Int. Ed. 2001, 40, 92;
b) H. Pellissier, Tetrahedron 2008, 64, 10279.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

asc.wiley-vch.de 3135


http://asc.wiley-vch.de

