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ABSTRACT: The enantioselective propargylic alkylation of
propargylic alcohols with -keto phosphonates in the presence
of a thiolate-bridged diruthenium complex and a copper
complex as cocatalysts gives the corresponding propargylic
alkylated products in excellent yields with high diastereo- and
enantioselectivities (up to 97% ee).

In our continuing studies of the cooperative dual catalytic
reactions' and enantioselective propargylic substitution
reactions,” we have quite recently found the ruthenium- and
copper-catalyzed propargylic alkylation of propargylic alcohols
with pf-keto esters to give the corresponding propargylic
alkylated products in high yields with excellent enantioselec-
tivity.> In this reaction system, both transition-metal catalysts
(ruthenium and copper complexes) activate propargylic
alcohols and f-keto esters, respectively, and cooperatively
promote the propargylic alkylation enantioselectively (Scheme
1). The enolates generated in situ from copper complexes®
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and f-keto esters have been used as carbon-centered
nucleophiles, but successful examples are limited to the
enantioselective addition to carbonyls and their related
compounds. This finding is the first application of the enolates
to asymmetric propargylic substitution reactions. We believe
that the method described in this article provides a new type of
enantioselective dual catalytic reaction using a pair of distinct
transition-metal catalysts.®’

In the cooperative catalytic reactions, we have now envisaged
that the use of other carbon-centered nucleophiles in place of
the fB-keto esters, such as f-keto phosphonates,® may promote
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the propargylic alkylation of propargylic alcohols using a similar
reaction system. In fact, the propargylic alkylation of
propargylic alcohols with f-keto phosphonates proceeded in
the presence of a thiolate-bridged diruthenium complex and a
copper complex as cocatalysts to give the corresponding
propargylic alkylated products in excellent yields with high
diastereo- and enantioselectivities. This is the first successful
example of f-keto phosphonates as carbon-centered nucleo-
philes in the enantioselective propargylic alkylation. Typical
results are described here.

B RESULTS AND DISCUSSION

Treatment of 1-(1-naphthyl)-2-propyn-1-ol (1a) with 3 equiv
of diethyl 2-oxocyclopentylphosphonate (2a) in the presence of
catalytic amounts of the thiolate-bridged diruthenium com-
plexg’10 [Cp*RuCl(u,-SMe)], (Cp* = n*-CsMeg; 3a), the
copper complex Cu(OTf),, and (4R4'R,5S,5'S)-2,2"-(cyclo-
propane-1,1-diyl)bis(4,5-diphenyl-4,5-dihydrooxazole) (4a),
and NH,BF, in tetrahydrofuran (THF) at room temperature
for 40 h gave diethyl 1-(1-(naphthalen-1-yl)prop-2-ynyl)-2-
oxocyclopentylphosphonate (Sa) in 63% isolated yield as a
mixture of two diastereoisomers (anti-Sa/syn-Sa = 15/1) with
89% ee of anti-Sa (Table 1, entry 1). This result is in sharp
contrast to that when ethyl 2-oxocyclopentanecarboxylate was
used as a carbon-centered nucleophile under the same reaction
conditions (87% yield, anti/syn = 6/1, 7% ee (anti)).> The
reaction was carried out in other solvents such as dichloro-
methane, 1,4-dioxane, diethyl ether, and toluene; unsatisfactory
results were observed in all cases (Table 1, entries 2—S5). Other
bis(oxazoline) ligands such as 4b worked effectively, but
substantially lower diastereo- and enantioselectivities were
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Table 1. Enantioselective Propargylic Alkylations of Propargylic Alcohol (1a) with f-Keto Phosphonate (2a)®
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run amt of 2a (equiv) 4 solvent temp (°C) yield of § (%)b anti-S/syn-5° ee of anti-S (%)d
1 3.0 4a THF room temp 63 15/1 89
2 3.0 4a CH,Cl, room temp 7 >20/1 92
3 3.0 4a 1,4-dioxane room temp 78 14/1 78
4 3.0 4a Et,0 room temp 26 13/1 86
S 3.0 4a toluene room temp 23 11/1 80
6 3.0 4b THF room temp 59 16/1 70
7 3.0 4c THEF room temp 0
8 3.0 4d THF room temp 18 >20/1 92
9 1.5 4a THF room temp 77 19/1 87
10 15 4a THF 0 89 >20/1 91
11° 15 4a THF 0 99 >20/1 82

?All reactions of 1a (0.20 mmol) with 2a were carried out in the presence of 3a (0. 010 mmol), Cu(OTf), (0.020 mmol), 4 (0.022 mmol), and
NH,BF, (0.020 mmol) in 2 mL of solvent. bIsolated yield. “Determined by 'H NMR. “Determined by HPLC. “3b was used instead of 3a.

Table 2. Enantioselective Propargylic Alkylations of Propargylic Alcohols (1) with f-Keto Phosphonate (2a)®
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“All reactions of 1 (0.20 mmol) with 2a (0.30 mmol) were carried out in the presence of 3a (0.010 mmol), Cu(OTf), (0.020 mmol), 4a (0.022
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observed when 4c,d were used as bis(oxazoline) ligands (Table
1, entries 6—8). Only the use of 1.5 equiv of 2a with respect to
1a was enough to promote the propargylic alkylation (Table 1,
entry 9). The reaction proceeded smoothly even at 0 °C, higher
diastereo- and enantioselectivities being observed (Table 1,
entry 10). Other diruthenium complexes such as the complex
bearing the sterically more demanding S’Pr moiety [Cp*RuCl-
(4,-S'Pr)], (3b) exhibited a lower enantioselectivity (Table 1,
entry 11). Separately, we confirmed that the use of only 3a or
copper complex did not promote the propargylic alkylation.
This result indicates that both 3a and copper complex worked
cooperatively as catalysts to promote the catalytic reaction
enantioselectively.

Next, propargylic alkylation of a variety of propargylic
alcohols was carried out by using 3a and the copper complex
with 4a as cocatalysts. Typical results are shown in Table 2.
Similarly, a high enantioselectivity was observed when 1-(2-
naphthyl)-2-propyn-1-ol (1b) was used as a substrate (Table 2,
entry 2). Introduction of a methyl or a chloro group at the para
position of the benzene ring of propargylic alcohols did not
greatly affect the reactivity and enantioselectivity of the
propargylic alkylated products (Table 2, entries 4 and ), but
a high enantioselectivity was observed when a methoxy group
was introduced at the para position of the benzene ring of the
propargylic alcohol (Table 2, entry 6). Interestingly, the
introduction of a methoxy group at the ortho position of the
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benzene ring of propargylic alcohols substantially decreased the
enantioselectivity (Table 2, entry 7). When a methyl group was
introduced at the 4-position of the naphthalene ring of
propargylic alcohol, the enantioselectivity was dramatically
improved up to 97% ee (Table 2, entry 8). No reaction
occurred at all under the same reaction conditions when 1-
cyclohexyl-2-propyn-1-ol was used as a substrate, indicating that
the presence of an aryl moiety at the propargylic position of 1 is
necessary to achieve the reaction.

Propargylic alkylation with other f-keto phosphonates also
proceeded smoothly to give the corresponding propargylic
alkylated products with a high enantioselectivity. Typical results
are shown in Table 3. When methyl, propyl, and butyl groups

Table 3. Enantioselective Propargylic Alkylations of
Propargylic Alcohol (1a) with fi-Keto Phosphonates (2)“
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3 R="Pr(2c) 92 (5)) >20/1 92
4 R ="Bu(2d) 78 (5k)  16/1 91
9 o
1"
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“All reactions of 1a (0.20 mmol) with 2 (0.30 mmol) were carried out
in the presence of 3a (0.010 mmol), Cu(OTf), (0.020 mmol), 4a
(0.022 mmol), and NH,BF, (0.020 mmol) in 2 mL of solvent.
bIsolated yield. “Determined by 'H NMR. “Determined by HPLC.

were used as ester moieties in place of the ethyl group in 2a, a
similar high enantioselectivity was observed in all cases (Table
3, entries 2—4). The reaction of la with f-keto phosphonate
bearing an indane skeleton (2e) under the same reaction
conditions gave the corresponding alkylated product in 92%
yield with 82% ee (Table 3, entry S). Unfortunately, the
reaction of 1c with 2-oxocyclohexylphosphonate (2f) gave only
a mixture of two diastereoisomers in 49% yield with moderate
enantioselectivity (eq 1). The use of acyclic phosphonates such
as diethyl 2-oxo-2-phenylethylphosphonate (2g) afforded the
corresponding alkylated product with 72% ee, but a mixture of
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two diastereoisomers (eq 2). These results indicate that the use
of the f-keto phosphonates bearing a tertiary carbon at the a
position is necessary to achieve a high diastereoselectivity.
However, the reaction with diethyl 1-methyl-2-oxo0-2-phenyl-
ethylphosphonate under the same reaction conditions did not
proceed at all. As a result, a high enantioselectivity was
observed when 2-oxocyclopentylphosphonate derivatives were
used as carbon-centered nucleophiles in the present alkylation.
The diastereoselectivity of the corresponding propargylic
alkylated products in the present alkylation was higher than
that of the previous alkylated products where -keto esters were
used as carbon-centered nucleophiles.’

A proposed reaction pathway is shown in Scheme 2. The
initial step is the formation of an allenylidene complex (B) by
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the reaction of propargylic alcohol 1 with 3 via a vinylidene
complex (A). Subsequent attack of an enolate (E), generated in
situ from f-keto phosphonates 2 and Cu(OTf), bearing 4, on
the ¥ carbon of B results in the formation of another vinylidene
complex (D) via an alkynyl complex (C). After transformation
of the vinylidene complex D into the corresponding z-alkyne
complex, the alkylated product $ is formed by ligand exchange
with another molecule of propargylic alcohol 1.

After one recrystallization of anti-5a, the enantiomerically
pure anti-5a was isolated, and its absolute configuration was
determined as 1S,1'R by X-ray analysis."' To account for the
enantio- and diastereoselective formation of (1S,1’R)-S, we
propose transition states between the ruthenium allenylidene
complex and the copper enolate complex in Scheme 3."* In this

Scheme 3
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reaction system, the square-planar-like copper enolate proposed
by Jorgensen and co-workers'® attacks the Si face of the
allenylidene complex from the Si face of the enolate, leading to
the carbon—carbon bond formation. We consider that this is
another successful example of the enantioselective propargylic
alkylation of propargylic alcohols by using a cooperative
catalytic system, where the corresponding propargylic alkylated
products have a highly enantioselective tetrasubstituted carbon
at the homopropargylic position.

In summary, we have found the ruthenium- and copper-
catalyzed enantioselective propargylic alkylation of propargylic
alcohols with p-keto phosphonates to give the corresponding
propargylic alkylated products in excellent yields with high
diastereo- and enantioselectivities (up to 97% ee). This catalytic
reaction is considered to provide a new type of enantioselective
propargylic substitution reaction,'* where the enolates
generated in situ from the copper complex and p-keto
phosphonates enantioselectively attack the ruthenium-allenyli-
dene complexes. In the present reaction system, both
transition-metal catalysts (ruthenium complex and copper
complex) activate propargylic alcohols and f-keto phospho-
nates, respectively, and both catalysts cooperatively and
simultaneously work to promote the propargylic alkylation
enantioselectively. The produced propargylic alkylated products
have a highly enantioselective tetrasubstituted carbon at the
homopropargylic position. We believe that the finding
described herein will open up not only a new type of
enantioselective propargylic substitution reaction but also a new
aspect of cooperative catalytic reactions using distinct transition
metals to achieve more valuable transformations that could not
be realized by single catalysts. Further work is currently in
progress to apply this strategy to other reaction systems.

B ASSOCIATED CONTENT
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Text, figures, and tables giving experimental procedures and
spectroscopic data for all compounds and a CIF file giving
crystallographic data for anti-Sa. This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: ynishiba@sogo.t.u-tokyo.ac.jp.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Funding Program for Next
Generation World-Leading Researchers (GR02S). ML is a
recipient of the JSPS Predoctoral Fellowship for Young
Scientists and acknowledges the Global COE program for
Chemistry Innovation. We also thank the Research Hub for
Advanced Nano Characterization at The University of Tokyo
for X-ray analysis.

B REFERENCES

(1) (a) Ikeda, M.; Miyake, Y.; Nishibayashi, Y. Angew. Chem,, Int. Ed.
2010, 49, 7289. (b) Yoshida, A; Ikeda, M,; Hattori, G.; Miyake, Y.;
Nishibayashi, Y. Org. Lett. 2011, 13, 592. (c) Motoyama, K; Ikeda, M.;
Miyake, Y.; Nishibayashi, Y. Eur. J. Org. Chem. 2011, 2239.

(2) (a) Inada, Y.; Nishibayashi, Y.; Uemura, S. Angew. Chem., Int. Ed.
2005, 44, 7715. (b) Matsuzawa, H.; Miyake, Y.; Nishibayashi, Y.
Angew. Chem,, Int. Ed. 2007, 46, 6488. (c) Fukamizu, K.; Miyake, Y.;

3429

Nishibayashi, Y. J. Am. Chem. Soc. 2008, 130, 10498. (d) Hattori, G.;
Matsuzawa, H.; Miyake, Y.; Nishibayashi, Y. Angew. Chem., Int. Ed.
2008, 47, 3781. (e) Hattori, G.; Sakata, K.; Matsuzawa, H.; Tanabe, Y.;
Miyake, Y.; Nishibayashi, Y. J. Am. Chem. Soc. 2010, 132, 10592.
(f) Yoshida, A;; Hattori, G.; Miyake, Y.; Nishibayashi, Y. Org. Lett.
2011, 13, 2460.

(3) Tkeda, M.; Miyake, Y.; Nishibayashi, Y. Chem. Eur. J. 2012, 18,
3321.

(4) For reviews of chiral bis(oxazoline)-Lewis acid complexes in
asymmetric reactions, see: (a) Jorgensen, K. A,; Johannsen, M.; Yao,
S,; Audrain, H; Thorhauge, J. Acc. Chem. Res. 1999, 32, 60S.
(b) Johnson, J. S; Evans, D. A. Acc. Chem. Res. 2000, 33, 32S.
(c) Poulsen, T. B; Jorgensen, K. A. Chem. Rev. 2008, 108, 2903.
(d) Hargaden, G. C; Guiry, P. J. Chem. Rev. 2009, 109, 250S.
(e) Desimoni, G.; Faita, G; Jorgensen, K. A. Chem. Rev. 2011, 111,
PR284.

(S) For selected examples of asymmetric reactions of 1,3-dicarbonyl
compounds as nucleophiles catalyzed by chiral copper complexes, see:
(a) Marigo, M; Juhl, K.; Jorgensen, K. A. Angew. Chem., Int. Ed. 2003,
42, 1367. (b) Marigo, M.; Kjersgaard, A; Juhl, K; Gathergood, N.;
Jorgensen, K. A. Chem. Eur. J. 2003, 9, 2359. (c) Guo, C.; Song, J.;
Luo, S-W.,; Gong, L.-Z. Angew. Chem., Int. Ed. 2010, 49, 5558.
(d) Zhang, G.; Zhang, Y.; Wang, R. Angew. Chem., Int. Ed. 2011, S0,
10429.

(6) For selected reviews for cooperative catalytic reactions using two
distinct catalysts, see: (a) Multimetallic Catalysts in Organic Synthesis;
Shibasaki, M., Yamamoto, Y., Eds.; Wiley-VCH: Weinheim, Germany,
2004. (b) Lee, J. M.; Na, Y.; Han, H.; Chang, S. Chem. Soc. Rev. 2004,
33, 302. (c) Shao, Z; Zhang, H. Chem. Soc. Rev. 2009, 38, 274S5.
(d) Klussmann, M. Angew. Chem,, Int. Ed. 2009, 48, 7124. (e) de
Armas, P.; Tejedor, D.; Garcia-Tellado, F. Angew. Chem., Int. Ed. 2010,
49, 1013. (f) Zhong, C.; Shi, X. Eur. J. Org. Chem. 2010, 2999.
(g) Rueping, M.; Koenigs, R. M.; Atodiresei, I. Chem. Eur. ]. 2010, 16,
9350. (h) Kumagai, N.; Shibasaki, M. Angew. Chem., Int. Ed. 2011, 50,
4760. (i) Piovesana, S.; Scarpino Schietroma, D. M.; Bella, M. Angew.
Chem,, Int. Ed. 2011, 50, 6216. (j) Patil, N. T.; Shinde, V. S.; Gajula, B.
Org. Biomol. Chem. 2012, 10, 211. (k) Allen, A. E.; MacMillan, D. W.
C. Chem. Sci. 2012, 3, 633.

(7) For selected examples of cooperative catalytic reactions using two
distinct metal catalysts, see: (a) Sawamura, M.; Sudoh, M,; Ito, Y. J.
Am. Chem. Soc. 1996, 118, 3309. (b) Kamijo, S.; Yamamoto, Y. Angew.
Chem., Int. Ed. 2002, 41, 3230. (c) Sammis, G. M,; Danjo, H,;
Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126, 9928. (d) Corkey, B. K;;
Toste, F. D. . Am. Chem. Soc. 2005, 127, 17168. (e) Trost, B. M.;
Luan, X. J. Am. Chem. Soc. 2011, 133, 1706. (f) Gu, Z.; Herrmann, A.
T.; Zakarian, A. Angew. Chem.,, Int. Ed. 2011, 50, 7136. (g) Matsuzawa,
A.; Mashiko, T.; Kumagai, N.; Shibasaki, M. Angew. Chem., Int. Ed.
2011, 50, 7616.

(8) (a) Kjersgaard, A.; Jergensen, K. A. Org. Biomol. Chem. 2005, 3,
804. (b) Bernardi, L.; Zhuang, W.; Jorgensen, K. A. J. Am. Chem. Soc.
2008, 127, 5772. (c) Kim, S. M.; Kim, H. R; Kim, D. Y. Org. Lett.
2005, 7, 2309. (d) Hamashima, Y.; Suzuki, T.; Takano, H.; Shimura,
Y.; Tsuchiya, Y.; Moriya, K; Goto, T.; Sodeoka, M. Tetrahedron 2006,
62, 7168. (&) Chen, Z.; Yakura, K;; Matsunaga, S.; Shibasaki, M. Org.
Lett. 2008, 10, 3239.

(9) (a) Dev, S.; Imagawa, K.; Mizobe, Y.; Cheng, G.; Wakatsuki, Y.;
Yamazaki, H.; Hidai, M. Organometallics 1989, 8, 1232. (b) Matsuzaka,
H,; Qi J.-P; Ogino, T.; Nishio, M,; Nishibayashi, Y.; Ishii, Y;
Uemura, S.; Hidai, M. J. Chem. Soc., Dalton Trans. 1996, 4307. (c) Qii,
J.-P.; Masui, D.; Ishii, Y.; Hidai, M. Chem. Lett. 1998, 1003. (d) Hidai,
M.; Mizobe, Y. Can. J. Chem. 2008, 83, 358 and references therein.

(10) (a) Nishibayashi, Y.,; Imajima, H; Onodera, G; Hidai, M;
Uemura, S. Organometallics 2004, 23, 26. (b) Nishibayashi, Y.;
Imajima, H.; Onodera, G. Inada, Y.; Hidai, M.,; Uemura, S.
Organometallics 2004, 23, 5100. (c) Tanabe, Y.; Kanao, K.; Miyake,
Y.; Nishibayashi, Y. Organometallics 2009, 28, 1138.

(11) See the Supporting Information for experimental details.

(12) For recent reviews of transition-metal allenylidene complexes,
see: (a) Bruneau, C.; Dixneuf, P. H. Angew. Chem,, Int. Ed. 2006, 45,

dx.doi.org/10.1021/0om300219f | Organometallics 2012, 31, 3426—3430


http://pubs.acs.org
mailto:ynishiba@sogo.t.u-tokyo.ac.jp

Organometallics

2176. (b) Metal Vinylidenes and Allenylidenes in Catalysis: From
Reactivity to Applications in Synthesis; Bruneau, C., Dixneuf, P. H,, Eds.;
Wiley-VCH: Weinheim, Germany, 2008. (c) Cadierno, V.; Gimeno, J.
Chem. Rev. 2009, 109, 3512

(13) For structural studies of the copper complex with a
bis(oxazoline) ligand, see: (a) Evans, D. A; Johnson, J. S.; Olhava,
E. J. J. Am. Chem. Soc. 2000, 122, 1635. (b) Evans, D. A; Rovis, T.;
Kozlowski, M. C.; Downey, C. W.; Tedrow, J. S. J. Am. Chem. Soc.
2000, 122, 9134. (c) Thorhauge, J.; Roberson, M; Hazell, R. G;
Jorgensen, K. A. Chem. Eur. ]. 2002, 8, 1888. (d) Desimoni, G.; Faita,
G.; Toscanini, M.; Boiocchi, M. Chem. Eur. J. 2009, 15, 9674.
(e) Livieri, A.; Boiocchi, M.; Desimoni, G.; Faita, G. Chem. Eur. ].
2011, 17, S16. (f) Barroso, S.; Blay, G.; Mufioz, M. C.; Pedro, J. R.
Org. Lett. 2011, 13, 402.

(14) For recent reviews on catalytic propargylic substitution reactions
of propargylic alcohols with various nucleophiles, see: (a) Miyake, Y.;
Uemura, S.; Nishibayashi, Y. ChemCatChem 2009, 1, 342. (b) Detz, R.
J; Hiemstra, H.; van Maarseveen, J. H. Eur. J. Org. Chem. 2009, 6263.
(c) Ding, C.-H.; Hou, X.-L. Chem. Rev. 2011, 111, 1914. For a recent
review on catalytic enantioselective propargylic substitution reactions
of propargylic alcohols with various nucleophiles, see: (d) Nishibayashi,
Y. Synthesis 2012, 44, 489.

3430

dx.doi.org/10.1021/0om300219f | Organometallics 2012, 31, 3426—3430



