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Homogeneous asymmetric hydrogenation of ketones using chiral
diphosphine-Ru(ll) complexes has been established as one of the
most reliable strategies for the synthesis of optically active
secondary alcohols since the BINARu method made its debut
in 19871 The invention of BINAP-Ru—diamine-base ternary
catalytic systems has further expanded the scope of ketone
hydrogenationd.Having apparently started a trend with BINAP
Ru systems, a tremendous number of hydrogenation-active Ru
complexes with trivalent phosphorus ligating atoms have been
reported The effectiveness has been examined and compared with
the “privileged™ BINAP system and its derivatives. In comparison,
asymmetric hydrogenation using non-phosphine-based Ru com-
plexes is still in the developmental statfeHerein, we report a
catalytic system consisting of a new class of Goodwiions-typ€
spPN/spPN combined ligand R-BINAN-RPy (1)8 and ar-allyl Ru
precursor, which hydrogenates aromatic ketones with high enan-
tioselectivity.
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(R)-R-BINAN-R'-Py ((R)-1) (S)-R-BINAN-R'-Py ((S)-1)
a: R=CgHs;R'=H,b: R=R'=H,c: R=H;R'=CHjy

We have followed Noyori's leading concept of a doracceptor
bifunctional cataly$tendowing Ru complexes with hydrogenation
activity. The reaction site incorporates a-BpPN—Ru—H in the
outer coordination sphere of the 18-electron Ru complex. Here,
the interaction of the $pIH with the RuH synergistically enhances
the NH acidity and the RuH nucleophilicity, facilitating the capture
of the carbonyl of a ketonic substrate by the charge-alternating
HO*—No~—RW+—H°~ site via a NH--O=C hydrogen bond.
Appropriate 3D assembly should allow enantioface-selective hydride
transfer to the &0 group. The tetradentate pyridine/secondary
amine N4 ligands R-BINAN-RPYy satisfy the coordinative satura-
tion of the octahedral Ru(ll) species as well as the high potentiality
of the wide range of structural perturbation on the planar pyridine
and binaphthyl skeleton. Relatively high affinity of the?lSpatom
for Ru(Il) and suppression of the hemilability of theélldpi function,
because of the internal existence, are also advantageous to stabiliz
the corresponding Ru complexes.

Thus, Ph-BINAN-H-Py {a) has been taken as the standard
ligand and synthesized from L;fhinaphthyl-2,2diamine on the
basis of an ortho-lithiation/halogenation/Suzukliyaura coupling
protocoll® The catalytic activity as well as the enantioselectivity
in the hydrogenation of acetopheno2ae)(was investigated by use
of (R)-1a and a series of Ru precursors under the standard
conditions: pa] = 2 M, [(R)-1a = 2 mM, [Ru] = 2 mM,
[KOC(CHzy)s] = 2 mM, substrate:catalyst ratio (S:€)1000, base:
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catalyst ratio (B:C)= 1:1, solvent= 2-propanol, no aging, 50 atm,
25°C.
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Ar = CgHs; R=CHg

Ar = 4-CH30CgH,; R = CHy
Ar = 4-CH3CgH,4; R=CHj
Ar = 4-CF3CgHy; R =CHgy
Ar = 2-naphthyl; R = CHy
Ar = CgHs; R = CH,CHg

Ar = CgHs; R = (CHy);CH3

h: Ar = CgHs; R = CH(CHg),
i Ar= CgHs; R= c-CgHyq
j: Ar= CgHs; R= C(CHg)s
k: Ar-R = CgHy-2(CHy),
I: Ar-R = CgHy-2<CHo),
m: Ar-R = CgHy-2-(CHy),
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Table 1 lists the results of these investigations. With /Ru(
CH,C(CHg)CH,)2(cod) ! the reaction proceeds smoothly to give
an R)-1-phenylethanol §)-3a) in 93% ee after 15 h (entry 1).
When the reaction is continued even after 100% conversion,
1-cyclohexylethanol is formed (24 h, 0.7% yield). Aging Bj{la
and thes-allyl Ru precursor at 70C for 2 h also gave the same
result (entry 3):2 For operational simplicity, no aging was adopted
as the standard condition. The base is not essential, but the reactivity
without base is halved (entry 4).The reaction proceeds at lower
pressures (10 atm, S 1000, B:C= 1, time= 108 h, 99% yield,
86% ee R)), while no reaction occurs in the absence of(eintry
5). The use of an S:C ratio of 10 000:1 is also successful with a
high B:C ratio (entry 6). 2-Propanol and ethanol are the solvents
of choice, but the efficiency drops dramatically in methanol,
whereas aprotic solvents, such as;CH, THF, and toluene, cannot
be used (entries711). When ther-allyl Ru precursor is replaced
with more commonly used Ru halides, such as [R(g0d)},, the
level of conversion is halved and the enantioselectivity is lost (entry
12), while the reaction virtually stops with [RuQCeHg)]. or
Ru(0)(cod)(cot) (entries 13 and 14). The enhancement of the
reactivity by introduction of a methyl group at C(6) of the pyridine
ring is observed with the simple ligandR)¢H-BINAN-H-Py ((R)-
1b) and its C(6) methyl analogueR)-H-BINAN-Me-Py ((R)-1c)
(entries 15 and 16), although the enantioselectivities are low.
Introduction of aN-methyl group into R)-1aleads to virtually no
reactivity under the standard conditions, showing the importance
of H—spPN—Ru—H bifunctionality.

e An electron-donating substituent, such as Q@Hd CH, at the

para position of the benzene ring 24 increases the enantiomeric
excess up to 98%, while the value is lowered to 80% by introduction
of the electron-withdrawing Gfgroup (entries 1 and 1719).
2-Acetonaphthone2g) is also hydrogenated in good yield and
enantioselectivity (entry 20). With primary and secondary alkyl
phenyl ketones, the enantiomeric excess ranges from 94 to 98%,
but the presence of a tertiary alkyl group decreases it to 86% (entries
21-25). Cyclic aromatic ketones, such2lsand2l, are converted

to the correspondingr alcohols in 94 and 99% ee, respectively
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Table 1. Catalytic Asymmetric Hydrogenation of Aromatic

: In summary, we have succeeded in highly enantioselective
Ketones Using R-BINAN-R'-Py and Ru Precursors?

hydrogenation of aromatic ketones by combination of a-Ru

entry  substrate ligand Ru precursor %yield” % ee (abs)’ allyl complex and an gpl/sp’N-based chiral ligand R-BINAN-R
1 2a (R-1a A >99 93 R Py. The new system catalyzes the reaction essentially in the ab-
2 2a (9-1a A >99 939 sence of base. Although the efficiency does not exceed that of the
3 2a (R-1a A >99 B R original BINAP—Ru—diamine complexes, the present results should
ge gg gﬁz 2 >98 9_4 | significantly expand the range of possibilities in designing catalysts
& 2a (R-1a A ~99 9% R) not only for hydrogenation but also for many other reactiofs.
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aReaction conditions: scale, 5.0 mmoB][= 2 M; [1] = [Ru] =
[KOC(CHs)3] = 2 mM; Hy, 50 atm; solventi-C3sH;OH; temp, 25°C; time,
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(CgHg)]2. D: Ru(cod)(cot). The Ru precursors are not aged with
b Determined by*H NMR, GC, or HPLC analysi&? ©Aged at 70°C for
2 h.9No base, 48 h¢ Hp, 0 atm.f[1a] = [Ru]= 0.2 mM, 66 h.9 C,HsOH.
h24 h.' CHzOH.1 CHyClp. K THF. ! Toluene.™ 1-Cyclohexylethanol was
obtained in 95.7% yield with 14% e®) Intractable black solid was formed.
"[2m] = 400 mM, no base.

(entries 26 and 27). 1-Indanon2nf) is not hydrogenated under
the standard conditions, but instead without KOCzHgiving
1-indanol in 93% ee (entry 28). The presence of base may result
in the enolization of the ketone that has relatively acidiproton?*

thus retarding the reaction.

The mechanism is not clear at the present stage. Among many
possibilities, we suppose that a dihydride mechanism is operating
as proposed in the BINAPRu—diamine-base ternary systei.

The Ruh formation would be facilitated by use of the Ru-
allyl precursor possessing the easily hydrogenolyzed @ bond.

If so, the linear tetradentate chiral liganR){1 can theoretically
form five geometrical isomer$,which are in equilibrium and have
their own reactivity and enantioselectivity. Drawn below are the
most plausible Rukisomers,C,-A-cis-o. complex, theC; sym-
metric A-cis-f3, and theC, symmetrictrans The overall enantio-
selectivity is expressed as an average of their contributitihbe
R,R substituent effects as well as the aging effeéttmay be

ascribed to the change in the relative ratios of these species. The

detailed mechanistic study is now underway.

(4) Yoon, T. P.; Jacobsen, E. 1$cience2003 299, 1691-1693.

(5) Diamine-CpRu: (a) Hedberg, C.; Hlatrom, K.; Arvidsson, P. |.; Brandt,
P.; Andersson, P. GI. Am. Chem. SoQ005 127, 15083-15090. (b)
Ito, M.; Hirakawa, M.; Murata, K.; Ikariya, TOrganometallics2001,
20, 379-381. Shiff base'Ru: (c) Karamel.; Jahjah, M.; Messaoudi,
A.; Tommasino, M. L.; Lemaire, MTetrahedron: Asymmetr3004 15,
1569-1581. ThioureaRu: (d) Tommasino, M. L.; Casalta, M.; Breuzard,
J. A. J.; Lemaire, MTetrahedron: Asymmetr00Q 11, 4835-4841.

(6) Review for N-based ligands: Lemaire, M.; MangeneyCRiral Diaza-
ligands for Asymmetric Synthesis in Topics in Organometallic Chemistry
Springer-Verlag: Berlin, Heidelberg, 2005; Vol. 15, pp-301.

(7) (a) Goodwin, H. A.; Lions, FJ. Am. Chem. S0d.96Q 82, 5013-5023.
The recent advancement: (b) Knight, P. D.; ScotiCBord. Chem. Re
2003 242 125-143. Fe-catalyzed oxygenation: (c) Okuno, T.; Ito, S,;
Ohba, S.; Nishida, YJ. Chem. Soc., Dalton Tran$997, 3547-3551.

(d) Chen, K.; Que, L., JIChem. Commurl999 1375-1376. (e) White,

M. C.; Doyle, A. G.; Jacobsen, E. N. Am. Chem. So2001, 123 7194~
7195. Zr-catalyzed polymerization: (f) Kettunen, M.; Vedder, C.; Schaper,
F.; LeskelaM.; Mutikainen, 1.; Brintzinger, H.-HOrganometallic2004

23, 3800-3807. (g) Tonzetich, Z. J.; Schrock, R. R.; Hock, A. S:;IMdy

P. Organometallics2005 24, 3335-3342.

(8) R-BINAN-R'-Py = 3,3-R,RN2,N2'-bis(6-R-pyridin-2-ylmethyl)-1,1-
binaphthyl-2,2-diamine. R represents the substitutions at C(3) and)C(3
of binaphthyl, and Rdoes that at C(6) of pyridine ring.

(9) (a) Noyori, R.; Ohkuma, TAngew. Chem., Int. EQ001, 40, 40—-73. (b)
Ikariya, T.; Murata, K.; Noyori, ROrg. Biomol. Chem2006 4, 393—
406. The origin of the concept: (c) Noyori, R.; Kitamura, Wngew.
Chem., Int. Ed. Engl1991, 30, 49-69. For the redox-involved doner
acceptor bifunctional catalyst, see: (d) Saburi, H.; Tanaka, S.; Kitamura,
M. Angew. Chem., Int. EQ005 44, 1730-1732.

(10) For the details, see Supporting Information.

(11) (a) Powell, J.; Shaw, A. Bl. Chem. Soc. A968 159-161. Preparation
of the BINAP—Ru complexes: (b) Géme J. P.; Pinel, C.;
Ratovelomanana-Vidal, V.; Mallart, S.; Pfister, X.; @abe Andrade,

M. C.; Laffitte, J. A. Tetrahedron: Asymmetr§994 5, 665-674.

(12) In some cases, for example, witR){Ph-BINAN-Me-Py, the aging
conditions exert a significant effect on the reaction profile. The close
investigation is now being pursued.

(13) The reactivity is highly affected by the inner glass vessel of stainless steel
autoclaves. For a report on a similar effect, see: Ashby, M. T.; Halpern,
J.J. Am. Chem. S0d.991 113 589-594.

(14) Dubois, J.-E.; El-Alaoui, M.; Toullec, J. Am. Chem. Sod.981, 103
5393-5401.

(15) (a) Sandoval, C. A.; Ohkuma, T.; MiznK.; Noyori, R.J. Am. Chem.
Soc.2003 125 13490-13503. (b) Hamilton, R. J.; Leong, C. G.; Bigam,

R N R H T R H T G.; Miskolzie, M.; Bergens, S. Hl. Am. Chem. So@005 127, 4152
HN N Hw—\‘—r\l \NQ\—N 4153. .
Il S N \nl}“\\ . NN (16) (a) Knof, U.; von Zelewsky, AAngew. Chem., Int. EA.999 38, 302—
y I R — TIN B — \N/HL_\N/ 322. (b) Brorson, M.; Damhus, T.; Sdfex, C. E. Inorg. Chem.1983
N N g =~ [—=tp b g 22, 1569-1573.
\ \ 17) Ishibashi, Y.; Bessho, Y.; Yoshimura, M.; Tsukamoto, M.; Kitamura, M.
| R N hibashi h hi ki i

A-Cis- trans

Angew. Chem., Int. EQR005 44, 7287-7290.
JA062451A

J. AM. CHEM. SOC. = VOL. 128, NO. 27, 2006 8717





