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Summary: A neel ruthenium complex prepared from a chiral

tridentate amine functionalized phosphine has been character-

ized by X-ray crystallography and been found to beacin
the hydrogenation of an unprecedented rangesfCand G=N
double bonds, including the enantioseleethydrogenation and
transfer hydrogenation of normally unreaei bulky ketones
with up to 90% ee.

Reduction of GO and C=N double bonds using molecular
hydrogen is, due to its low cost and complete atom efficiency,
a very important process in industrial organic synthéses.

There has consequently been a massive research effort aime
at developing homogeneous catalysts that can carry out this goal

with high efficiency, chemoselectivity, and, in the case of
prochiral ketones, enantioselectivity. Asymmetric hydrogenation

of p-keto esters and related substrates has been an industriaz

process for some timeHomogeneous hydrogenation of un-

functionalized ketones could not be carried out with sufficient
efficiency or chemoselectivity until Noyori’'s pioneering research
on ruthenium complexes containing both diphosphine and
diamine ligandd.These catalysts are highly chemoselective for
C=0 bonds, show industrially relevant turnover numbers, and

if the catalyst shown in Figure 1 is used, extremely high

enantioselectivity for a range of acetophenone derivatives. Since
Noyori’s publications, several other catalysts have appeared that
are based on the same design blueprint and have also give

excellent results for reduction of acetophenone derivafivEs.
The key to the massively enhanced reactivity relative to that of
simple Ru-phosphine catalysts is proposed to be the unique

mechanism in which the substrate hydrogen bonds to the NH

functionality in the diamine ligan#t12

However, [Ru(BINAP)(DAIPEN)C]] and related catalysts
do have some important limitations and are far less effective
for the hydrogenation of tetralones, dialkyl ketones, bulky
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Figure 1. General structure of Noyori catalysts and the most
selective catalyst known.

ketones, and some heterocyclic ketones and imines. We therefore

ifficult substrates, with the general impression that a departure
rom the [Ru(diphosphine)(diamine)ZIblueprint would be
required. In this communication, we report preliminary results
howing the promise of ruthenium complexes of chiral tri-
entate ligands as hydrogenation catalysts. Phosplaiméne
ligands have provided some interesting niche applications in
catalysist®~15 and given the absence of data on hydrogenation
catalysis using tridentate ligan#s!’ ruthenium complexes of
tridentate PN~NH> type ligands seemed worthy of investiga-
tion. This type of ligand could form octahedral ruthenium
complexes with a more open coordination environment, thus
increasing substrate scope or reactivity in hydrogenation.
Another feature of interest was applying a single ligand to play

%’\itiated a project aimed at successfully hydrogenating these

the roles carried out by both diphosphine and diamine ligands

fin Noyori catalystd&-20

Ligand 1 is readily available in both racemic and enantio-
merically pure forms from cheap starting materials. After some
optimization, we found that heating ligand?122 with
[Ru(dmso)Cl,] in THF at 120°C in a microwave oven gave a
guantitative yield of ruthenium compleXin sufficient purity
(~90—-95%) for the applications described here (Scheme 1).
Complexation reactions carried out using conventional heating
always gave a significant amount of side products. RPucan
be obtained by column chromatography or by recrystallization
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Scheme 1. Synthesis of the Novel Ruthenium Catalyst Scheme 2. Chemoselective Hydrogenation of
Cinnamaldehyde
0 0.5 % cat2 OH
120°C, THF o N 1% KOBU' N
’ H
O’ NFPPR2 pomin ONH\ [ PPha 1.5 % DMAP
. 1 . Ru
“NH, “N| \DMSO 4 40 bar Hy, 87 % conv.
.Cl 20h, 30°C 76 % yield
+ [Ru(DMSO0),Cl] 2
Scheme 3. Hydrogenation of Bulky Ketones
from aqetonitrile as a solvate (all samples_behaved the same in o 0.5 % cat 2 oH
cqtalyss). Samples _of compl_é’xhave _rem_alned unchanged in Me 1% KOBU! S Me
air for extended periods of time, which is a desirable feature Me —’H Me
for a catalyst. R 2 R

We were not able to unambiguously determine the exact

. . R=Me; 5 R=Me, 7

structure of this complex spectroscopically but eventually R=H: 6 R=H,8
obtained a crop of high-quality crystals (MeCN, slow evapora-
tion) which were analyzed by X-ray diffraction. The crystal Table 1. Hydrogenation and Transfer Hydrogenation of
structure of the complex is shown in Figure 2. Compés an a0’ ,o"-Trimethylacetophenone (5)
octahedral Ru(Il) complex in which ligaridacts as a tridentate T P conversn
neutral ligand. The secondary amine part of the ligand, which entry solvent (°C) (bar) (yield) % ee
is chiral at nitrogen, becomes configurationally stabf ( 1 IPA (3 mL) 50 50 >09 (99) 74
configuration) within the complex. A sulfur-bound DMSO 2 IPA (3 mL) 50 noH >99(99) 73
ligand occupies the site trans to the secondary amine part of 3 ~ EtOH(@mL) 50 50 >99 51
the ligand. With the structurally characterized precatalyst in g Eg?l(?nglfgcetone @ my 55(? 50 H >gg r7‘5d
hand, we investigated its potential in hydrogenation of a range ¢ IPA (1 mL)/acetone (I ml) 50 noH >99 76
of substrate classes. 7 IPA (1 mL)/THF (3 mL) 50 50 >99 53

Reduction of aldehydes with molecular hydrogen has attracted g :Eﬁ Eé meTHF (3mL) 75(;) 5ﬂé) H >gg ;(7)

i i i m

considerable attention as a cleaner alternative to NaBhkkre 10 IPA(6mLY 70 noh 19 66

are several catalysts available for this process, but some catalysts
suffer from a competing decarbonylation reaction, and few show 0 5a fn%allcgon; V(V:thz Iczifizi guioéegrigptéé%mvn?essiggolthn;m'sgf ::Jatzztdfat&
complete chemoselecyvny for-€0 over G=C bonds?*2¢ C'onversiotr:s were d)éte’rmined by NMR and HPLC; isolated yields are'for
Complex2 (0.5 mol % in the presence of 1 mol % of KOBU e pure products after chromatographipetermined using HPLC (Chiral
catalyzes the reduction gd-fluorobenzaldehyde3j with no OD-H column), The absolute configuration was determined tcShzy
competing decarbonylation at 3C. When a 1:1:1 mixture of ~ comparison of optical rotation values with the literature vaftie$0.5 mmol
p-fluorobenzaldehydeg-methylstyrene, andN-benzylbenzyl- of substrate? 4 mmol substrate, reaction time 40 min.

idineimine was treated with hydrogen at room temperature in - ) ) o

the presence of 0.5 mol % of catalytonly the aldehyde was ~ Addition of 4-(dimethylamino)pyridine (DMAP) cocatalyst
reduced after 20 h reaction time. The hydrogenation of cinnam- SUppressed €C reduction completely and increased the
aldehyde 4) was then investigated as an example of a cgtalytlc activity £87% conversion to alpohol; 7'6% isolated
particularly challenging,-unsaturated aldehyde (Scheme 2). yield for pure alcoho!). A st0|c_h|ometr_|c reaction between
Initial experiments revealed that, while the=O bond is complex2 and DMAP in CDC4 did not give a new (DMAP-
preferentially reduced, the reaction was sluggish and was coordinated) complex. The origin of .th.e DMAP effegt remains
sometimes accompanied by minor amounts &fChydrogena- _unclear and does not extend to providing any beneficial effects
tion products. Pure cinnamy! alcohol was obtained in 48% yield. In the hydrogenation of the ketones described below.

One of our main goals when we initiated this research was
to hydrogenate unreactive ketones using the new catalysts,
ideally with some asymmetric induction. The enantiopure variant
(R,R-2 was used for the experiments below (Scheme 3 and
Table 1). Noyori and co-workers have reported that,1,1
trimethylacetophenone gave only a 6% yield when hydrogenated
using [Ru(BINAP)(DPEN)CJ. When this work was carried out,
there were no effective ruthenium catalysts for asymmetric
hydrogenation of this substratétherefore, it was selected as
a challenging example of a bulky ketone. We were delighted

(23) Grosselin, J. M.; Mercier, C.; Allmang, G.; Grass, Gtgano-
metallics1991, 10, 2126.
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(25) Li, R.-X,; Tin, K.-C.; Wong, N.-B.; Mak, T. C. W.; Zhang, Z.-Y.;
Li, X.-J. J. Organomet. Chen1998 557, 207.
Figure 2. X-ray structure of2. Two MeCN molecules and all (26) Li, R-X.; Wong, N.-B.; Li, X.-J.; Mak, T. C. W.; Yang, Q-C.;

. : Tin, K.-C. J. O t. Chenl998 571, 223.
hydrogen atoms are omitted for clarity. Selected bond lengths (A) '”(27) Wiile Orgfcv%'gl‘(ewas iﬁ progaress:,LNoyori and co-workers reported

and angles (deg): ReP(1)= 2.2912(13), Ru-N(8) = 2.160(4), the first catalyst for ruthenium-catalyzed hydrogenation of tertiary alkyl
Ru—N(10) = 2.155(4); N(10}-Ru(1}-P(1)= 171.14(10), N(8} ketones: Ohkuma, T.; Sandoval, C."A.; Srinivasan, R.; Lin, Q.; Wei, Y.;
Ru(1)-P(1) = 91.67(10). Muniz, K.; Noyori, R.J. Am. Chem. SoQ005 127, 8288.
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Scheme 4. Highly Enantioselective Hydrogenation of a Very Scheme 5. Hydrogenation of an Activated Ester

Bulky Ketone CFs 0.5% cat .. CFs

o 0.5 % cat 2 OH (':Fz MeOH, LiHBEt3 (1.5%) L~ Cat2:100%

1% KOBU! : ek 50 bar Hy/ 24h CF, Cat11:47%
’ L2 140 °C L2

Hy (50 bar) CO,Me CH,OH
9 50°C 10 12 13
;g%;/o yield Information). Our final catalyst screen was aimed at hydrogen-
b e.e.

ating esters. These substrates are more normally reduced using
LiAIH 4 in a research laboratory, but the greener alternative of
using molecular hydrogen has attracted considerable industrial
attention, since it it does not generate any solid waste. Some
heterogeneous catalysts have been successfully Stdeat,
produced in the same yield and ee. It has been reported byhomogeneous rutht_anium-catalyzed r;l%g;ogenations have been
Morris that some hydrogenation catalysts can also promote under ngelqpmgntln several compa ..Pro.gress has been

. . very difficult: prior to the report of Elsevier in 1998, only a
transfer hydrogenation, butin these examples, good hydrogena—highl activated substrate, dimethyl oxalate, could be partiall
tion catalysts were poorly selective transfer hydrogenation hvd y ted after 144 h’ t180y nder r’“ h or pr fy
catalysts and vice verga?® In order to shed light on the ydrogenated atte a uncer a nigh pressure o

7,38,39 idi i
mechanism of this process, the hydrogenation and transferhydrqgenl' The use .Of [Ru(aca@]) an acidic or basic
hydrogenation reactions were run side by side in Vesselsaddltlve, and a triphosphine ligand enabled much lower tem-

preheated to 70C and left for 40 min. The hydrogenation peratures and pressures to be used (12080 atm of H) and

- . . ven allowed hydrogenation of unactivated esté3atalyst2
reaction was carried out in an apparatus that measured hydroger? . -
uptake: this showed hydrogen uptake for 40 min with no further was compared with [Ru(PERCI3] (11), which was one of the

L . first effective ester hydrogenation catalyétsn the reduction
gas used after this time. NMR and HPLC analysis showed 100% . X
conversion to §-alcohol of 77% ee. In the transfer hydrogena- of methyl heptafluorobutanoatéd). Either LIHBEG (1.5%) or

N . .
tion reaction, run at the same temperature and concentration, aKOBu (1%) was used as a catalytic additive to generate Ru

19% conversion to alcohol of 66% ee was recorded after 40 i?terfilse:sti(r:rtfEil—sl-ﬁgogzuhoor\(,)vbi(tjg-ﬁle-mofll@ma) Iy\fv?ti Leodgfr:gn
min. In a further experiment, a hydrogenation was carried out d d ’bl fp 24 h | R
in 2-propanolds to >99% conversion; 23% of the alcohol products detectable after - In contrast, [Ru(pfl;] was

product had incorporated the deuterium in theltD) position, ng:tfgfcgvg'rgn gr?gtt;a:;:gﬂmﬁ]set ?}r%\lrgujnc:};ggit;t’a\r?gg gnly
in agreement with the observations made above. This catalystp y hydrog ' yarog y y

system therefore catalyzes both hydrogenation and transfertzhgea;/:rgemégtnuéﬁigggtis'rgagrg;mg)aithhee r?:&?trspsraduggg?ﬁ;r this
hydrogenation with similar enantioselectivity. This is a poten- X 99

tially useful feature, since hydrogenation is preferred at larger patalyst s less active than the Elsevier or Milstein systems but

- . . - is an improvement on all prior ester hydrogenation catalysts.
scale, and transfer hydrogenation is more convenient in a P P yarog Y

research laboratory. Catalyais the first member of what could Shglwgongéléssgt}VEPe fcl;lre\r/]v é?éhiggtrigncgpqglsgr regr%gﬁdr;:rg
be a diverse series of catalysts: the level of enantioselectivity 9 y ydrog y 9

observed for a difficult substrate is very promising. of substrates. These include the enantioselective hydrogenation

A similar series of experiments were conducted on isobutyro- of ketones that are not hydrogenated with [Ru(BINAP)-
phenone6 and 4-fluoroacetophenone. These experiments show
that in complete contrast to [Ru(Diphos)(DPEN)Glatalysts, (30) (a) Abdur-Rashid, K.; Lough, A. J.; Morris, R. Brganometallics

; i i 2001, 20, 1047. (b) Cobley, C. J.; Henschke, JA#l. Synth. Catal2003
pronounced steric bulk within the ketone substrates is @ 3.5 oc (oAt Rashid, K- Guo, R.: Lough, A. 3. Morris, R. H.. Song,
prerequisite for enantioselective catalysis (Isobutyrophenone,p aq,. Synth. Catal2005 347, 571.

6: 93% conversion, 48% e.e. 4-fluoroacetophencr@o% (31) Studer, M.; Blaser, H.; Burkhardt, 8dv. Synth. Catal2001, 343,

conversion, 5% e.e.; both reactions with 0.5% catalyst, 1% 8(%2) Chihio, M. Kazunari, T Hiroshi. K.: Shinji. L: Masayuki, O
29 1 ’ o s ’ o y by ’ .
KOBU, 20 h., IPA solvent, 50C.)2° The hydrogenation of (Mitsubishi Chem. Ind.) U.S. Patent 5,047,561, 1991.

the even bulkier, unexplored keto®ewas then investigated (33) Hitoshi, S.; Kazunari, T.; Haruhiko, K. (Mitsubishi Chem. nd.S.
and was also found to be smoothly hydrogenated &5@ith Patent 5,580,991, 1996. ] o
even higher selectivity (Scheme 4). Pagﬁ% geolil;rg,?\év.;l\g(gghlnon, H.; Sasaki, K. (Mitsubishi Chem..)rid.S.

The hydrogenation of imines is not readily achieved by  (35)yamamoto, K.; Watanabe, T.; Abe, T. (Mitsubishi Gas Chemical
ruthenium catalyst¥ In preliminary experiments, catalyghas Co.) Jpn. Patent P2004300131, 2004.
been found to be an active imine hydrogenation catalyst (and . (36) ¥oshitori, H.; Hiroko, I. (Mitsubishi Chem. Ind.) U.S. Patent
inactive for imine transfer hydrogenation; see the Supporting ™ (37’) Tyérs’ D. V.: Kilner, M.: Crabtree, S. P.. Wood, M. A. (Davy
Process and Technology Ltd.) WO Patent WO0309308, 2003.

(28) (a) Rautenstrauch, V.; Hoan-Cong, X.; Churland, R.; Abdur-Rashid, (38) Matteoli, U.; Menchi, G.; Bianchi, M.; Piacenti, B. Organomet.
K.; Morris, R. H.Chem. Eur. J2003 9, 4954. (b) Noyori has very recently Chem.1986 299, 233.
reported an asymmetric transfer hydrogenation catalyst that is also equally ~ (39) Matteoli, U.; Menchi, G.; Bianchi, M.; Piacenti, B. Mol. Catal.
effective at pressure hydrogenation under certain conditions: Ohkuma, T.; 1988 44, 347.
Utsumi, N.; Tsutsumi, K.; Marata, K.; Sandoval, C.; Noyori, R.Am. (40) Grey, R. A,; Pez, G. P.; Wallo, Al. Am. Chem. S0d.981, 103
Chem. Soc2006 128 8724. 7536.

(29) All of the hydrogenation experiments described here have been set  (41) Winstein, S.; Morse, B. K. Am. Chem. So0d.952 74, 1133.
up under non-inert conditions in simple steel bombs with simple magnetic ~ (42) Crystal data for2-2MeCN: GHa1Cl2NAOPRuUS, M, = 720.68,
stirring. For these reasons, we have not optimized turnover frequencies, orthorhombic, space group2;2:2;, a = 9.6872(13) Ab = 14.333(2) A,
since direct drive stirring and inert conditions are known to maximize TOF's ¢ = 24.351(4) A,Z = 4, u(Mo Ko) = 0.761 mn?, 20 813 reflections
for this reaction. However, 4-fluoroacetophenone could also be cleanly collected, 5997 unique reflection®((nt) = 0.0472), and 5262 observed
hydrogenated to alcohol with &C value of 10 000 (30C, 40 bar, IPA, reflections, which were used in all calculations. Firlindices ( >
1% KOBU, <20 h). The corresponding transfer hydrogenation was not 2¢(1)): R1= 0.0420, wR2= 0.0683. See the Supporting Information for
effective at this catalyst loading. details.

to find that the hydrogenation proceeds smoothly afGQo

give the §-alcohol in quantitative yield and 74% ee. To our
surprise, if the reaction was carried out under exactly the same
conditions, but without hydrogen, the&falcohol was also
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Scheme 6. Double Hydrogenation of Ester and Lactone

]
0.5% cat 2
CO,Me MeOH, 0]
LiHBEt; (1.5%)
0,
CO,Me 60 t1)a5r0|-(|)2é 60h 15, (34 %)
14 OH
OH
16, (54 %)

(DPEN)CY] catalyst. The enantioselectivity of these reactions

is promising, given that these reactions are catalyzed by the

first member of a new class of modular hydrogenation catalysts.
A new project involving the synthesis and evaluation of a large
collection of tridentate ruthenium complexes of general form

[Ru(P*N”N)(Cl)2(solv)] will shortly be underway. It is hoped

Organometallics, Vol. 26, No. 1, 200D

that significant improvements in catalytic activity (in ester
hydrogenations) and enantioselectivity in the hydrogenation of
unreactive ketones will be possible.
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