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A series of Ru(ll) catalysts were prepared and tested in the asymmetric transfer hydrogenation of ketones. The catalyst containing a “4-

carbon” tether gave the fastest rates of ketone reduction. This is due to both increased rate of regeneration of hydride “Ru —H" and increased
rate of ketone reduction. Several classes of ketone were reduced in enantiomeric excesses of up to 97%. Substituents on the arene ring of

the catalyst influence the reaction rate and enantioselectivity.

Enantioselective ketone reduction is a pivotal reaction in in 19952 and has since become one of the most widely
asymmetric synthesis and catalysid Asymmetric transfer  studied and applied enantioselective reduction reactions.
hydrogenation (ATH) of ketones using monosulfonated In our studies in this field, we recently reported the
diamine complexes of Ru(ll) was first reported by Noyori synthesis and applications of “tethered” catalyistd2 in
t University of Warwick. wh_ich cqvalent Iinkage_z_s from the_ diz_glrnine to th@are_ne
* AstraZeneca. unit provide extra stability and a significant increase in rate
(1) (a) Palmer, M. J.; Wills, MTetrahedron: Asymmet4999 10, 2045. ; ; « ” 4 :
(b) Noyori, R.; Hashiguchi, Sice. Chem. Red997 30, 97, (c) Clapham,  (With 2) relative to “untethered” catalysl® Using catalyst
S. E.; Hadzovic, A.; Morris, R. HCoord. Chem. Re 2004 248, 2201. (d) 2, acetophenone is fully reduced in 96% ee witl3i h at
Zassinovich, G.; Mestroni, G.; Gladiali, €hem. Re. 1992 92, 1051. S/C = 200, presumably through the established TS illustrated
(2) (a) Hashiguchi, S.; Fuijii, A.; Takehara, J.; Ikariya, T.; Noyori JR. . . 56 The high f h ducti f h
Am. Chem. Sod.995 117, 7562. (b) Fuijii, A.: Hashiguchi, S.; Uematsu, 1N Figure 12° The high ee for the reduction of acetophenone

N.; Ikariya, T.; Noyori, R.J. Am. Chem. Socl996 118 2521. (c) derivatives arises from the stabilizing electrostatic interaction
Matsumura, K.; Hashiguchi, lkariya, T.; Noyori, B. Am. Chem. So&997,

119 8738. (d) Murata, K.; Okano, K.; Miyagi, M.; lwane, H.; Noyori, R.;

Ikariya, T.Org. Lett.1999 1, 1119. (e) Haack, K. J.; Hashiguchi, S.; Fuijii, (4) (a) Hannedouche, J.; Clarkson, G. J.; Wills, MAm. Chem. Soc
A.; Ikariya, T.; Noyori, R.Angew. Chem., Int. Ed. Engl997, 36, 285. 2004 126, 986. (b) Hayes, A. M.; Morris, D. J.; Clarkson, G. J.; Wills, M.

(3) () Gladiali, S.; Alberico, EChem. Soc. Re 2006 35, 226. (b) J. Am. Chem. So@005 127, 7318. (c) Morris, D. J.; Hayes, A. M.; Wills,
Ikariya, T.; Murata, K.; Noyori, ROrg. Biomol. Chem2006§ 4, 393. M. J. Org. Chem2006 71, 7035.
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acid/triethylamine (FA/TEA) because they are directly
converted to the monomeds-8, respectively, in situ. Hence,

(/® < for synthetic applications, the dimers and monomers can be
o R|u R|u e RIu used interchangeabfowever, for purposes of comparison
2 \N/N/ el TN T > °N” e and analysis, each of the monomérs8 were isolated for
Ph/K/ H h/K/ H PN N‘H use in ATH of acetophenonkl. With the exception 0B,
Ph 1 Pﬁ which has the longest tether, formation of monomers from

dimers took place within a few hours. In the caselof;

| v F R1 however, only a small amount 6fwas obtained even after
Ru_ TsN @ extended reaction times.
N h’, H The results from the ATH studies (Table 1) indicated that

2 enyls . . .
Ph H- 0 H L 0 RY e the “4C"-tethered comple& was the most active, achieving

Figure 1. Relative positions of arene substituents to substrate _

during ATH by catalysts.—3. Table 1. ATH of Ketones11—-21 Catalyzed by Ruthenium(ll)
Catalysts2 and 4—82>
[¢] catalyst 4-8, HCO,H:Et3N 5:2. H OH

ql ';U

in the hydrogen transfer transition state illustrated in Figure
156 This interaction is not available for dialkyl ketones of a
similar size; acetylcyclohexane is reducedin only 69% loading  temp time conv e (%)
ee, arising frqm weaker sterlg gffects. N catalyst (mol %) (°C) ketone  (h) @ (RIS
In order to increase the activity and versatility of catalyst

1 2
R R 140 °C R R?

2, we wished to examine the effect of tether length and the 8,5-2 0.5 40 11 2 100 965
5 . o S R,R-4 0.5 40 11 15 19 92R
nb-arene ring substitution pattern. An examination of the RR5 05 40 11 195 100 96R
crystal structure of reveals that the ipso carbon of thé Rj R.5 0.1 t 11 ] 100 96R
arene lies directly above the nitrogen atom to which it is RR-5 0.01 rt 11 70 100 96R
tethered. As a result, substituents at positions X and Y (Figure R,R-6 0.5 40 11 6 38 94R
1) are most likely to produce catalysts with improved E.E-7 0.5 40 11 4 100 96 R
properties. In contrast, position Z might be usefully substi- g’g'g g-g ‘ff i; 12 igg gig
tuted with electron-rich or -poor groups. R’R:5 0‘5 ot 13 3 100 91 R
We identified complexe4—8 as a series of systematically R’ R-2 0:5 rt 14 3 100 968
modified catalysts that were worthy of study. These were gg.5 0.5 rt 14 1 100 968
prepared in good yield via the route illustrated in Scheme 1. R,R-2 0.5 rt 15 3 100 958
R,R-5 0.5 rt 15 1 100 968
R,R-2 0.5 rt 16 3 100 938
R,R-5 0.5 rt 16 1 100 948
Scheme 1. Synthesis of Tethered Catalysts R,R-5 0.5 rt 17 2 100 91R
Pha_NHTs el ELO 1t R,R-2 0.5 rt 18 3 100 95 R
\[ then RUCI, hydrate, R,R-5 0.5 rt 18 1 100 96R
Ph™ "NH , EOH, reflux, ofn. R,R-2 0.5 rt 19 3 100  94R
N R RR-5 0.5 rt 19 1 100 97R
RR9a-e R R,R-2 0.5 rt 20 3 100 94R
R R,R-5 0.5 rt 20 1 100 94R
R,R-5 0.5 rt 21 o/n 100 668
Ph{NHTs iPrOH, EtsN, RR-8 0.5 rt 21 om 100 908
\[ Cl or in situ.
Ph™ "NHCl  ClI=Ru 5 aReaction at 28C in a 1.62 M solution of ketone in a formic acid/

triethylamine (5:2) azeotrope mixture ai®iC = 200 unless otherwise
specified.? For substrate$2—21, the dimeric precursors were used directly
as sources of catalyssand5. ¢ From ref 4b.

1 R2 . . . .
R R' n R' R® Compound full reduction within 75 min atSC = 200. This is faster
; ( nd o H H 49 108 than the previously reported “3C"-tethered compkand
= Ty )¢ 2 HOH 5, 9b, 10b significantly faster than the “5C” and “2C” complexésnd
Ph H VIS 6. However, the latter catalysts still gave products in high
Ph  RR48 1 Me H 8,9 10e

(5) (@) Yamakawa, M.; Yamada, |.; Noyori, Rngew. Chem., Int. Ed.
2001, 40, 2818. (b) Noyori, R.; Yamakawa, M.; Hashiguchi, B.0rg.
Chem 2001, 66, 7931. (c) Yamakawa, M.; Ito, H.; Noyori, R. Am. Chem.
The precursorQa—e, were obtained by Birch reduction of ~ Soc.200Q 122, 1466.

: : (6) (a) Alonso, D. A.; Brandt, P.; Nordin, S. J. M.; Andersson, PJG.
the corresponding arenes. Dimei@a—e can be employed ., "chem. Sod999 121, 9580. () Brandt, P.. Roth, P.; Andersson, P.

directly in ketone ATH if the reaction is carried out it formic  G. J. Org. Chem2004 69, 4885.
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ee, suggesting that they are still operating through the TSring (Figure 3), which may be electrost&fién nature or
expected for these compounds, although slowly. As a resultthe result of dispersion effects.

of this increased reactivity @, the catalyst loading can be

decreased to as low as 10 000:1, matching the level at whic_
2 has been used.

A kinetic study was conducted (see Supporting Information
for details) using bothfH NMR and chiral GC to follow the
conversion. These studies were carried out af@Qusing
1.62 M ketone in FA/TEASC = 200. Catalyst%, 4, 6, 7,
and 8 demonstrated essentially zero-order kinetics for the
majority of the reaction. In contrast, catalystdisplayed
mixed-order kinetics.

An analysis of these data, assuming second-order kinetlcsg;g)l:rée 3. Reduction of acetophenone in 93% &9 by com-
for the ketone reductidnby the Ru-H species and first-
order kinetic&for the regeneration of RtH by formic acid,

was carried out (Figure 2). The results indicate that the high Catalyst2 and5, supplied to the reaction in their dimeric
precursor forms, were employed in the reduction of a series

_ of ketones (Table 1); in all cases, the latter catalyst proved

to be more active. Ketondgl—16 produce 2-chloro-1-phene-

ke kg® thanols, important synthetic intermediates for enantiomeri-
( T\RPhCOMe PhCHOHMe (/ = m cally pure epoxides and r_elf';lted intermedidtealcohols
Ts. NP : Ru (RR)-4 >0.50.034 derived from cycl_lc ke_topyrldmes such 318—_20 are useful _
N TN SN < Egvg;:g l; g-gs precursors of chiral ligands for asymmetric hydrogenation
PA™ ' 'H  CO; HCOMH PR RRMT 11 12 reaction$! and may be converted into the related amines
Ph o Ph Ry (RRI8 25 16 which are currently being evaluated as chemokine receptor

(RR)3 07510

40°C, [etone] = 1.62 M, FATTEA (52, SC =200 @ min ® min binding agents for treatment of H¥and are represented
s =1 y -2), = min .

in hydrogenation ligand$.Using catalysb, it was possible
Figure 2. Kinetic data for acetophenone reduction. to reducel8—20in ees of 94-97%. Catalys? also worked
well in this application but was less active.

Catalyst5 reduced acetylcyclohexa2d in only 66% ee;
rate obtained with catalydi is the result of an increased however, catalys gave a product of 90% ee. Both the sense
rate of hydride regeneratiocoupled withrapid ketone re-  (opposite to acetophenone) and the increased ee for this
duction. For the other tethered catalysts, the overall reductionsubstrate suggest that the extra methyl groups on;the
rate is limited by the rate of hydride regeneration, until the arene ring in8 force the larger ketone substituent into the
ketone concentration has fallen to low levels. The Noyori less hindered region (Figure 4). This represents the first
catalyst,3, takes 20 h to complete the reduction and exhibits
mixed-order kinetics similar to those &° The results
obtained with catalyst§ and 8 are also informative. The

reduced reduction rate for the former relativeZtappears HqaC
to result from slightly slower hydride regeneration, rather T CHs I
than slower reduction. Ts. )Ru Me Ts. |Ru Me

N H NC] TR
N P N
prr M Ph/%/ H--0
(0] (0] Ph Ph
R cl cl N\
X X Figure 4. Increased steric hindrance increases ee of reduction of

. 0, H .
1M (R=Me,X=H) 14(X=H) acetyl cyclohexanone by complé(left; 90% ee) oveR (right;

12 (R = Me, X = OMe)15 (X = OMe) 18n=0 69% ee).

13 (R=Me, X=Cl) 16(X Cl) 19n=1

|N\ R a example of a Ru/TsDPEN ATH catalyst designed and
/ Ph_< demonstrated to have useful levels of enantioselectivity for

(8) Koike, T.; Ikariya, T.Adv. Synth. Catal2004 346, 37—41.
. s o . (9) Noyori has reported a kinetic study of the use of catabyst the
The rate of reduction usingis particularly slow, yet the isopropanol/KOH system (ref 2e) and has found that, at high.4 M)

ee is not significantly eroded. This indicates that a stabilizing concn of ketone (acetone), the turnover limiting step was the regeneration
; A ; of hydride. However, these studies were carried out under conditions
interaction is operating through the methyl group on the arene j >~ =0 o=
(10) Tanis, S. P.; Evans, B. R.; Nieman, J. A,; Parker, T. T.; Taylor, W.
(7) Wisman, R. V.; de Vries, J. G.; Deelman, B.-J.; Heeres).HOrg. D.; Heasley, S. E.; Herrinton, P. M.; Perrault, W. R.; Hohler, R. A.; Dolak,
Proc. Res. De. 2006 10, 423-429. L. A.; Hester, M. R.; Seest, E. Hetrahedron2006 17, 2154.
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nonaromatic substrates by replacing electronic control ele-in the reduction of dialkyl ketones, which are challenging
ments with steric one¥. substrates for this application. At present, the reasons for

In conclusion, we have demonstrated that the tether lengththe improved activity relative to untethered complexes are
and n%-arene substitution pattern have a significant effect unclear; however, we anticipate that these result from a slight
upon the activity of tether Ru(ll) ATH complexes. The most conformational adjustment to the structure which renders the
active of these complexe® @nd5) can be applied to the  complexes more correctly preorganized toward the reduction
ATH of a range of ketone substrates to give alcohols in high reactions. This is the subject of ongoing kinetic studies and
conversion and ee. Increasing the level of substitution at themolecular modeling, the results of which will be published
meta position of the arene ring can deliver an improved ee in due course.
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