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The attachment of a tethering group from the basic nitrogen atom to the arene ligand of a ruthenium(ll)
catalyst greatly improves its ability to catalyze asymmetric transfer hydrogenation (ATH) reactions. In
this paper, we describe further applications of this versatile system to an extended substrate range.

Introduction In recent years, heterogeneous versions of the catalysts have

been develope®,as has the application of ATH in aqueous
Asymmetric transfer hydrogenation (ATH) is now firmly  solution®

established as an excellent method for the asymmetric synthesis Several amino alcohol ligands have been reported for use in

of enantiomerically pure alcohol€One of the most significant ~ ATH7 as have Ru(ll) complexes of other ligand classes including

reasons for this has been the introduction, by Noyori and co-

workers, of powerful new catalyst systems based upon ruthe-

nium (1) complexes of monotosylated diamifesnd amino
alcohols? i.e., 1 and 2, respectively. Diamirfe® and amino

(4) (a) Li, M.; Scott, J.; O’'Doherty, G. ATetrahedron Lett2004 45,
1005. (b) Li, M.; O’'Doherty,Tetrahedron Lett2004 45, 6407. (c) Marshall,
J. A.; Ellis, K. Tetrahedron Lett2004 45, 1351. (d) Marshall, J. A,;
Bourbeau, M. POrg. Lett.2003 5, 3197. (e) Yamashita, H.; Ohtani, T.;

alcohol based systems, as well as those based on other ligandMorita, S.; Otsubo, K.; Kan, K.; Matsubara, J.; Kitano, K.; Kawano, Y.;

combination$16 have been further developed and applied to

Uchida, M.; Tabusa, FHeterocycles2002 56, 123. (f) Miyagi, M.;
Takehara, J.; Collet, S.; Okano, Rrg. Proc. Res. D& 200Q 4, 346. (Q)

numerous target syntheses by many research groups worldwideTanaka, K.; Katsurada, M.; Ohno, F.; Shiga, Y.; Oda, M.; Miyago, M.;

(1) (@) Palmer, M. J.; Wills, MTetrahedron: Asymmet4999 10, 2045.
(b) Noyori, R.; Hashiguchi, SAcc. Chem. Re4.997, 30, 97. (c) Clapham,
S. E.; Hadzovic, A.; Morris, R. HCoord. Chem. Re 2004 248 2201. (d)
Gladiali, S.; Alberico, EChem. Soc. Re 2006 35, 226. (e) Ikariya, T.;
Murata, K.; Noyori, R.Org. Biomol. Chem200§ 4, 393.

(2) (a) Fuijii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori,R.
Am. Chem. Sod 996 118 2521. (b) Hashiguchi, S.; Fujii, A.; Takehara,
J.; Ikariya, T.; Noyori, RJ. Am. Chem. S0d.995 117, 7562. (c) Haack,
K. J.; Hashiguchi, S.; Fujii, A.; lkariya, T.; Noyori, ®Angew. Chem., Int.
Ed. 1997 36, 285. (d) Matsumura, K.; Hashiguchi, Ikariya, T.; Noyori, R.
J. Am. Chem. S0d997, 119 8738. (e) Okano, K.; Murata, K.; Ikariya, T.
Tetrahedron Lett200Q 41, 9277. (f) Watanabe, M.; Murata, K.; Ikariya,
T.J. Org. Chem2002 67, 1712. (g) Yamakawa, M.; Ito, H.; Noyori, R.
J. Am. Chem. Soc200Q 122 1466. (h) Noyori, R.; Yamakawa, M.;
Hashiguchi, SJ. Org. Chem2001 66, 7931.

(3) (@) Takehara, J.; Hashiguchi, S.; Fuijii, A.; Inoue, S.-I.; Ikariya, T.;
Noyori, R. Chem. Commuril996 233. (b) Yamakawa, M.; Yamada, |.;
Noyori, R. Angew. Chem., Int. EQ001, 40, 2818.
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Takehara, J.; Okano, K. Org. Chem200Q 65, 432. (h) Cossy, J.; Eustache,
F.; Dalko, P. I.Tetrahedron Lett2001, 42, 5005. (i) Chen, Y.-C.; Wu,
T.-F.; Deng, J.-G.; Liu, H.; Jiang, Y.-Z.; Choi, M. C. K.; Chan, A. S. C.
Chem. Commur2001, 1488. (j) Lutsenko, S.; Moberg, .etrahedron:
Asymmetr2001 12, 2529. (k) Yamano, Y.; Watanabe, Y.; Watanabe, N.;
Ito, M. J. Chem. Soc., Perkin Trans 2002 2833. (I) Cossrow, J.;
RychnovskyOrg. Lett 2002 4, 147. (m) Hansen, K. B.; Chilenski, J. R.;
Desmond, R.; Devine, P. N.; Grabowski, E. J. J.; Heid, R.; Kubryk, M.;
Mathre, D. J.; Varsolona, Rietrahedron: Asymmetr3003 14, 3581. (n)
Yamano, Y.; Shimizu, Y.; Ilto, MChem. Pharm. Bull2003 51 878. (0)
Mogi, M.; Fuji, K.; Node, M. Tetrahedron: Asymmetr2004 15, 3715.
(p) Vandyck, K.; Matthys, B.; van der Eycken, Tetrahedron Lett2005

46, 75. (q) Bogliotti, N.; Dalko, P. I.; Cossy, Jetrahedron Lett2005 46,
2915. (r) Maki, K.; Motoki, R.; Fujii, K.; Kanai, M.; Kobayashi, T.;
Shibasaki, M.J. Am. Chem. So@005 127, 17111. (s) Ros, A.; Magriz,
A.; Dietrich, H.; Fernandez, R.; Alvarez, E.; Lassaletta, J.QMg. Lett.
2006 8, 127. (t) Mohar, B.; Valleix, A.; Desmurs, J.-R.; Felemez, M.;
Wagnetm A.; Mioskowski, CChem. Commur2001, 2572. (u) Eustache,
F.; Dalko, P. I.; Cossy, JOrg. Lett. 2002 4, 1263. (v) Lennon, I. C.;
Ramsden, J. AOrg. Proc. Res. De 2005 9, 110.
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oxazolines, diamines’ phosphine oxide¥, amino acid deriva-
tives!! tetradentate Salen-type ligandsand derivatives of
BINOL based phosphonitédWe ourselves contributed to this
field through the introduction afis-aminoindanoB as a ligand
and also extension of the range of applicati&nRecently, we

(5) (&) Chen, Y.-C.; Wu, T.-F.; Jiang, L.; Deng, J. G.; Liu, H.; Zhu, J.;
Jiang, Y.-Z.,J. Org. Chem2004 70, 1006. (b) Liu, W.; Cui, X.; Cun, L.;
Zhu, J.; Deng, J. GlTetrahedron: AsymmetB8005 16, 2525. (c) Wendicke,
S. B.; Burri, E.; Scopelliti, R.; Severin, KOrganometallic2003 22, 1894.

(d) Si immobilized: Liu, P. N.; Gu, P. M.; Wang, F.; Tu, Y. Qrg. Lett.
2004 6, 169. (e) Follow up Liu, P.-Nian, Gu, P.-M.; Deng, J.-G.; Tu, Y.-
Q.; Ma, Y.-P.Eur. J. Org. Chem2005 3221. (f) Li, X.; Chen, W.; Hems,
W.; King, F.; Xiao, J.Tetrahedron Lett2004 45, 951. (g) Arakawa, Y.;
Haraguchi, N.; Itsuno, STetrahedron Lett2006 47, 3239. (h) Severin,
K.; Polborn, K.Chem. Commuril999 2481. (i) Severin, K.; Polborn, K.
Chem=—Eur. J.200Q 6, 4604. (j) Ter Halle, R.; Schulz, E.; Lemaire, M.
Synlett1997, 1257. (k) Li, Y.; Li, Z.; Wang, Q.; Tao, FOrg. Biol. Chem.
2005 2513.

(6) (a) Li, X.; Wu, X.; Hems, Chen, W.; Hancock, F. E.; King, F.; Xiao,
J.Org. Lett.2004 6, 3321. (b) Wu, X; Li, X.; King, F.; Xiao, JAngew.
Chem., Int. Ed2005 44, 3407. (c) Wu, X.; Li, X.; Hems, W.; King, F.;
Xiao, J.Org. Biomol. Chem2004 2, 1818. (d) Liu, P. N.; Deng, J. G.; Tu,
Y. Q.; Wang, S. HChem. Commur2004 2070. (e) Wu, X.; Vinci, D.;
Ikariya, T.; Xiao, J.Chem. CommurR005 4447. (f) Thorpe, T.; Blacker,
J.; Brown, S. M.; Bubert, C.; Crosby, J.; Fitzjohn, S.; Muxworthy, J. P.;
Williams, J. M. J.Tetrahedron Lett2001, 42, 4041. (g) Thorpe, T.; Blacker,
J.; Brown, S, M.; Bubert, C.; Crosby, J.; Fitzjohn, S.; Muxworthy, J. P.;
Williams, J. M. J.Tetrahedron Lett2001, 42, 4037. (h) Mao, J.; Wan, B.;
Wau, F.; Lu, S.Tetrahedron Lett2005 46, 7341. (i) Canivet, J.; Labat, G.;
Stoeckli-Evans, H.; Suss-Fink, Gur. J. Inorg. Chem2005 4493. (j) Wu,

X.; Li, X.; McConville, M.; Saidi, O.; Xiao, J.J. Mol. Catal. A: Chem.
2006 247, 153. (k) Li, X.; Blacker, J.; Houson, I.; Wu, X.; Xiao, Synlett
2006 1155.

(7) (a) Alonso, D. A.; Guijarro, D. Pinho, P.; Temme, O.; Andersson, P.
G. J. Org. Chem.1998 63, 2749. (b) Alonso, D. A.; Nordin, S. J. M,;
Roth, P.; Tarnai, T.; Andersson, P. &.Org. Chem200Q 65, 3116. (c)
Everaere, K.; Mortreaux, A.; Carpentier, J.Atlv. Synth. Catal2003 345
67. (d) Petra, D. G. |.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz,
K.; Van Loon, A. M.; de Vries, J. G.; Schoemaker, H. Eur. J. Org.
Chem.1999 2335 5. (e) Alonso, D. A.; Brandt, P.; Nordin, S. J. M;
Andersson, P. GJ. Am. Chem. Sod.999 121, 9580. (f) Nordin, S. J. M;
Roth, P.; Tarnai, T.; Alonso, D. A.; Brandt, P.; Andersson, PCBem=—
Eur. J.2001, 7, 1431. (g) Petra, D. G. I.; Reek, J. N. H.; Handgraaf, J.-W.;

Meijer, E. J.; Dierkes, P.; Kamer, P. C. J.; Brussee, J.; Schoemaker, H. E.;

van Leeuwen, P. W. N. MChem-Eur. J.200Q 6, 2818. (h) Hage, A;
Petra, D. G. |; Field, J. A.; Schipper, D.; Wijnberg, J. B. P. A.; Kamer, P.
C. J.; Reek, J. N. H.; van Leeuwen, P. W. N. M.; Wever, R.; Schoemaker,
H. E. Tetrahedron: Asymmetrg001, 12, 1025. (i) Hennig, M.; Puntener,
K.; Scalone, M.Tetrahedron: Asymmetr200Q 11, 1849. (j) Everaere,
K.; Mortreux, A.; Bulliard, M.; Brussee, J.; van der Gen, A.; Nowogrocki,
G.; Carpentier, J. Feur. J. Org. Chem2001, 275. (k) Faller, J. W.; Lavoie,

A. R. Org. Lett. 2001, 3, 3703. (I) Faller, J. W.; Lavoie, A. R.
Organometallic2002 21, 2010. (m) Evans, M. A.; Morken, J. B. Am.
Chem. Soc2002 124, 9020. (n) Hansen, K. B.; Chilenski, J. R.; Desmond,
R.; Devine, P. N.; Grabowski, E. J. J.; Heid, R.; Kubryk, M.; Mathre, D.
J.; Varsolona, RTetrahedron: Asymmetr3003 14, 3581. (0) Liu, P. N;
Chen, Y. C.; Li, X. Q.; Tu, Y. Q.; Deng, J. Gletrahedron: Asymmetry
2003 14, 2481. (p) Schiffers, I.; Rantanen, T.; Schmidt, F.; Bergmans, W.;
Zani, L.; Bolm, C.J. Org. Chem2006 71, 2320 (q) Wisman, R. V. de
Vries, J. G.; Deelman, B.-J.; Heeres, HQlg. Proc. Res. De 2006 10,
423. (r) Jin, M.-K.; Kim, S.-H.; Lee, S.-H.; Ahn, W.-Stud. Surf. Sci.
Catal. 2003 146, 509. (s) Brandt, P.; Roth, P.; Andersson, P.JGOrg.
Chem.2004 69, 4885.
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reported the synthesis and applications to ketone reduction of a
new series of Ru(ll) catalysts in which the homochiral ligand
is linked to theyS-arene ring® Representative examples are
complexes4 and5, which can either be isolated before use or
(more conveniently) formed in situ by the treatment of dimers
6 and7, respectively, during the reduction of ketones in formic
acid/triethylamine media. These complexes benefit from in-
creased stability due to the “three point” attachment of the ligand
to metal and also practical simplicity through the requirement
for a single reagent in the reaction. A further benefit is the well-
defined structures of the catalysts, which provide a basis for
predictable modification toward particular substrate applications.
In our most recent studies, we discovered that the “tethered”
catalyst based on monotosylated diamines, such as 1,2-diphen-
ylethanediamine (DPEN), could be significantly improved by
attaching the linking group from the “basic” amine rather than
the sulfonyl group, i.e., as i@.1%2Complex8, which we refer
to as “reverse-tethered”, can be prepared and isolated prior to

(8) (a) Braunstein, P.; Naud, F.; Pfaltz, A.; Rettig, SOdganometallics
200Q 19, 2676. (b) Jiang, Y.; Jiang, Q.; Zhu, G.; Zhang, Tetrahedron
Lett. 1997, 38, 215. (c) Langer, T.; Helmchen, Getrahedron Lett1996
37, 1381. (d) Sammakia, T.; Strangeland, E.JL.Org. Chem1997, 62,
6104. (e) Arikawa, Y.; Ueoka, M.; Matoba, K.; Nishibayashi, Y.; Hidai,
M.; Uemura, SJ. Organomet. Chem1999 572 163. (f) Nishibayashi,
Y.; Takei, |.; Uemura, S.; Hidai, MOrganometallics1999 18, 2291. (g)
Zhou, Y.-B.; Tang, F.-Y.; Xu, H.-D.; Wu, X.-Y.; Ma, J.-A.; Zhou, Q.-L.
Tetrahedron: Asymmetr2002 13, 469. (h) Bolm, C.; Xiao, L.; Kessel-
gruber, M.Org. Biomol. Chem2003 145. (i) Cuervo, D.; Gamasa, M. P;
Gimeno, J.Chem=—Eur. J. 204 10, 425. (j) McManus, H. A.; Barry, S.
M.; Andersson, P. G.; Guiry, P. Jetrahedron2004 60, 3405. (k) Tan,
D.-M.; Chan, K. S.Tetrahedron Lett2005 46, 503. (I) Bisoxazolines:
Debonu, N.; Besson, M.; Pinel, C.; Djakovich, Tetrahedron Lett2004
45, 2235.

(9) (a) Cai, L.; Han, Y.; Mahmoud, H.; Segal, B. ¥l.Organomet. Chem.
1998 568 77. (b) Brunner, H.; Henning, F.; Weber, Metrahedron:
Asymmetrn2002 13, 37. (c) Chen, Y.-X.; Li, Y.-M.; Lam, K.-H.; Chan,
A. S.-C. Chin. J. Chem.2002 20, 606. (d) Dahlin, N.; Bogevig, A.;
Adolfsson, H.Adv. Synth. Catal2004 365 1101. (e) Fukuzawa, S.-l.;
Suzuki, T.Eur. J. Org. Chem2006 1012.

(10) (a) Maj, A. M.; Pietrusiewicz, M.; Suisse, |.; Agbossou, F.; Mortreux,
A. Tetrahedron: Asymmet}999 10, 831. (b) Oliana, M.; King, F.; Horton,
P. N.; Hursthouse, M. B.; Hii, K. K. MJ. Org. Chem200§ 71, 2472.

(11) (a) Rhyoo, H. Y.; Park, H.-J.; Chung, Y. EKhem. Commur2001,
2064. (b). Rhyoo, H. Y.; Park, H.-J.; Suh, W. H.; Chung, Y Tktrahedron
Lett. 2002 43, 269. (c) Ohta, T.; Nakahara, S.-l.; Shigemura, Y.; Hattori,
K.; Furukawa, I.Appl. Organomet. Chen2001, 15, 699. (d) Faller, J. W.;
Lavoie, A. R.Organometallics2001, 20, 5245. (e) Pasto, M.; Riera, A.;
Pericas, M. A.Eur. J. Org. Chem2002 2337. (f) Pastor, |. M.; Vastila,
P.; Adolfsson, HChem. CommurR002 2046. (g) Pastor, I. M.; Vastilla,
P.; Adolfsson, HChem-—Eur. J.2003 9, 4031. (h) Bogevig, A.; Pastor, I.
M.; Adolfsson, H.Chem=—Eur. J.2004 10, 294. (i) Vastilla, P.; Wettergren,
J.; Adolfsson, HChem. Commur2005 4039. (j) Pelagatti, P.; Carcelli,
M.; Calbiano, F.; Cassi, C.; Elviri, L.; Pelizzi, C.; Rizzotti, U.; Rogolino,
D. Organometallics2005 24, 5836.

(12) (a) Gao, J.-X.; Ikariya, T.; Noyori. ROrganometallics, 1996 15,
1087. (b) Li, Y.-Y.; Zhang, H.; Chen, J.-S.; Liao, X.-L.; Dong, Z.-R.; Gao,
J.-X.J. Mol. Catal. A: ChemicaR004 218 153. (c) Laue, S.; Greiner, L.;
Woltinger, J.; Liese, AAdv. Synth. Catal2001, 343,741.

(13) (a) Guo, R.; Elphelt, C.; Chen, X.; Song, D.; Morris, R.Ghem.
Commun.2005 3050. (b) Reetz, M. T.; Li, SJ. Am. Chem. SoQ006
128 1044.

(14) (a) Ekegren, J. K.; Roth, P.; Kailstrom, K.; Tarnei, T.; Andersson,
P. G.Org. Biomol. Chem2003 358. (b) Gayet, A.; Bolea, C.; Andersson,
P. G. Org. Biomol. Chem2004 1887. (c) Hartikka, A.; Modin, S. A,;
Andersson, P. G.; Arvidsson, P.Qrg. Biomol. Chem2003 2522. (d)
Borriello, C.; Cucciolito, M. E.; Panunzi, A.; Ruffo, F.; Saporito, lorg.
Chem. Commur2003 6, 1081. (e) Leautey, M.; Jubault, P.; Pannecoucke,
X.; Quirion, J.-C.Eur. J. Org. Chem2003 3761. (f) Chelucci, G.; Orro,
G.; Pinna, G. ATetrahedron2003 59, 9471. (g) Ohno, K.; Kataoka, Y.;
Mashima, K.Org. Lett.2004 6, 4695. (h) Dai, H.; Hu, X.; Chen, H.; Bai,
C.; Zheng, PJ. Mol. Catal. A2004 209, 19. (i) Baratta, W.; Chelucci, G.;
Gladiali, S.; Siega, K.; Toniutti, M.; Zanette, M.; Zangrando, E.; Rigo, P.
Angew. Chem., Int. EQR005 44, 6214. (j) Baratta, W.; Da Ros, P.; Del
Zotto, A.; Sechi, A.; Zangrando, E.; Rigo, Rngew. Chem., Int. EQ004
43, 3584.
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SCHEME 12 TABLE 1. Initial Ketone Reductions Using Ruthenium Dimer
o . H OH RR-92
)J\ | conv. ee
R R2 R' R2 entry R R2 tempPC time (h) (%)° (%) config!

B _ B Ph Me 28 24 100 9 R

2Reagents and conditions: (i) see Tables 1 and 4 for conditions and 2  ¢-CgHy;; Me 28 24 100 69 S

results. 3  Ph cCeHun 28 24 23 8 R

4 Ph Me 28 6 100 96 R

use or, as fos and5, it can be formed in situ upon addition of g En me gg <0333 11008 ggf S
the precursor dime® to the reaction media. In this paper, we N y

. L . b 7  cCeHu Me 28 10 100 69 S

describe further applications of the reverse'-tethered catalyst g c.cHy Me 14 24 88 72 S

system8 as well as the synthesis and applications to ketone 9¢ Ph Me 28 8 72 9% R

reduction of a series of derivatives. 10 Ph Et 28 6 100 95 R

11 Ph iPr 28 24 57 8 R

_ _ 12 Ph tBu 28 24 56 78 R

Results and Discussion 13  Ph Et 40 3 100 95 R

14 Ph iPr 40 24 92 95 R

In our preliminary pape¥2we decribed the synthesis and 15  Ph tBu 40 24 95 77 R

structural characterization of compl& which demonstrated 1673 EE 0'86:11 28 gj gg ?g 5

dramatically increased rates of ketone reduction (Scheme 1) and s
: 18 Ph ¢-CaH7 40 22 100 87 S
an expanded substrate scope relative to the untethered parent;g  pp ¢-CeHo 40 22 100 78 ¢

compound. CompleRR8 (used in the form of dimeRRY) o dimes (0.25 mol 96) (2001 SIC)2 M solution of ketone
was initially evaluated for the reduction of three ketones: , HCOHINEL; (5:2). P Determined by GC ofH NMR analysis ¢ Deter-
acetophenone;hexyl methyl ketone, ancthexyl phenyl ketone  mined by GC analysis using a chrompac cyclodexfi236M-19 50m
(Table 1, entries 4£3). Employing the standard reduction column unless otherwise specificbDetermined from the sign of rotation
conditions of 5:2 formic acid/triethylamine (FA/TEA), 0.5 mol of the isolate(? product Reduction carried out ilPrOH/KOH rather than
% catalyst loadinga 2 M solution of ketone at 28C, and HCOH:NE, " SScatalyst used.

overnight reaction times, acetophenone (Entry 1) was completely
reduced with an ee of 96% to tiiisomer consistent with the
phenyl group of the ketone approaching adjacent to the arene
ring of the catalystc-Hexyl methyl ketone (Entry 2) was again
fully reduced with an ee of 69%S, which coincidentally is

the same ee obtained with the tethefeaimino alcohol catalyst
4,16¢ with the catalyst directing the largerhexyl group away
from the arene ring of the catalystHexyl phenyl ketone (Entry

3) was also reduced in good ee (8@palthough the conversion
was rather low (23%).

K It?epeatln_g the re_(:uc_:tlorlrs] of a;:et?p?enont_ yl rTf1ethyI tl FIGURE 1. X-ray crystallographic structure d8S8. The view on

_e one again, mon' oring the extent o r_eac Ion more frequently . right-hand side shows detail of tethering arm orientation in relation
via GC analysis, revealed that the activity of the catalyst was g the rest of the catalyst.

far greater than had been anticipated (Table 1, Entry 4).

Reduction of acetophenone was complete ih@usincontrast  the reduction was complete in less than 20 min with just a 2%
to the usual overnight reaction times required with the untethered|oss of ee (entries 5 and 6). The reductioncefexyl methyl
TSDPEN 1 system& or the sulfonamide tethered diamine ketone was also rapid, reaching full conversion in just 10 h at
catalyst5.1%° Increasing the temperature to 40 reduced the  2g °C. Lowering the temperature to 1€ in an attempt to

reaction time to jus3 h with no loss of ee, whereas at 80, improve the ee resulted in a 3% improvement to 72%, although
the reaction time was increased to 24 h to effect an 88%
(15) (a) Palmer, M.; Walsgrove, T.; Wills, M. Org. Chem1997, 62, conversion. By way of a comparison, the reduction of acetophen-

5226. (b) Hannedouche, J.; Kenny, J. A.; Walsgrove, T.; WillsSyhlett e ; ; ;
2002 263. (c) Palmer. M. J.: Kenny. 3 A.: Walsgrove, T Kawamoto, A. one in 2-propanol usin§ was found to be far inferior to that

M.; Wills, M. J. Chem. Soc., Perkin Trans.ZD02 416. (d) Hayes, A.: in FA/TEA, with only 72% conversion reached after 8 h. The
Clarkson, G.; Wills, MTetrahedron: AsymmetB8004 15, 2079. (e) Kenny, ee however, was unaffected and remained at 96% (Table 1, entry
J. A,; Palmer, M. J.; Smith, A. R. C.; Walsgrove, T.; Wills, 8ynlett

1999 1615. (f) Kawamoto, A. M.; Wills, MJ. Chem. Soc., Perkin Trans ' - . . .

12001, 1916. (g) Bastin, S.; Eaves, R. J.; Edwards, C. W.; Ichihara, 0.;  Although promising results were obtained using diferve
Whittaker, M.; Wills, M.J. Org. Chem2004 69, 5405. (h) Alcock, N. J.; felt that a comparison with the monom8r believed to be

Mann, |.; Peach, P.; Wills, MTetrahedron: Asymmetr002, 13, 2485. formed in-situ under the reaction conditions, should be under-
(i) Kawamoto, A. M. Wills, M. Tetrahedron: Asymmetr300Q 11, 3257. K A le of th&S - 0 ' fl d with
() Wills, M.; Palmer, M.; Smith, A.; Kenny, J. A.; Walsgrove, Wolecules taken. A sample of t enantiomer ob was refluxed wit

200Q 5, 4. (k) Yim, A. S. Y.; Wills, M. Tetrahedron2005 61, 7994. (1) an excess of triethylamine in 2-propanol to form the monomer,

\F/|Vi||iamd5, GhD-;JW%de, % E-: \(/:Vills, M[()ZhJekaOmmJurXOOa 4735|- (m) which was first purified by flash column chromatography and
anneaoucnhe, J.; Peacn, P.; Cross, D. J.; Kenny, J. A.; Mann, 1.; Rouson, : : : .
1. Campbell, L. Walsgrove, T.. Wills, M etrahedror2006 62, 1864, (n) then subsequently recrystallized from a mixture of dichlo

Williams, G. D.; Pike, R. A.; Wade, C. E.; Wills, MOrg. Lett. 2003 5, romethane and ethanol to give suitable crystals for X-ray
4227. analysid%2 and testing in the reductions. The X-ray crystal-

(16) (a) Hayes, A. M.; Morris, D. J.; Clarkson, G. J.; Wills, M. Am. ; :
Chem. S0c2005 127, 7318, (b) Hannedouche, J.: Clarkson, G, J.: Wills, lographic structure 08S8 confirmed the correct structure and

M. J. Am. Chem. So@004 126, 986. (c) Cheung, F. K.; Hayes, A. M.: configuration of the catalyst as expected (Figure 1). The view
Hannedouche, J.; Yim, A. S. Y.; Wills, M. Org. Chem2005 70, 3188. of the catalyst on the right-hand side of Figure 1 seems to
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Acetophencne reduction with 8, 9

Morris et al.

and 'untethered’ TSDPEN 1, T = 4C°C,

[ketone] = 2M, cat. loading = 0.5 mol%

100 4 e
90 et
. " -
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—=— Dimer 9: 30 min formation
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FIGURE 2. Conversion plotted against time for the reduction of acetophenone with dinmonomer8, and Ru(ll)/TsDPEN compleg.
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FIGURE 3. Repeated additions of acetophenone (200 equiv with respect to catalyst) along with additional formic acid to a so&ifion of
HCO;H/NEt; (5:2) at 40°C

indicate that the tether is somewhat more remote from the areaconversion in only 110 minutes. A closer examination of the
in which the substrate approaches the catalyst. It is thereforeinitial profile obtained with dime® indicates an initial lag at

not immediately clear from the X-ray structure why the tether the start of the reaction. This is most likely to be due to
in SS8 increases the overall rate of reactions and in particular incomplete in situ interconversion of the dimeric species to the

the enantioselectivity of reduction of alkyl/alkyl ketones.

We could follow the reduction of acetophenone at*@0by
IH NMR by stirring a mixture of the catalyst in 5:2 formic acid/
triethylamine for 20 min, adding it to an NMR tube along with
a small amount ofl-benzene to provide a signal for the machine

monomer in the 30 min catalyst formation period prior to the
addition of ketone. Indeed, when the dimer was stirred in the
5:2 formic acid/triethylamine mixture for 3.5 h preceding the
addition of ketone, the reduction was complete in 110 minutes,
identical to the result obtained using the preformed monomer

to lock on to and then adding the required amount of acetophen-8.

one. Conversions were then simply calculated from the ratio of

Investigations as to the stability of cataly8tunder the

the integrals for the distinctly observable methyl signal of the reaction conditions at a loading of 0.5 mol % were made by

starting material and the methine proton of the alcohol.

the repeated addition of an equivalent of acetophenone along

The results (Figure 2) clearly illustrate the dramatic rate with an equivalent of formic acid to replenish the hydrogen
enhancements that the tethered catalyst provides over thesource at regular intervals once the reaction approached or

untethered equivalent. The untethered catédlytsikes ca. 18 h
to achieve complete conversion whereas with the dier
reduction is complete after 3 h. If the monomeric spe8iés

reached 100% conversion (Figure 3). The drops in conversion
seen on the graph are the points at which additional substrate
was added to the reaction mixture. After seven cycles of ketone

used directly, the reduction is even more rapid, reaching full addition, the catalyst remained consistently active throughout

7038 J. Org. Chem.Vol. 71, No. 18, 2006
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TABLE 2. Reductions of Substituted Aromatic and The results obtained for a series of methoxy-substituted
Heteroaromatic Ketones Using Ruthenium MonomersSS 8 acetophenones revealed a clear trend. Substitution at either the
reduction 3 or 4-position (Entries 24) does not have an adverse effect
entry product  S/C  time(h) conv. (%) ee (%) configf on the ee obtained, whereas-s@ibstitution (Entry 1) is
1 10 200 1.25 100 70 S detrimental to the ee. The reductions were rapid in each case,
2 11 200 1 100 94 S however, and complete reduction was observed in a shorter time
i E 5288 22 o 188 gi g than was required for acetophenone. The short reaction times
5 13 200 6 100 92 S permit the catalyst loading to be sharply _redt_Jced_ (I_Entry 3), as
6 14 200 16 100 93 IS illustrated for productl Although the reaction time is increased
7 15 200 20 100 91 S to 20 h (for 97% conversion), the extended time is not
g ig 288 2? . i%% ?32 g detrimental to the ee. Encouraged by the excellent result
10 18 200 1 100 72 S obtained for phenyl/cyclohexyl ketone reduction, we examined
11 19 200 05 100 94 s the synthesis of two related alcohols containing oxygen and
12 19 5000 20 100 91 S nitrogen in the six-membered rings (Entries 5 and 6). Both
13 20 5000 117 100 98 S products 13 and 14 were formed in excellent ee with full
1‘5‘ g% 288 2%'5 1gg g; g conversion. The ketone precursor 14 was prepared simply
16 2% 200 24 7 - Z by 'Boc protection of commercially available 4-benzoylpiperi-
17 20 200 18 54 96 S dine hydrochloridé’ The ketone precursor tt8 was prepared
aMonomerSS8 (0.5 mol %) (200:1 S/G)2 M solution of ketone in Ir! 3 St_eps from tetra}hydro-4H-pyran-4-oWeFull details are
HCOH/NES (5:2), 40 °C. > Determined by GC ofH NMR analysis.  diven in the Supporting Information.
¢ Determined by GC analysis using a chrompac cyclodey286M-19 Given the promising result witil4, we considered that

50m_co|umn L_mless otherwise spe_cifiéd)etermined frorr_1 the sign of catalyst8 might be effective at the synthesis of the serotonin
e S o Sone 1P O¥a®  antagonist6° through reduction of ketong4, an approach
which to the best of our knowledge has not been reported for
this compound. We were anxious, however, that the ertho
with no loss of ee. Leaving the reaction mixture overnight, either methoxy substitutent might cause a reduction in enantioselec-
at full conversion or with another loading of ketone, did not tjvity. We first examined the reduction of analog2@(prepared
affect the performance of the catalyst. by the method illustrated in Schemé¥and obtained product
Extended Studies of Ketone ReductionThe notable result 15 in full conversion in 91% ee (Entry 7), thereby confirming
obtained previously in the reduction ofhexyl phenyl ketone  that the alkyl side chain was not detrimental to the reaction.
led us to study a range of acetophenone derivatives bearingAsymmetric reduction o024 (preparation illustrated in Scheme
alternative alkyl substitution at the 2-position (Table 1, entries 2) gavel6in only 65% ee, however (Entry 8), which indicated
10—-12). It has been reported that, for catalysas the size of ~ that the proximal methoxy group was detrimental to the
the substrate alkyl substituent increases, conversions and enarenantioselectivity of the reaction as previously observed for
tioselectivities decrease significantly to the point where no compoundS-10.
virtually no reduction ofert-butyl phenyl ketone is observée. Heteroaromatic substrates were also compatible with catalyst
In contrast, when dimeRR9 was evaluated in the reduction 8. The reduction of a series of pyridine-containing alcoligts
of these substrates at 28, considerable improvements over 19was successfully completed in short reaction times and, with
the results obtained using untethefiediere observed. All the ~ the exception of18, in excellent ee (Entries -912). The
ketones, includingert-butyl phenyl ketone, were converted to ~ reduction of 2-acetylated pyridine was repeated at an increased
the corresponding alcohol products. The reductions were thenS/C of 5000, resulting in complete reduction in 20 h, although
repeated at 46C in an effort to improve the conversions (Table in slightly reduced ee. Acetylfuran and thiophene were easily
1, entries 13-16). Pleasingly, all the ketones were reduced with reduced td20and21, respectively, in excellent ee values of 98
a conversion of 90% or greater. The higher temperature hadand 97% respectively, the former at S/C of 5000.

little effect on enantioselectivity and indeed increased the ee in ~ The reduction of thex,S-acetylene keton@2, following a
some cases (entries 14 and 16). process first reported by Noy8tiusing8, was attempted (Table

2, entries 15-17). Using formic acid/triethylamine as the solvent
(Entry 15), a good ee of 89% was obtained but the reaction
appeared to stop at a conversion of 59%. Noyori reports a similar
dobservation when using in formic acid/triethylamine and
comments that the reduction of this class of ketone works best
in 2-propanol. Fortunately, due to the low oxidation potential
of the ketone, the usual issue of reversibility when using

A further set of phenyl-alkyl ketones containing cyclic alkyl
groups were investigated (Table 1, Entries-1B). Reactions
were generally performed at £4€ from this point onward in
the study. The reductions of this series of ketones all proceede
in good yields, with conversions of greater than 90% observed
again in all cases. The last three reductions in Table 1 were
performed usingS9 as the catalyst. Using either the monomer
8 or the dimer precurso®, the reductions of ketones were (17) Plobeck, N.; Delorme, D., Wel, Z.-Y.; Yang, H.; Zhou, F.; Schwarz
complete in significantly sh.orter reaction tlmes than for the p. Gawell, L.; Gagnon, H.. P’elc'han"B_;'Sé’hmidg’R_;’Yue, $.Y.. Walpole,
untethered parent. For particularly challenging substrates, for c.; Brown, W.; Zhou, E.; Labarre, M.; Payza, K.; St-Onge, S.; Kamassah,
example thetert-butyl substituted ketone, the tethered catalyst A.; Morin, P.-E.; Projecan, D.; Ducharme, J.; Roberts,JEMed. Chem.
promotes reactions in cases where the untethered is muct?o?fsﬁéfgﬁles’ A.. Mosquera, R.; Toledo, A.; Pumar, M. C.. Garcia,
slower?® N.; Cortizo, L.; Labeaga, L.; Innerarity, A. Med. Chem2003 46, 5512.

An extended range of more diverse substrates were then(b)(ng)”éﬁﬁrH?Q"Fﬁ?fé Ff<- Lé'BAicr)%rChﬁ?d Sg&gégogé 816;%27
investigated (Table 2). The reduction produbs-22 obtained (20) Lundkvist, C.: Sandell, J.; l\?ellgren,. K. Pike, V. W.; Halldin, .

using monomefSS8 are illustrated in Figure 4. Labelled Compd. Radiopharm998§ 41, 545.
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FIGURE 4. Products of reduction using monom®88. Full details are summarized in Table 2.

SCHEME 22

O,

EtO,C
U\/\@\
25 F

aReagents and conditions: (i) CBPPh, DCM, rt, 98%. (ii) Ethyl
isonipecotate, BCOs, DMF, 90 °C, 68%. (iii) NH(OCHs;)CHz.HCI, 1M
EtMgBr, THF,—15°C to 0°C then either PhLi (foR3) or veratrole"BulLi
(prepared separately, f@d), 0 °C to room temperature, 79% f@s, 62%
for 24.

gg% 68%

w@

24 (AI‘—2 3(MeO)ZCGH4)

SCHEME 32

i N

Ar

28 (Ar=Ph)
29 (Ar=2,4-Cl,CgHy)

see Table 3
26 (Ar=Ph)
27 (Ar=2,4-Cl,CgH,4)

aReagents and conditions: (i) 0.5 molS&8, 2M substrate in HCgH/
EtsN, 40 °C.

SCHEME 42
(0] HOH
Ar)J\/m _r Ar/"k/m
% see Table 3 31
Q ‘ HPH
Ar)l\/oph . AAoen
see Table 3

32 33

aReagents and conditions: (i) 0.5 molS&8, 2M substrate in HCgH/
Et3N, 28 or 40°C.

2-propanol is less of a problem. When reduction in 2-propanol
with 8 was first attempted (Entry 16), using 0.5 equivalent of

base (Noyori's conditions), only a poor conversion of 7% was

obtained. Increasing the amount of base to 2.5 equiv (Entry 17)
led to an improved conversion of 54% and 96% ee.

o-Substituted Ketones.Compounds containing a substituent
at the positioru to the ketone are particularly useful substrates
because they act as precursors for a variety of synthetic

TABLE 3. Reductions ofo-Substituted Ketones Using Ruthenium
Monomer SS8?2

reduction
entry product S/C time(h) conv (%) ee(%§ config!
1¢ 28 200 18 100 99 R
2 28 200 24 43 nd -
3 29 200 16 100 71 R
49 29 200 24 48 68 R
5h 31 200 15 100 95 R
6 31 200 2 100 97 R
7h 33 200 3 100 95 R

aMonomerSS8 (0.5 mol %) (200:1 S/G)2 M solution of ketone in
HCO;H/NEt; (5:2), 40 °C. " Determined by GC ofH NMR analysis.
¢ Determined by GC analysis using a chrompac cyclodeyi*286M-19
50m column unless otherwise specifi€determined from the sign of
rotation of the isolated product[ketone]= 0.5 M. f [ketone]= 1.0 M.
9DCM as cosolvent, 1:1 HCSI/NEt; (5:2). " 28 °C. 1 28 °C, EtOAc as
cosolvent, v/v 1.4:1.1 HCE/NEt; (5:2).

ones26 and27, usingl, prompted us to examine the application
of 8 to these substrates (Scheme 3, Table 3).

The reduction o6 was initially carried out at a lower ketone
concentration of 0.5 M compared to the usual concentration of
2.0 M (Entry 1). A remarkable ee of in excess of 99% was
obtained along with quantitative conversion to prod&tWhen
the reduction was repeated at the usual 2.0 M concentration of
ketone, surprisingly a conversion of only 43% was obtained.
Dichloro substituted27 was then reduced, again at a lower
concentration of ketone (1.0 M) using the standard 5:2 formic
acid/triethylamine solvent system/hydrogen source (Entry 3).
As with 26, quantitative conversion was observed but a product
of only of 71% ee was obtained. For the reductior2@fwith
catalystl, the authors reported an extended series of optimiza-
tion studies, which revealed that DCM was an excellent
cosolvent (100% conversion, 91% ee on 16 g scale at S/C of
1000)# The reduction of27 was then repeated using DCM
cosolvent with8 (Entry 4), however a slight drop in ee to 68%
was noted along with a fall in the conversion. Further optimiza-
tion work is required for our catalyst to compete with the best
reported conditions for substra®g.

o-Chloroketones represent useful substrates, and particularly
challenging ones for Ru(ll) based ATH catalysts, because the
best results have been to date obtained using Rh(lll) cat&lysts,
including some of our own “tethered” variarfsFor example,
the asymmetric reduction &0 by preformedl is reported to
give a product of 91% ee in only 36% yield after 24hin

intermediates, e.g., epoxide, diols, and amino alcohols. A recentcontrast the equivalent Rh(lll) catalyst gives a product of 97%

report¥ on the ATH of twoa-imidazole substituted acetophen-

7040 J. Org. Chem.Vol. 71, No. 18, 2006
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TABLE 4. Reductions of Dialkyl Ketones Using Ruthenium Dimer
SS9

JOC Article

potential repulsive interaction
from side chain

entry R RZ  time (h) vyield (%? ee (%} configd

1 cCHu Me 10 100 69 s RU_) ~—
2 Bu Me 24 92 12 s TS\ n e
3 Ad Me 24 48 37 s T
4 nCHn Me 24 100 19 s PR™ Y H-O

5 C-CaHll Et 24 55 26 S Ph

a Ruthenium dimer (0.25 mol %) (200:1 S/@) M solution of ketone in
HCO;H/NEt; (5:2), 28 °C. P Determined by GC ofH NMR analysis.
¢ Determined by GC analysis using a chrompac cyclodeyif#86M-19
50m column unless otherwise specifi@determined from the sign of
rotation of the isolated product.

Stabilising arene/

FIGURE 6. Reduction of alkyl/alkyl ketones by catalySS8.

[ S<
T Ru. M
S‘N/ A e

aryl interaction Ph v \H--O"
| \{ Ph
Ts. \.Ru_
,QN/"‘L H-. FIGURE 7. Speculated reduction of alkyl/alkyl ketones by proposed
PR H-G L catalystSS34.
Ph

FIGURE 5. Reduction of aryl/alkyl ketones by catalyS&8.

The tethering group has two important beneficial effects; it
increases the rates of transfer hydrogenation in reactions in

fully reduced to a product of 95% ee within 1.5 h, reflecting which it is used, and it gives improved enantioselectivities for

the higher reactivity of this catalyst over the untethered version alkyl/alkyl ketones over the untethered catalyst (although many
(Scheme 4). The ee could be improved to 97% without substrates give rather poor results). The reason for the improved
significant reduction in rate using a small amount of ethyl acetate rates may be due to a superior “preorganization” toward hydride
cosolvent (Table 3, entry 6). For the first time, this represents transfer imposed by the tether. Anderson et al have reported,

the use of a Ru(ll) ATH catalyst for the practical reduction of
o—chloroketones, representing a viable alternative to Rh(lll)
catalystd!-22 for this application. Finally, an equally useful
reduction ofa-phenoxy ketone32 was achieved in 95% ee
within 3 h using8 (Table 3 entry 7).

Studies on Alkyl/Alkyl Ketones. The effectiveness of
catalyst8(9) in the reduction of an extended range of dialkyl

for example, that the “HRu—N—H" torsion angle in Ru(ll)
ATH catalysts is important; the closer this is to zero then the
higher the catalyst activit{£ In our catalyst, we have not yet
calculated this angle, neither do we have an X-ray structure.
However the “C+Ru—N—H" torsion angle in8is 4.5. In the
X-ray structure ofl, the corresponding angle is higher at 8.2
although this drops to 1026n the hydride?¢ If this difference

ketones was investigated. The results, (Scheme 1, Table 4)is reflected in the corresponding hydrides, it could hint at a

however, show tha®S9 failed to give any reasonable enantio-

reason for the higher reactivity &over 1 and also provide a

selection with pinacolone (Entry 2, 12% ee) or adamantyl methy! direction for further catalyst improvement. Molecular modeling

ketone (Entry 3, 37% ee). The reductionsrmshexyl methyl
ketone ana-hexyl ethyl ketone failed to give notable selectivi-
ties.

Mechanistic DiscussionThe promising results obtained with
tethered monotosylated diamine comp&yprompted further

studies are currently underway to determine the transition state
structures through which our catalysts operate.

The reason for the effect of the tether on the reduction
enantioselectivity for alkyl/alkyl ketones is less obvious. One
speculation is that the tether may “lie” in the region occupied

derivatization of the catalyst structures. The reduction of aryl/ by a group on the ketone. If this is the case, then larger groups
alkyl ketones (the majority of this study) indicated that the will be forced away from the chain and will occupy the area
enantiocontrol arises from the well-established arene/aryl in- distant to the arene ring, as illustrated in Figure 6. To probe
teraction in the reduction transition state (Figure 5; illustration whether the chain proximity was an important factor, we elected
for R,R-catalystyz92"37¢7#n the case of the alkyl/alkyl ketone  to prepare comple84, in which a larger, dimethyl-substituted
reduction, the reversed enantioselectivity suggested that thechain was incorporated. If this region of the chain is important
reduction was taking place through the alternative transition statefor selectivity, we anticipated that we would see an effect in

illustrated in Figure 6.

(21) (a) Mashima, K.; Abe, T.; Tani, KChem. Lett.1998 1199. (b)
Murata, K.; Ikariya, T.; Noyori, RJ. Org. Chem., 1999 64, 2186. (c)
Mashima, K.; Abe, T.; Tani, KChem. Lett1998 1201. (d) Cross, D. J,;
Kenny, J. A.; Houson, I.; Campbell, L.; Walsgrove, T.; Wills, M.
Tetrahedron: Asymmet®3001 12, 1801. (e) Hamada, T.; Torii, T.; lzawa,
K.; Noyori, R.; Ikariya, T.Org. Lett.2002 4, 4373. (f) Hamada, T.; Torii,
T.; Izawa, K.; lkariya, T.Tetrahedron2004 60, 7411. (g) Hamada, T.;
Torii, T.; Onishi, T.; Izawa, K.; lkariya, TJ. Org. Chem2004 69, 7391.
(h) Zaidlezicz, M.; Tafelska-Kaczmarek, A.; Prewysz-Kwinto, Petra-
hedron: Asymmetr2005 16, 3205. (i) Wang, F.; Liu, H.; Cun, L.; Zhu,
J.; Deng, J.; Jiang, YJ. Org. Chem2005 70, 9424. (j) Ma, Y.; Liu, H.;
Chen, L.; Cui, X.; Zhu, J.; Deng, Drg. Lett.2003 5, 2103.

(22) (a) Cross, D. J.; Houson, l.; Kawamoto, A. M.; Wills, M.
Tetrahedron Lett.2004 45, 843. (§ Matharu, D. S.; Morris, D. J,;
Kawamoto, A. M.; Clarkson, G. J.; Wills, MOrg. Lett 2005 7, 5489.

ketone reductions (Figure 7).

The synthesis of comple34 is shown in Scheme 5. On the
basis of a literature precedefitcommencing from 3-phenyl
propionate, treatment of the ester with in-situ generated LDA
from n-BuLi and diisopropylamine followed by quenching with
iodomethane and repeating the process a second time gave
dimethyl substituted est&5in moderate yield. Birch reduction
of 35 achieved the desired transformation of the phenyl group
to the cyclohexadiene but the ester group was also reduced to

(23) Bell, V. L.; Giddings, P. J.; Holmes, A. B.; Mock, G. A.; Raphael,
R. A. J. Chem. Soc., Perkin Trans.1D86 8, 1515.

(24) Fletcher, D. A.; McMeeking, R. F.; Parkin, D.Chem. Inf. Comput.
Sci. 1996 36, 746.
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SCHEME 52
0} —»i 0 : ©\></OH
> 48% > 83%
o} 3% O 36
i H T RI
v u
— O\>QO — NewPh  — e N7 g
67% 40% 26% AN
a7 39 Ph™ N H
TsHN™ “Ph PR 34

aReagents and conditions: (BBuLi, NH(Pr), Mel, THF (2 cycles)—60 °C,
DCM, —78°C to room temperature, 67%. (IRRTSDPEN38, 4A sieves, DCM
by purification on alumina column, 26%.

48%. (ii) Na, NH, THF, EtOH,—78 °C, 83%. (iii) COCh, DMSO, NE,
, then LiAlH, THF, 40%. (v) HCI, ether then Ru&IEtOH, reflux followed

SCHEME 62 TABLE 5. Ketone Reductions Using Ruthenium MonomersRR-34
0 ) H OH and RR-412
)J\ ! temp time vyield ee
R R2 R! R? entry catalyst R R2 (°C) (h) (%) (%) config!
e " 1 34 c-CgHi1 Me 28 48 48 74 S
aReagents and conditions: (i) see Table 5 for conditions and results. 2 34 c¢-CHy Me 40 24 60 73 S
. . . . 3 34 Ph Me 28 48 90 89 R
the primary glcohol concurrently .g|V|n@6 in 83% yield. In 4 34 Ph Me 40 24 93 90 R
the event, this was not problematic as the desired aldeByde 5 34 Bu Me 40 24 0o - —
was obtained via Swern oxidation in 67% yield. 6 34 Bu Me 60 18 10 49 S
7 34 n-CeHi1 Me 40 17 58 22 S
8 34 Ph ‘Bu 40 24 2 44 R
| 9 41 n-CeHiz Me 28 2 26 48 S
TSHN.  NH, N Me g 10 41 Ph Me 28 2 51 46 R
pH "—Ph I Ph/$/N\H a Ruthenium monomer (0.5 mol %) (200:1 S/@)M solution of ketone
%8 %0 HO™ "Ph wd a1 in HCOH/NEt; (5:2). P Determined by GC otH NMR analysis.® Deter-

Reductive amination was employed usiR-TsSDPEN38

mined by GC analysis using a chrompac cyclodex236M-19 50m
column unless otherwise specifietDetermined from the sign of rotation
of the isolated product.

to generate89 in a moderate yield of 40%. The complexation
of 39 as the hydrochloric acid salts with ruthenium trichloride
to give the corresponding dimer was attempted. Although the
dimer appeared to be formed as evidencedbNMR, it failed

to precipitate from the reaction mixture. Efforts at recrystallizing

the crude products was unsucessful, so flash column Chroma’ﬂ-amino alcoholdL The reduction ofc-hexyl methyl ketone

tography was attempted using alumina as the stationary phase
The major product eluted from the column was identified as
ruthenium-chloride monomer, presumably formed while the
dimer is in contact with the alumina while on the column. This
led to the isolation of tethered dimethyl substituted monotosyl-
ated diamine34 in only 26% yield. An opportunity was also
taken to generate a comparison with the corresponding amino
alcohol catalyst by preparingfl from ephedrine vi&0. As was
the case foB4, the dimer was not isolated; instead, the monomer
was isolated directly from the alumina column.

The effect of the introduction of the dimethyl substitution

Conversions were still low at 10%, but an improvement in ee
was noted in comparison to wh@&was used (49 vs 12%).

The trend for an improvement in ee for the reduction of
dialkyl ketones with34 was not seen with the corresponding
suffered both a drop in ee and conversion in comparison to the
results seen with the parent tethered amino alcohol previously
reportedi®¢ The situation was the same with acetophenone:
again, a drop in ee and conversion was noted. The effects of
substitution on the tethering arm are significant and reveal that
modification of the steric space in this region has a significant
effect on enantioselectivity.

Conclusions

In conclusion, we have demonstrated that a “tethered” catalyst

on the tethered monotosylated diamine in relation to the for ATH reactions of ketones has broad application and
reduction of cyclohexyl/methyl ketone was a 5% improvement significant advantages over the untethered variant. Particular
in ee over8 to 74% when34 was employed under identical advantages include increased rates, possibly due to better
conditions (Scheme 6, Table 5). However, the rate of reduction preorganization of the catalyst, and improved performance in
was significantly impaired with a conversion of only 48% the reduction of certain substrates such as hindered phenyl/tbutyl
achieved after 2 days. Raising the temperature ttAprovided ketone and synthetically valuabtechloro ketones.

an increase in rate with 60% conversion reached after 24 h with

only a slight drop in ee to 73%. The reduction of acetophenone Experimental Section.

was also unsurprisingly slowed given the previous observation,

and the ee was also lower than that obtained Bitfrurther publicationt59 The synthesis of dime and monomes have been
evidence for the significant increase in steric interactions eportedi® Enantiomeric excesses were measured using chiral
between the tether and the substrate as a result of the dlmethyLPLC or chiral GC methods, details of which are given in the
substitution was prowdsd with the reduction of pinacolone. The gyperimental Section below. Absolute configurations were estab-
reduction using4 at 40°C failed to give any product although jished by optical rotation and comparison to literature data. Racemic
8 had given a 92% conversion at 28. The temperature had  standards of all alcohol products were prepared by reduction of
to be increased to 60C for 34 to effect any reduction. the precursor ketone with sodium borohydride.

General experimental details have been given in a previous

7042 J. Org. Chem.Vol. 71, No. 18, 2006
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Synthesis of 2,2-Dimethyl-3-phenylpropionic Acid Methyl
Ester 3523 To a stirred solution of diisopropylamine (3.96 g, 39.1
mmol) in THF (100 crf) at —60 °C was added dropwise a solution
of 2.5 M n-butyllithium (15.7 cni, 39.1 mmol) in hexane. The
reaction mixture was stirred for 10 min, and then methyl 3-phenyl
propionate (4.28 g, 26.1 mmol) was added. The reaction mixture
was stirred for 10 min, and then methyl iodide (9.88 g, 69.6 mmol)
was added, stirred for a further 15 min, and the reaction mixture
was poured into a 1.2 M HCI solution (100 &rand extracted
with ether (2 x 100 cn?). The combined extracts were dried

JOC Article

NaOH solution (aq) (0.15 cfjy and further water (0.45 cihwere
added successively, filtered (Celite), washed (DCM), and concen-
trated under vacuum to give the crude product. The residue was
purified by column chromatograhy (2.5% EtOAc/Hexane to 20%
EtOAc/Hexane) to giv&9 (0.377 g, 40%) as a thick colorless oil;
[a]2’—36.8 (C 1.65 in CHG); vma/cm™ (thin film) 3265 (NH),
1647 and 1600 (diene=€C), 1325 and 1153 (SM), 767 and 698
(Ph); on (400 MHz; CDC}; MesSi) 0.83 (3 H, s), 0.85 (3 H), 1.26

(A H,brs),1.79 (1 H, dJ 15.4), 1.87 (1 H, dJ 15.4), 1.99 (1 H,
d,J11.6),2.15(1 H, dJ 11.6), 2.33 (3 H, s), 2.462.52 (2 H, m),

(MgSQ,) and concentrated under vacuum to give the crude 2 59-265 (2 H, m), 3.54 (1 H, d] 7.8), 4.25 (1 H, d,) 7.8), 5.20
monomethylated product, which was then subjected to a second(1 H, m), 5.57-5.68 (2 H, m), 6.887.13 (12 H, m), 7.39 (2 H, d,

methylation cycle repeating the procedure described above. Thej g 3): ¢ (100.6 MHz; CDC4; Me,Si) 21.5 (q), 26.5 (2 q), 27.0

resulting residue was purified by flash column chromatography (2%
EtOAc/Hexane) to gives5 (2.42 g, 48%) as a colorless mobile
liquid; vmax/cm™1 (thin film) 1728 (G=0), 741 and 700 (Ph)jy
(400 MHz; CDC}) 1.18 (6 H, s), 2.85 (2 H, s), 3.65 (3 H, s), 7-08
7.25 (5 H, m);6c (100.6 MHz; DMSO€s) 25.0 (2x q), 43.7 (s),
46.4 (t), 51.7 (q), 126.5 (d), 128.0 (2 d), 130.1 (2x d), 137.9

(s), 177.9 (s)m/z (El) 193 (M + H*, 75%), 192 (M, 40), 133
(55), 132 (30), 91 (100).

Synthesis of 3-Cyclohexa-1,4-dienyl-2,2-dimethylpropan-1-ol
36.Ammonia (50 cm) was condensed into a round-bottomed flask,
which had been cooled to78 °C and equipped with an acetone/
CO, condenser35 (1.70 g, 8.84 mmol) was dissolved in ethanol
(5 cn¥) and slowly added to the ammonia. THF (16%mvas added
to aid dissolving the substrate, and then sodium metal was adde
portionwise along with regular addition of ethanol to keep the
solution homogeneous. Addition was continued until the solution
remained blue for more than 30 min, and the reaction mixture was
then allowed to warm to room-temperature overnight, saturated
ammonium chloride solution was added (50°%tand extracted with
dichloromethane (3 50 cn?). The combined extracts were dried
(MgS0Qy) and concentrated under vacuum to gb@y(1.22 g, 83%)
as a colorless mobile liquidia/cm=2 (thin film) 3337 (OH), 1037
(C—0); O (400 MHz; CDC}) 0.91 (6 H, s), 1.40 (1 H, 1 5.3),
1.65 (2 H), 2.69-2.71 (4 H, m), 3.35 (2 H, dJ 5.3), 5.45 (1 H,

m), 5.69 (2 H, m);dc (100.6 MHz; CDC}) 24.8 (2x q), 27.0 (1),
31.7 (1), 46.3 (t), 69.0 (s), 72.0 (t), 122.7 (d), 124.0 (d), 124.6 (d),
132.8 (s). Found (El) 166.1357 [M] C;1H150 requires 166.1358
(0.5 ppm error);m/z (El) 166 (M*, 15%), 119 (20), 94 (55), 92
(90), 91 (95), 79 (100).

Synthesis of 3-Cyclohexa-1,4-dienyl-2,2-dimethylpropional-
dehyde 37.To a 2 Msolution of oxalyl chloride (3.75 ¢ 7.52
mmol) at—78 °C was slowly added a solution of DMSO (1.174 g,
15.03 mmol) in dichloromethane (14 énThe reaction mixture
was stirred for 15 min, and then a solution 36 (1.000 g, 6.01
mmol) was added dropwise. After stirring for a further 50 min,
triethylamine (3.640 g, 36.08 mmol) was added and the reaction
mixture was allowed to warm to room temperature, diluted with
water (30 cr), and extracted with dichloromethane X350 cn¥).

The combined extracts were dried (MggQconcentrated under
vacuum, dissolved in ether (50 &nwashed with water (% 25
cm?), dried (MgSQ), and concentrated under vacuum to g8e
(0.657 g, 67%) as a colorless oika/cmt (thin film) 1724 (CG=

0); o1 (400 MHz; CDC}) 1.06 (6 H, s), 2.20 (2 H, s), 2.48.51
(2H, m), 2.65-2.71 (2 H, m), 5.43 (1 H, m), 5.65 (2 H, m) 9.55
(1 H, s);0c (100.6 MHz; CDC{) 21.9 (2x q), 26.8 (t), 30.7 (t),
45.6 (t), 46.2 (s), 123.2 (d), 123.9 (d), 124.0 (d), 131.1 (s), 206.4
(d). m/z (El) 133 (25%), 93 (50), 91 (100), 77 (25).

Synthesis  of N-[(1R,2R)-2-(3-Cyclohexa-1,4-dienyl-2,2-
dimethylpropylamino)-1,2-diphenylethyl]-4-methylbenzenesulfona-
mide 39.To a suspensionfat A molecular sieves (0.349 g) in
dichloromethane (5.5 cthwas added37 (0.300 g, 1.83 mmol)
followed by RR-TsDPEN38 (1.00 g, 2.73 mmol). The reaction
mixture was stirred overnight, filtered, concentrated under vacuum,
dissolved in THF (7 ci#), and slowly added to a suspension of
lithium aluminum hydride (0.139 g, 3.66 mmol) in THF (7 &m
The reactants were stirredrfa h and then water (0.15 &n 15%

(t), 31.6 (), 35.2 (s), 47.4 (t), 58.0 (t), 63.3 (d), 68.6 (d), 122.7 (d),
123.9 (d), 124.6 (d), 127.1 (R d), 127.3 (overlapping d and 2
d), 127.4 (2x d), 127.5 (2x d), 128.0 (2x d), 128.3 (2x d),
129.2 (2x d), 132.4 (s), 137.0(s), 138.6 (s), 139.4 (s), 142.8 (s).
Found (LSIMS) 515.2743 [MH], C32H39N20,S requires 515.2732
(2.0 ppm error)'z (LSIMS) 515 (MH*, 100%), 254 (50).
Synthesis of (R,25)-2-(3-Cyclohexa-1,4-dienyl-2,2-dimethyl-
propylamino)-1-phenylpropan-1-ol 40.To a suspension of 4 A
molecular sieves (0.313 g) in dichloromethane (S)cwas added
37(0.270 g, 1.64 mmol) followed by R&,2S)-norephedrine (0.248
g, 1.64 mmol). The reaction mixture was stirred overnight, filtered,
and concentrated under vacuum. The residue was dissolved in

dmethanol (10 cr), sodium borohydride (0.186 g, 4.91 mmol)

added, stirred for 1 h, diluted with water (10 ®mand extracted
with dichloromethane (3« 20 cn?#). The combined extracts were
dried (MgSQ), filtered, and then concentrated under vacuum. The
residue was purified by flash column chromatograhy (10% EtOAc/
Hexane to 20% EtOAc/Hexane) to givi® (0.178 g, 37%) as a
thick colorless oil; §]2° —4.8 (c 0.45 in CHG)); vmay/cm (thin
film) 3420 (OH), 3026 (NH), 1646 and 1604 (diene=C), 738
and 700 (Ph)py (400 MHz; CDC}; Me,Si) 0.80 (3 H, dJ 6.5),
0.94 (3 H, s),0.95 (3 H,s), 1.95(2H,s), 2.41 (1 HJId1.3),
2.56 (1 H, dJ11.3), 2.63-2.74 (4 H, m), 2.822.89 (1 H, dgJ

6.5 and 3.8), 3.90 (1 H, br s), 4.72 (1 H,33.8), 5.41 (1 H, m),
5.68 (2 H, m), 7.22-7.36 (5 H, m);dc (100.6 MHz; CDC}; Mey-

Si) 15.1 (q), 26.4 (q), 26.5 (q), 27.0 (t), 31.8 (t), 35.2 (s), 47.8 (1),
58.3 (1), 59.0 (d), 72.8 (d), 122.7 (d), 124.0 (d), 124.6 (d), 126.0 (2
x d), 126.9 (d), 128.0 (% d), 132.7 (s), 141.4 (s). Found (EI)
298.2185 [M— H]*, CyoH2eNO requires 298.2171 (4.8 ppm error);
m/z (El) 299 (M, 25%), 279 (40), 191 (100), 145 (35), 104 (50),
90 (55), 83 (40).

Synthesis ofN-[(1R,2R)-2-(2,2-Dimethyl-3-phenylpropylamino)-
1,2-diphenylethyl]-4-methylbenzenesulfonamide Ruthenium
Monomer 34.To a stirred solution 089 (0.300 g, 0.58 mmol) in
dichloromethane (7.5 cihwas addd a 1 M solution of HCI in
diethyl ether (1.8 ¢ 1.80 mmol), and the reactants were stirred
for 30 min. The solvent was removed from the resulting precipitate
under vacuum, dissolved in ethanol (20 3mand ruthenium
trichloride trihydrate (0.107 g, 0.41 mmol) was added. The reaction
mixture was heated at reflux overnight, cooled to room temperature,
and concentrated under vacuum to give the crude product. The
residue was purified by column chromatography on alumina (0.1%
MeOH/DCM to 2% MeOH/DCM) to gived4 (0.070 g, 26%) as an
orange solid; mp> 300 °C; vmad/cm™t (solid) 3442 (NH), 1588
and 1495 (NH"), 1332 and 1154 (SN), 764 and 697 (Ph)Y)u
(300 MHz; CDC§; MesSi) 0.95 (3 H, s), 1.15 (3 H, s), 2.07 (1 H,
d,J13.4),2.18 (1 H, dJ 13.4), 2.21 (3 H, s), 2.322.50 (2 H, m),
3.37 (1 H, dd (app. tJ 11.3 and 11.1), 3.924.00 (2 H, m), 4.90
(1 H,d,J35.7),5.03(1H,dJI5.7),5.96 (1 H, dd (app. t)] 5.7
and 5.5), 6.03 (1 H, dd (app. 1),6.0 and 5.7), 6.37 (1 H, dd (app.
t), J 6.0 and 5.5), 6.557.20 (14 H, m);dc (100.6 MHz; CDC};
Me,Si) 21.3 (q), 23.4 (), 31.0 (q), 38.6 (1), 40.8 (s), 60.9 (t), 63.3
(d), 69.1 (d), 75.5 (d), 81.0 (d), 85.4 (d), 88.5 (d), 90.6 (d), 97.0
(s), 126.2 (d), 126.7 (% d), 127.2 (2x d), 127.4 (d), 128.0 (X
d), 128.1 (2x d), 128.6 (2x d), 129.4 (2x d), 137.8 (s), 139.1
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(s), 139.3 (s), 142.3 (s). Found (LSIMS): 613.1449 (M-CI), 23.5(q), 31.3 (q), 39.1 (s), 41.3 (t), 57.3 (t), 63.9 (d), 75.5 (d),
102RUGs;H3sN205S requires 613.1463 (2.2 ppm erraryz (LSIMS) 77.0 (d), 79.8 (d), 81.3 (d), 86.3 (d), 91.2 (d), 92.7 (d), 126.1 (d),
648 (M*, 10%), 613 (M-Cf, 100), 515 (50), 352 (40). 127.0 (2x d), 127.5 (2x d), 142.6 (s). Found (LSIMS): 434.0816
Synthesis of (R,2S)-2-(2,2-Dimethyl-3-phenylpropylamino)- (M), 192RuG,0H,7NOCI requires 434.0825 (1.9 ppm erronyz
1-phenylpropan-1-ol Ruthenium Monomer 41. To a stirred (LSIMS) 434 (M", 100%), 398 (M-HCI, 30), 298 (100).
solution of40 (0.140 g, 0.47 mmol) in ether (4 &mwas added a
1 M solution of HCI diethyl ether (1.4 cfn1.40 mmol), and the Acknowledgment. We thank the EPSRC for financial
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Supporting Information Available: General experimental
details,’H and'3C NMR of all new compounds lacking elemental
analyses, and details of ketone preparations and reductions. This
material is free of charge via the Internet at http://pubs.acs.org.
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