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The Ir-catalyzed enantioselective hydrogenation of various N-(3,5-dimethyl-4-methoxy)phenylimines was performed under mild conditions in
the presence of new P,N-ferrocenyl iridium complexes leadingto ( R)-N-(3,5-dimethyl-4-methoxy)phenylamines in high yields and enantioselectivities
(up to 99%). These chiral aryl amines can be readily deprotected using Ce(NH ~ 4)2(NOg)s.

The asymmetric synthesis of chiral amines is an important a-methylacetamidocinnamate using chiral terpene-derived
synthetic task since these structural units are part of numeroudigands led us to study the use of readily available ferrocenyl
biologically relevant compoundslin the past decade, the ligand$” for the Ir-catalyzed imine reduction. Herein, we
synthesis of chiral benzylic amines through asymmetric report a novel class of chiral P,N-ferrocenyl ligands and their
hydrogenation of imines received much attenfiéxithough use for the enantioselective reduction of imines (up to 99%
many catalysts were developed for the asymmetric imine ee). Thus, the treatment o)-ferrocenyl sulfoxidel with
hydrogenation, most of them are only suitable for cyclic

substrates. The reduction of acyclic imines with high (4) () Moessner, C.; Bolm, Gingew. Chem., Int. E@005,44, 7564.

enantioselectivities is still a major challenge in this fiéld. (Tb)f Xiao, %; éhang, >J<./?Sn96éwh- Chem-.cln;. §d2d001, 40,P§%25L (tf)
. rifonova, A.; blesen, J. S.; apman, C. J.; Anderson, . Lett.
Recently, chiral Ir complexes have been successfully usedyggg 6, 3555, (d) Olinas, M:; Pfaltz, A.: Cozzi, P. G.; Leitner, W.AM,

as catalysts for the highly enantioselective reduction of Chem. Soc2004,126, 16142. (e) lwadate, N.; Yoshida, K.; Imamoto, T.
imi 4 _ ; Org. Lett.2006,8, 2289. (f) Guiu, E.; Aghmiz, M.; Diaz, Y.; Claver, C.;
imines? Recent results on the Ir-catalyzed reduction@)f ( Ger, 0"t iioer ¢ Castillon. Sur. J. Org. Chem2006, 627, (g)
Spindler, F.; Blaser, H.-UAdv. Synth. Catal2001,343, 68. (h) Schnider,
(1) (@) Noyori, R.Asymmetric Catalysis in Organic Synthediiley: P.; Koch, G.; Prtt, R.; Wang, G.; Bohnen, F. M.; Krger, C.; Pfaltz, A.
New York, 1994. (b) Spindler, F.; Blaser, H.-U. Tiransition Metals for Chem. Eur. J1997,3, 887. (i) Jiang, X.-B.; Minnaard, A. J.; Hessen, B.;
Organic Synthesis, 2nd ed.; Beller, M., Bolm, C., Eds.; Wiley-VCH: Feringa, B. L.; Duchateau, A. L. L.; Andrien, J. G. O.; Boogers, J. A. F;
Weinheim, 2004; Vol. 2, pp 113123. (c) Blaser, H.-U.; Spindler, F. In Vries, d. J. GOrg. Lett.2003 5, 1503. (j) Kainz, S.; Brinkmann, A.; Leitner,
Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A., Yama- W.; Pfaltz, A.J. Am. Chem. S0d.999,121, 6421. (k) Wang, W.-B.; Lu,
moto, H., Eds.; Springer: Berlin, 1999; Vol. 1, pp 24265. (d) Blaser, S.-M.; Yang, P.-Y.; Han, X.-W.; Zhou, Y.-GJ. Am. Chem. SoQ003,
H.-U.; Malan, C.; Pugin, B.; Spidler, F.; Steiner, H.; Studer Adv. Synth. 125 10536. (I) Dervisi, A.; Carcedo, C.; Ooi, L.-Adv. Synth. Catal2006
Catal. 2003, 345, 103. (e) Borner, AEur. J. Inorg. Chem2001, 327. 348, 175. (m) Buser, H.-P.; Hausel, R.; Jalett, H.-P.; Spindler, F.; Blaser,
(2) (a) Verdaguer, X.; Lange, U. E. W.; Reding, M. T.; Buchwald, S. L. H.-U. J. Organomet. Chen2001, 621, 348. (n) Vargas, S.; Rubio, M.;
J. Am. Chem. S0d.996,118, 6784. (b) Hanson, M. C.; Buchwald, S. L.  Suérez, A.; Rio, D. D.; Narez, E.; Pizzano, AOrganometallics2006,
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C. Org. Lett.1999,1, 841. Chem. Lett1995,24, 955.
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Figure 1. X-ray structure of the P,N-ligandb.

diphenylphosphine derivative which was protected in situ

with sulfur in BuNH, (25 °C, 2—4 h) leading to the
phosphinothioylferrocen® in 88% yield. The performance
of a sulfoxide/lithium exchangeusing phenyllithiurf (THF,
—78°C, 10 min) followed by the addition of 2-pyridinecar-
boxaldehyde 78 °C, 1.5 h, then 25C, 1.5 h) leads to a
3:2 mixture of two diastereomeric ferrocenyl alcoh8l:

(6) (a) Harutyunyan, S. R.; Lopez, F.; Browne, W. R.; Correa, AaPen
D.; Badorrey, R.; Meetsma, A.; Minnard, A. J.; Feringa, BJLAm. Chem.
Soc. 2006, 128, 9103. (b) Feringa, B. L.; Badorrey, R.; Pefia, D.;
Harutyunyan, S. R.; Minnaard, A. Proc. Natl. Acad. Sci. U.S.£2004,
101, 5834. (c) Lipshutz, B. H.; Servesko, J. WMngew. Chem., Int. Ed.
2003,42, 4789. (d) Lipshutz, B. H.; Servesko, J. M.; Taft, B. RAm.
Chem. Soc2004,126, 8352.
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72% yield. This inseparable mixture of alcohols was al-
kylated with Mel or PhCEBr (KH, THF, 0 °C, 1 h then

Table 1. Asymmetric Hydrogenation of Iminel0a Using the
Catalysts8a—9l#

| L*
Me _— -
solvent, 25 °C, Hy

10a 11a
entry L* solvent conversion® (%) ee‘ (%)
1 8b toluene 96 11(S)
2 8b Tol/MeOH (1:1) 63 56 (S)
3 8b MeOH 23 39 (S)
4 8b Tol/MeOH (4:1) 72 67 (S)
5 8a  Tol/MeOH (4:1) 100 84 (R)
6 9a Tol/MeOH (4:1) 100 84 (R)
7 9b Tol/MeOH (4:1) 75 65 (S)
8d 8a Tol/MeOH (4:1) 100 84 (R)
9e 8a Tol/MeOH (4:1) 100 80 (R)

aReaction conditions: iminé0Oa (0.5 mmol), catalyst (1 mol %), 10
bar, H, rt. ® Conversion was measured by Chiral GC'er NMR after 2
h. ¢ Enantioselectivity was determined by Chiral GC using a DEX-CB
column. The configuration of amirelais shown in parenthesebReaction
was performed using 0.5 mol % of the catalyst, and full conversion was
achieved in 3 h® Reaction was performed using 0.25 mol % of the catalyst,
and full conversion was achieved in 12 h.

Mel (25 °C, 0.5 h) or PhCEBr (25 °C, 0.5 h)) leading to
readily separable ferrocenyl etheta (54%) and4b (35%)

(7) (a) Ireland, T.; Grossheimann, G.; Wiesser-Jeunesse, C.; Knochel,
P. Angew. Chem., Int. EdL999, 38, 3212. (b) Ireland, T.; Tappe, K;
Grossheimann, G.; Knochel, Bhem. Eur. J2002,8, 843. (c) Lotz, M.;
Polborn, K.; Knochel, PAngew. Chem., Int. EA2002, 41, 4708. (d)
Almena-pera, J. J.; Lotz, M.; Knochel, Petrahedron: Asymmetri999,
10, 375. (e) Lotz, M.; Ireland, T.; Almena-pera, J. J.; Knochel, P
Tetrahedron: Asymmetr§999, 10, 1839. (f) Klétzing, R. J.; Lotz, M.;
Knochel, P.Tetrahedron: Asymmet8003 14, 255. (g) Lotz, M.; Kramer,
G.; Knochel, PChem. Commur2002, 2546.

(8) (a) Guillaneux, D.; Kagan, H. Bl. Org. Chem1995,60, 2502. (b)
Riant, O.; Argouarch, G.; Guillaneux, D.; Samuel, O.; Kagan, Hl.EDrg.
Chem.1998,63, 3511.

(9) Kloetzing, R. J.; Knochel, Fletrahedron: Asymmet006 17, 116.
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or 5a (56%) and5b (36%), respectively (Scheme 1). The
relative stereochemistry of ferrocereand5 was determined
by X-ray analysis (Figure T

Table 2. Asymmetric Hydrogenation of Iminek0a—hand
12a Using the Ir Complex8a

7 ER ~ R
N x
N 8a (1 mol %), Hy, 10 bar HN
Me Tol:MeOH (4:1), 25 °C, (jA Me
>99.5% conversion
10a-c, 12a 11a-¢c, 13a

entry imine R time® (h)  eeb*t (%)
1 10a H 2 84 (84)
2 10b 4-MeO 2 85 (85)
3 10c 3,5-dimethyl 2 94 (93)
4 12a 3,5-dimethyl-4-methoxy 2 94 (92)

aTime to achieve full conversior?.Enantioselectivity was determined
by HPLC (Chiralcel OD-H) or by GC using a Chiral Dex-CB column.
¢ Enantioselectivities obtained by using the catal9st are shown in
parentheses.

The four ferrocenyl derivativegta,b and 5a,b were
smoothly desulfurized (Raney Ni, MeOH, 2&, 12 h}*

leading to the air stable P,N-derivativéa,b and 7a,b in
82—86% yield. Their reaction with [Ir(COD)Gljn CH,Cl,
(25°C, 1 h) followed by the addition of NaBARFin water
(25°C, 0.5 h) led to the four chiral iridium complex8s,b
and9a,bin 88—90% yield (Scheme 2).

We have investigated the use of these readily available Ir
catalysts8a—9b for the asymmetric reduction of aromatic
imines usingN-phenylethylideneamin&0a as the model
substrate. Preliminary studies indicate that catalgatand
9agive the best enantioselectivities and reaction rates in the
mixture of toluene and methanol (4:1) (Table 1).

To improve the asymmetric imine hydrogenation further,
we have varied the aryl substituent attached to the imine
nitrogen (Table 2). Whereas the hydrogenation of the imine
10a (R = H) led to the chiral phenethylaminkla under
mild conditions (10 bar, 25C, 2 h) in quantitative yield
and 84% ee (entry 1 of Table 2), we noticed that the use of
electron-rich iminel0b (R = 4-MeO) led to an improved
enantioselectivity of 85% ee (entry 2). Interestingly, hydro-
genation of the iminelOc (R = 3,5-dimethyl) gives the
corresponding secondary amifiéc in 93—94% ee (entry
3). However, due to difficulties for performing the depro-
tection of the phenylethylaminglc, we chose the second
best imine {2a: R = 3,5-dimethyl-4-methoxy; entry 4),
which leads to the phenylethylamine derivativ@ain 92—

Scheme 3

1. 8a (1 mol %), Hy, 10

bar

Tol:MeOH (4:1),25°C,2-4h

2. CAN (4 equiv), HO:MeOH (1:6)

25°C,12h

12a:R=H
12¢ : R=Cl

(R)~(+)-14 ; R = H: 85%; 94% ee
(R)~(+)-15; R = Cl: 82%; 92% ee
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Scheme 4

1.L* (1 mol %), Hy, 10 bar

2. CAN (4 equiv),
H,O:MeOH (1:6)
25°C,12h

Tol:MeOH (4:1),25°C, 6 h

n=1; (R-(+)-16 L * = 8a: 74%; 92% ee

L* =9a: 72%; 90% ee
n=2; (R){+)-17 L *=8a:78%; 97% ee
L* =9a:72%; 96% ee

94% ee. It was anticipated that the deprotection of com-

pounds like13 would occur under mild conditions.

Table 3. Asymmetric Hydrogenation of Iminek2a—I Using
the Ir Complex8a
Me

N

B Me  ga (1 mol %), Hy, 10 bar
N

R Tol:MeOH (4:1),25°C, Ar” 'R

12a-l >99.5% conversion 13a-1

Me
OMe

HN Me

Ar

entry imine Ar R time® (h) eeb< (%)
1 12a Ph Me 2 94 (92)
2 12b 3-MeCgHy Me 2 93 (92)
3 12¢ 4-PhCgH4 Me 2 92 (90)
4 12d 4-CF3CgHy Me 2 89 (88)
5 12e 4-CIC¢Hy Me 4 92 (92)
6 12f 4-MeCO2CsHs Me 4 94 (92)
7 12g 3-FCgHy Me 2 93 (91)
8 12h 2-MeCeH4 Me 6 94 (93)
9 12i  2-naphthyl Me 2 93 (93)
10 12j Ph Et 2 94 (92)
11 12k Ph Pent 4 95 (94)
12 121 Ph —(CH3)3COPh 6 99 (98)

aTime to achieve full conversio®.Enantioselectivity was determined
by HPLC using Chiracel OD-H or by Chiracel-AD colunfrEnantio-
selectivities obtained by using the catalgstare shown in parentheses.

We have prepared a range of imines of tyifZeand have
obtained uniformly high enantioselectivities (899% ee;

Table 3) in asymmetric hydrogenation using the catalysts

8aand9a. The catalysBa generally provides slightly better
results compared to the catalgst (Table 3). Both electron-

donating (entries 2, 3, 8, and 9) as well as electron-

catalysts8a and9ato various kinds of imines bearing a side
chain at thea-position such asl2j and 12k led to the
corresponding secondary amir®j and13k in 94 and 95%

ee, respectively (entries 10 and 11). Interestingly, the
reduction of the iminel2l bearing a remote keto group
proceeded quantitatively, yielding the corresponding amine
13lin 99% ee (entry 12).

The deprotection of the 3,5-dimethyl-4-methoxyphenyl
moiety of amines of typd 3 occurs smoothly with cerium
ammonium nitrate (CAN; Ce(NHb(NOs)e)*2in a 6:1 MeOH/
H,O mixture, providing the corresponding primary amines
in good yields (Scheme 3).

Furthermore, we extended this protocol to the asymmetric
synthesis of chiray andd-lactams'#*>Thus, the imined2m
and12n bearing a remote ester group were subjected to the
asymmetric hydrogenation, and after subsequent deprotection
of the N-aromatic group, 5-phenyl-2-pyrrolidinorié and
6-phenyl-2-piperidinon&7 were obtained in 74% yield, 92%
ee and 78% vyield, 97% ee, respectively (Scheme 4).

In summary, we have prepared new ferrocenyl P,N-ligands
which are effective for the Ir-catalyzed asymmetric hydro-
genation of acyclidN-arylimines, providing various chiral
phenylalkylamines with high enantioselectivities. This method
can be used to prepare and d-lactams in 92-97% ee.
Study of further applications of these ligands in asymmetric
catalysis is currently underway in our laboratories.
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