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ABSTRACT

N/\©\ [ICOD)CI]y/ SPO /Pyridine HN/\©\
/@J‘\ R H, 25 bar, toluene /Ej/-K R
R R

e.e.upto 83%

o
Rh.. 7

SPO= TG
H

Secondary phosphine oxides were prepared from R'PCl, and R2MgBr, followed by hydrolysis. They were obtained in an enantiopure form by
preparative chiral HPLC. These new monodentate ligands were tested in the iridium-catalyzed hydrogenation of imines at 25 bar.
Enantioselectivities up to 76% were obtained at L/Ir = 2. Addition of pyridine (Pyr/lr = 1:2) raised the ee to 83%. Using pyridine as an additive
allowed reduction of the L/Ir ratio to 1 without reduction of ee.

Asymmetric catalysis is in principle the most desirable that is often prepared in a tedious multistep synthesis. For
method for producing enantiopure chemicalBhis is due this reason, we have embarked on a program aimed at the
to the high atom economy as compared to methods basedlevelopment of enantiopure ligands that are easily prepared
on the resolution of racemates. Asymmetric hydrogenation,
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in 1—3 synthetic stepsA recent breakthrough has been the

development of monodentate phosphoramidites for the highly

enantioselective hydrogenation af and S-dehydroamino
acid$ and enamide$Other groups have developed mono-
dentate phosphonitéphosphite$,and phosphinésthat also
perform well in asymmetric hydrogenation.

An area that remains underdeveloped is the asymmetric

hydrogenation of iminek. Although catalysts are known that
give rise to high enantioselectivities in the hydrogenation of

acetophenone-based imines such as rhodium/monosulfonate

bdpp? and of cyclic imines usingnsatitanocené? the rate
of these is still too low for industrial use. A very fast iridium

catalyst was developed by Blaser et al. for the asymmetric

hydrogenation of an intermediate for the herbicid®)-(
Metolachlor** However, the enantioselectivity did not exceed

80%. Nevertheless, this process is used industrially. Enan-
tioselective transfer hydrogenation of imines has been

developed recently and seems to have great potéhtial.
In this paper, we report our results on the application of
secondary phosphine oxid¥s” an entirely new class of

enantiopure monodentate ligands, in the iridium-catalyzed
asymmetric hydrogenation of acetophenone-based imines

Secondary Phosphine Oxides (SPOsdh solution, SPOs
exist in equilibrium between pentavalent (phosphine oxide

(4) de Vries, J. G. IrEncyclopedia of Catalysis; Horvath, I. T., Ed.;
John Wiley & Sons: New York, 2003; Vol. 3, p 295. See also the on-line
version: http://www.mrw.interscience.wiley.com/enccat/.

(5) Feringa, B. L Acc. Chem. Re000, 33, 346.

(6) (a) van den Berg, M.; Minnaard, A. J.; Schudde, E. P.; van Esch, J.;
de Vries, A. H. M.; de Vries, J. G.; Feringa, B. I. Am. Chem. So2000,
122,11539. (b) van den Berg, M.; Minnaard, A. J.; de Vries, J. G.; Feringa,
B. L. (DSM N. V.). WO 02/04466, 2002. (c) van den Berg, M.; Minnaard,
A. J.; Haak, R. M.; Leeman, M.; Schudde, E. P.; Meetsma, A.; Feringa, B.
L.; de Vries, A. H. M.; Maljaars, C. E. P.; Willans, C. E.; Hyett, D.; Boogers,
J. A. F.; Henderickx, H. J. W.; de Vries, J. @dv. Synth. Catal2003,
345, 308. (d) Pefia, D.; Minnaard, A. J.; de Vries, J. G.; Feringa, B. L.
Am. Chem. S02002,124, 14552. (e) Zeng, Q.; Liu, H.; Mi, A.; Jiang, Y.;
Li, X.; Choi, M. C. K,; Chan, A. S. CTetrahedron2002,58, 8799.

(7) (a) van den Berg, M.; Haak, R. M.; Minnaard, A. J.; de Vries, A. H.
M.; de Vries, J. G.; Feringa, B. lAdv. Synth. Catal2002,344, 1003. (b)
Jia, X.; Guo, R.; Li, X.; Yao, X.; Chan, A. S. O.etrahedron Lett2002,

43, 5541.

(8) Claver, C.; Fernandez, E.; Gillon, A.; Heslop, K.; Hyett, D. J,;
Martorell, A.; Orpen, A. G.; Pringle, P. GChem. Commur000, 961.

(9) Reetz, M. T.; Mehler, GAngew. Chem., Int. E2000, 39, 3889.

(10) (a) Guillen, F.; Fiaud, J.-Cletrahedron Lett1999,40, 2939. (b)
Junge, K.; Oehme, G.; Monsees, A.; Riermeier, T.; Dingerdissen, U.; Beller,
M. Tetrahedron Lett2002,43, 4977.

(11) (a) Spindler, F.; Blaser, H.-U. Ifiransition Metals for Organic
Synthesis. Building Blocks and Fine Chemic8sller, M., Bolm, C., Eds.;
Wiley-VCH: Weinheim, Germany, 1998; Vol. 2, p 69. (b) Spindler, F.;
Blaser, H.-U. InComprehensive Asymmetric Catalysiacobsen, E. N.,
Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; Vol. 1, p 248.

(12) (a) Bakos, J.; Orosz, A.; Heil, B.; Laghmari, M.; Lhoste, P.; Sinou,
D. J. Chem. Soc., Chem. Comma®@91, 1684. (b) Lensink, C.; de Vries,
J. G.Tetrahedron: Asymmetrd992,3, 235. (c) Lensink, C.; Rijnberg, E.;
de Vries, J. GJ. Mol. Catal. A: Chem1997,116, 199.

(13) Willoughby, C. A.; Buchwald, S. LJ. Am. Chem. S0d.994,116,
8952.

(14) (a) Bader, R. R.; Baumeister, P.; Blaser, H.@himia 1996, 50,

99. (b) Spindler, F.; Pugin, B.; Jalett, H.-P.; Buser, H.-P.; Pittelkow, U.;
Blaser, H.-U. InCatalysis of Organic ReactionMalz, R. E., Jr., Ed.; Marcel
Dekker: New York, 1996; p 153.

(15) (a) Uematsu, N.; Fujii, A.; Hashiguchi, S.; Ikariya, T.; Noyori, R.
J. Am. Chem. S0d.996,118, 4916. (b) Sugi, K. D.; Nagata, T.; Yamada,
T.; Mukaiyama, T.Chem. Lett1997, 493.

(16) Kleiner, H.-J. IHouben-Weyl, Methoden der Organischen Chemie,
4 Auflage; Regitz, M., Ed.; Georg Thieme Verlag: Stuttgart, 1982; Band
E1, p 240.

(17) Gallagher, M. J. InThe Chemistry of the Organophosphorus
CompoundsHartley, F. R., Ed.; John Wiley & Sons: Chichester, UK, 1992;
Vol. 2, p 53.

1504

Scheme 1. Tautomeric Forms of SPOs

0 OH
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form) and trivalent (phosphinite form) tautomeric structures
&Scheme 137 Although at room temperature the phosphine
oxide form is the more stable ofgijt is the phosphinite
form that coordinates to the transition méetal.

SPOs are easily prepared in a two-step one-pot procedure
from readily available starting materi&is?® and are thus
highly suited to a modular or a combinatorial approach. They
are air and moisture stable. Nonchiral or racemic SPOs have
been used as ligands in Pt-catalyzed hydroformylation,
Pt-catalyzed hydrolysi$and aminatiof® of nitriles, and in
Pd-catalyzed aromatic substitution reactiéhEnantiopure
SPOs have been obtained by classical resolution usiig (
mandelic aciéf?®> or a three-step resolution procedure
developed by Chaff2 They do not racemize easily It is
thus very surprising that they have been used only as
intermediates in the preparation of chiral phosphines and
bisphosphine® We have not been able to find any reports
on their application in asymmetric catalysis.

We have prepared a range of monodentate SPOs (1—7)
by reaction of RMgBr with R'PCL (reversed addition)
followed by hydrolysis (Scheme 2). Ligar&was prepared

Scheme 2. Synthesis otert-Butyl-phenylphosphine Oxide

PhPCI t-BuMgB 1) HOM” t'Bu""’P//O
+ -Bu rf —
2 g 2) Prep. PR \H
Chromatogr.

1

from Taddol by treatment with P&lollowed by hydrolysis.
Ligand 9 was prepared following the procedure of Fiaud et
al. (Figure 1).02

Ph Ph
w2 ,’p\ >< ] <H Ph R Ph
H 0 O O H
ph Ph
1 R'= t-Bu, R?=Ph 8 9

2 R'= jPr, R?=Ph

3 R'= +-Bu, R?=2-Naphthyl

4 R'= +-Bu, R2=2-MeOPheny!

5 R'= t-Bu, R2=3,5-di-MePhenyl
6 R'= t-Bu, R2=2,4,6-tri-MePhenyl
7 R'= Ph, R2=2-Naphthyl

Figure 1. Secondary phosphine oxides.
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SPO1 was conveniently resolved using preparative chiral chloride-containing iridium catalyst precursor gave both the
HPLC. As the separation between the two peaks was veryhighest rates and the highest enantioselectivity. High rates
large (4.3 min), 100 mg could be separated per run. SPOswere obtained with SPO/Ir ratios of 1, but the enantioselec-
2—7and9 were all separated in the same manner, although tivity in the hydrogenation ofl0 was only 10% (Table 1,
none of these ligands afforded the same spectacular separa-

tion achieved withl.
Iridium/SPO-Catalyzed Imine Hydrogenation. It is

conceivable that the acidic proton of SPOs has an accelerat-
ing effect upon the transition metal-catalyzed hydrogenation
of imines?” We thus tested the hydrogenation of a range of

acetophenone-based imines ddiphenylphosphinyl-imine
15?8 (Figure 2) at 25 bar at room temperature in CH.

0
H
Nl/\©\ N|,PPh2 N[,CHth

/@)\ R2

R1
16

10 R1=R2=H 15 on

11 R'=OMe, R2=H N”

12 R'=H R2=OMe '

13 R'=H, R2=C|

14 R'=Cl, R%=H

17

Figure 2. Imines.

Initial tests with [Ir(COD)CI}, [Rh(COD)CIL, [Ir(COD),J-
BF,, and [Rh(COD)|BF, showed that use of the neutral

(18) Wang, F.; Polavarapu, P. L.; Drabowitz, J.; Mikolajczyk,MOrg.
Chem.2000, 65, 7561.
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1961,94, 1317.
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2001, 40, 1513-1516. (c) Li, G. Y. (E. I. Du Pont de Nemours and
Company, USA). U.S. Patent 6,124,462, 2000. (d) Li, G. Y. (E. |. Du Pont
de Nemours and Company, USA). U.S. Patent 6,291,722 B1, 2001.

(25) Drabowicz, J.; Lyzwa, P.; Omelanczuk, J.; Pietrusiewicz, K. M.;
Mikolayczyk, M. Tetrahedron: Asymmetry999,10, 2757.

(26) (a) Haynes, R. K.; Au-Yeung, T. L.; Chan, W. K.; Lam, W. L.; Li,
Z.Y.; Yeung, L. L;; Chan, A. S. C.; Li, P.; Koen, M.; Mitchell, C. R.;
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W. W.; Yeung, L. L.Tetrahedron Lett1996,37, 4729. (c) Haynes, R. K.;
Lam. W. W.; Williams, I. D.; Yeung, L. LChem. Eur. J1997,3, 2052.
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Table 1. Iridium/SPO-Catalyzed Hydrogenation of Imides
s R
NGk HN
[Ir(COD)Cl}o / SPO
Hs, 25 bar, toluene " *
R R
entry imine ligand t(h) conversion (%)  ee (%)°
1d 10 1(R) 0.8 100 10 (S)
2¢ 10 1(R) 24 75 45 (S)
3 10 1(R) 51 >95 69 (S)
4f 10 1(R) 72 100 4(S)
59 10 1(R) 114 89 70 (S)
6 10 6 24 100 7
10 7 24 100 2
8 10 8 48 >95 9
9 11 9 24 >95 51
10" 15 1(R) 24 100 70
11 17 1(R) 24 100 0
12i 10 1(R) 168 100 76 (S)

aGeneral conditions: [Ir(COD)GISPO/imine= 2.5:10:100, 25 bar
toluene, room temperatureéConversion was determined by4 NMR
(CDCly). € Ee was determined by HPLC (chiralpak AD or OD, heptane/2-
propanol= 95/5 or 90/10) on théN-acetyl derivatives. Configuration is
unknown when none is showACH,Cl, as solvent, Il =1:1.¢CH.Cl,
as solvent! [Ir(COD),]BF, as a precursok. CFCgHs as a solvent? Tem-
perature= 40 °C. ' H, (1 bar; balloon).

entry 1). The enantioselectivity could be increased by raising
the SPO/Ir ratio to 2, though this reduced the rate of the
reaction markedly. Next, a range of solvents,(EtEtOAC,
THF, MeOH,iPrOH, benzenay, o, a-trifluorotoluene, CH-
CN, andc-hexane) were tested using [Ir(COD)&Z1]in the
hydrogenation ofL0. From these tests, toluene amgl,a-
trifluorotoluene emerged as the best solvents (entries 3 and
5). Changes in the ligand structure did not lead to any
improvement in enantioselectivity (entries 8). Of the other
imines tested (entries-9l1), only the phosphinylated imine
15 could be hydrogenated with reasonable enantioselectivity.
The N-phenyl iminel7 always gave racemic product under
a variety of conditions. A rather surprising feature of these
catalysts is their ability to hydrogenate imines at 1 bar H
although at this pressure the rate becomes very low (entry
12).

Not satisfied with these results, we decided to test the
effects of additives such ag? n-BusNI,%° K,CO;, t-BuOK,
NaCQ;, primary amines! phthalimide3? AgCOOCF;,* and

(28) Spindler, F.; Blaser, H. UAdwv. Synth. Catal2001,343, 68.
(29) (a) Vastag, S.; Bakos, J.; Toros, S.; Takach, N. E.; King, R. B.;
Heil, B.; Marko, L.J. Mol. Catal.1984,22, 283. (b) Spindler, F.; Pugin,

(27) It has been suggested that protic solvents are a prerequisite forB.; Blaser, H.-UAngew. Chem., Int. Ed. Endl990,29, 558. (c) Becalski,
rhodium-catalyzed imine hydrogenation since the proton of the solvent A. G.; Cullen, W. R.; Fryzuk, M. D.; James, B. R.; Kang, G. J.; Rettig, S.

bound to rhodium aids in shifting the imine from itsbonded form to the
m-bonded form that is required for its migratory insertion into the-Rh

bond. See: Longley, C.; Goodwin, T. J.; Wilkinson, Bolyhedron1986,

5, 1625.
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(30) Morimoto, T.; Nakajima, N.; Achiwa, KSynlett1995, 748.
(31) Murata, S.; Sugimoto, T.; Matsuura,teterocycled987, 26, 763.
(32) Morimoto, T.; Suzuki, N.; Achiwa, KHeterocycled996 43, 2557.
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with full conversion after 24 h (Table 2, entry 1). Surpris-

Table 2. Ir/SPO/Pyridine-Catalyzed Hydrogenation of Imifies ingly, when 1 equiv of ligand was used in combination with

, R 2 equiv of pyridine, the reaction worked equally well (entry
NP [ICOD)Cll/ SPO /Pyridine HN 2). This seems to imply that pyridine exerts its effect as a
> . ligand. When larger amounts of pyridine (5 or 10 equiv) were
/@/“\ Hp 25 bar, toluene R/©)\ used, the hydrogenation proceeded slower with a small drop
R

in ee. Other pyridine derivatives performed somewhat more
entry imine ligand t(h) conversion (%)°  ee (%)° poorly. A slight improvement in ee could be obtained by
lowering the temperature to @, though at the expense of

;d 18 i g 52 igg ;: g rate (entries 4, 5). Substitut(w_rbenzyl gcetophenone imines
3 11 1(R) 24 100 80 could all be hydrogenated with medium-high enantioselec-
4¢ 10 1(R) 120 75 82 (S) tivity (entries 3, 5-8). However, addition of pyridine did
5e 11 1(R) 120 80 83 not improve the hydrogenation of the phosphinylated imine
6 12 1(R) 24 85 76 15 (entry 9) but led to the opposite enantiomer instead. The
7 13 1(R) 24 s Ll more hinderedN-benzhydryl imine16 could only be
3 ig i ®) 1;; ;g 2; hydrogenated at higher pressure (entry 10). The use of higher
10f 16 1(R) 48 50 57 pressure did _not have an appreciable influence on the rate
11f 10 1(R) 48 100 73(9) of hydrogenation 010, although the ee was somewhat lower
129 10 1(R) 24 30 68 (S) (entry 11). Use of ligands other thdndid not lead to any
13" 11 1(R) 72 100 76 improvements (entries 15—22).
14 1 1(R) 10 100 73 In conclusion, we have developed a new class of mono-
12 E g i; ig: Zg dentate ligands, enantiopure secondary phosphine oxides that
17 11 4 17 60 70 show good performance in the iridium-catalyzed asymmetric
18 10 5 17 ~95 66 (S) hydrogenation of imines. The enantioselectivities obtained
19 10 6 24 100 7(S) are comparable to the best results obtained so far in iridium-
20 10 7 24 100 4(S) catalyzed hydrogenation of similar imin&s.
21i 10 8 48 100 1(S)
22 10 9 24 >95 23(S)
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AgBF.. All of these were found to have a negative effect on
the Ir/SPO-catalyzed imine hydrogenations, however. When
I, was used, acetophenone was found as the only decomposi
tion product.

Inspired by Crabtree’s catalyst, [Ir(COD)(P§§y]PF, OL034282U
which shows high activity in alkene hydrogenatidnye
decided to test the effectiveness of pyridine as an additive. (33) Sablong, R.; Oshorn, J. Aetrahedron Asymmet4996,7, 3059.
Using 2 equiv of pyridine with respect to iridium, the (52 Crabtree, R. Hace. Chem. Re.979,12, 331.

L ; (35) Schnider, P.; Koch, G.; R, A.; Wang, G.; Bohnen, F. M.; Kruger,
hydrogenation becomes faster and the ee increases to 78%.; Pfaltz, A.Chem. Eur. J1997,3, 887.
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